
 ABSTRACT 

HUANG, YIHAN. A Braided Scaffold for Rotator Cuff Tissue Engineering. (Under the direction 
of Dr. Martin W. King and Dr. Jacqueline H. Cole). 
 

Rotator cuff tendon tears are one of the most common musculoskeletal injuries, yet the 

management of patients with massive rotator cuff tears remains a challenge. Surgical treatment 

with graft augmentation has shown improvement in strength and tendon healing with decreased 

gap formation compared to traditional all-suture repair. Biological grafts made of decellularized 

extracellular matrix are typically used to augment large to massive rotator cuff tears. While these 

grafts provide a natural structure and contain protein components that promote cellular growth and 

collagen formation during the healing period, they have inferior mechanical properties compared 

to native tendon tissues, which results in a high re-tear rate. Synthetic grafts made from resorbable 

polymers have also shown enhanced mechanical performance with minimal risk of disease 

transmission compared to biological grafts, but the biocompatibility of synthetic grafts remains a 

concern, because the synthetic foreign bodies may increase the risk of infection. Further, neither 

graft type mimics the gradient structures and components of the tendon-to-bone interface at the 

repair site, which is another factor leading to injury recurrence. Therefore, tissue engineering 

techniques, which use a combination of scaffolds, cells, and bioactive molecules, have been 

considered an alternative strategy for rotator cuff tissue regeneration, particularly due to the 

possibility of having a multi-phase structure with corresponding cells in different zones. 

To develop a graft that is suitable for rotator cuff tissue engineering, we first compared 

yarns made from the natural biopolymer, collagen, with yarns made from the synthetic polymer, 

polylactic acid (PLA), in terms of their tensile properties and in vitro biocompatibility. PLA yarns 

were more resistant to enzymatic degradation, maintaining tensile properties better than collagen 

yarns. After coating the PLA yarns with collagen, they also had good biocompatibility and were 



able to support tenocyte growth and proliferation. We then fabricated the PLA yarns into narrow 

ribbon patches via flat braiding. The braided structure resulted in mechanical properties that 

mimicked natural tendon tissue, enabling them to be used as augmentation grafts for rotator cuff 

tendon repair. Different structures with a range of mechanical properties were fabricated by 

changing the braiding parameters, identifying the possibility of designing and constructing a graft 

with a gradient structure using braiding technology. Next, tendon-derived stem cells (TDSCs), a 

unique cell line with multi-differentiation potential, were successfully isolated from rat tendon 

tissues and seeded on a collagen-coated PLA braided scaffold. The results from in vitro cell studies 

showed that TDSCs were able to adhere, proliferate, and differentiate into tenocytes on a modified 

PLA braided scaffold, demonstrating that this scaffold is biocompatible, and when seeded with 

TDSCs, may provide a viable tissue engineering strategy for rotator cuff tendon repair.  

This study to develop tissue engineering solutions for rotator cuff tendon regeneration had 

several innovations. First, our study was the first to compare collagen yarns and PLA yarns 

directly, providing a reference for future material selection in tissue engineering applications. 

Second, flat braiding was used for the first time to fabricate tendon repair scaffolds, demonstrating 

the possibility of fabricating a multi-phase structure that mimics the tendon-to-bone interface.  

Third, TDSCs were seeded on a synthetic textile-based scaffold for the first time and demonstrated 

multi-differentiation potential. Overall, our work presents a novel textile-based tissue engineering 

approach that can be used to mimic the native gradient structures of the tendon-to-bone interface 

and provides good performance in mechanical properties and biocompatibility, making it a 

promising solution for improved tendon repair.   
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CHAPTER 1 INTRODUCTION 

1.1 Background and Motivation 

The rotator cuff is a group of muscles and tendons that serve important functions in 

stabilizing the shoulder joint and allowing shoulder movement along its longitudinal axis. As one 

of the most common musculoskeletal injuries, rotator cuff tendon tears affect more than 50% of 

the population over 60 years old, causing substantial pain, impaired shoulder function, and reduced 

mobility (1-5). According to the American Academy of Orthopaedic Surgeons (AAOS), over 

300,000 rotator cuff surgeries are performed annually in the United States, with associated health 

care costs of more than 3 billion dollars (6, 7). The current treatment for massive tendon tears is 

to bridge the gap between the torn tendon and the original anatomic footprint using a biological 

graft that is typically decellularized extracellular matrix (ECM). However, the failure rate for this 

kind of repair is still as high as 30-94% due to the weak mechanical support provided by the 

biological grafts and the lack of enthesis formation at the tendon-bone insertion site (8, 9). 

Tissue engineering techniques with a combination of scaffolds, cells, and bioactive 

molecules have been considered as an alternative strategy for rotator cuff tissue regeneration (10). 

With respect to scaffolds, polylactic acid (PLA) is a United States Food and Drug Administration 

(FDA)-approved material for this type of tendon repair, because it has a suitable rate of degradation 

and can provide sufficient mechanical support during the healing process. However, PLA scaffolds 

exhibited reduced cell adhesion and proliferation due to the hydrophobic character of the material 

(11, 12). Collagen, as the main structural protein found in tendon ECM, plays a critical role in the 

growth, proliferation, migration, and differentiation of the host cells in regenerated tissue (13). 

With respect to cell seeding on the scaffolds, tendon-derived stem cells (TDSCs) are a 

unique cell line isolated from tendon tissues in the last 15 years with tenogenic, chondrogenic, and 
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osteogenic differentiation potential (14, 15). TDSCs have been used to promote healing with cell 

therapy, platelet-rich plasma treatment, and cell sheets in graft implantation for tendon repair (16-

18).  

In this dissertation work, the properties of PLA yarns and collagen yarns were studied from 

the perspectives of mechanical and biological properties, as well as the resistance to enzymatic 

degradation. Then the yarns were fabricated into grafts using a flat braiding technique, and with 

adjustments in braiding parameters, the appropriateness of the physical, structural, and mechanical 

properties for rotator cuff tendon repair were examined. Finally, for the first time TDSCs were 

seeded on a biomedical textile-based scaffold to test its potential for rotator cuff tissue engineering. 

 

1.2 Goals and Objectives 

Commercial biological grafts for rotator cuff tendon repair have a high failure rate, 

primarily because they provide insufficient mechanical support during the critical post-operative 

period and do not sufficiently mimic the gradient structures with multiple cell types at the enthesis. 

Therefore, to provide an alternative strategy for rotator cuff tendon repair, the primary goal of this 

research was to develop a biocompatible scaffold for tendon repair with appropriate resistance to 

degradation, mechanical properties, and the ability to support the proliferation and tenogenic 

differentiation of TDSCs. To achieve this primary goal we had three main objectives, as detailed 

below: 

Objective 1: Compare the degradation resistance and biological properties of collagen 

yarns and PLA yarns (Chapter 3). First, the genipin crosslinking conditions were optimized to 

maximize the mechanical performance and minimize the swelling ratio of the crosslinked collagen 

yarn. Second, the resistance to enzymatic degradation was evaluated and compared between 
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genipin-crosslinked collagen yarns and PLA yarns. Third, the biological interaction of tenocytes 

was compared between genipin-crosslinked collagen yarns and collagen-coated PLA yarns. 

Objective 2: Fabricate synthetic grafts from PLA yarns and evaluate the physical 

properties and mechanical performance of the grafts (Chapter 4). First, two or three single 

PLA yarns were plied into a 2- or 3-ply PLA yarns that were suitable for braiding. Second, 

scaffolds were fabricated via a flat braiding technique using 2- or 3-ply PLA yarns with suitable 

braiding parameters. Third, the physical properties of the braided grafts were characterized. Last, 

the uniaxial static and dynamic tensile properties and suture retention performance of the braided 

scaffolds were evaluated.  

Objective 3: Evaluate the biological performance of modified-PLA grafts fabricated 

in Objective 2 with isolated tenocytes and tendon-derived stem cells (Chapter 5). First, 

purified tenocytes and tendon-derived stem cells were isolated from Sprague Dawley rat tendon 

tissues. Second, the braided PLA scaffolds were modified with alkaline hydrolysis and collagen 

coating to improve the biological interaction between the tendon-derived cells and the synthetic 

graft. Third, tenogenic differentiation of tendon-derived stem cells was induced on the surface-

modified PLA braided scaffolds to demonstrate the potential of the scaffolds to support rotator 

cuff tissue engineering.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Rotator Cuff Structure and Functions 

The rotator cuff is a group of muscles and their tendons, serving important functions in the 

connection between the humerus and the scapula and as a dynamic stabilizer of the glenohumeral 

joint, also allow for the rotation of the shoulder joint about its longitudinal axis. The rotator cuff 

is composed of four muscles: the supraspinatus, the infraspinatus, the subscapularis, and the teres 

minor, these muscles attach via their respective tendons to the greater tuberosity at the top of the 

humerus (Figure 2-1) (19, 20). 

 

Figure 2-1. Anterior and posterior view of rotator cuff (256). 
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Figure 2-2. Side view of rotator cuff (21). 

 

2.1.1 Rotator Cuff Tendon Structure 

2.1.1.1 Cells 

Like all connective tissues, the tendon has a complex network of cells and surrounding 

ECM, performing a number of different functional roles (22). There are several types of cells in 

tendons (Figure 2-3), spindle-shaped tenocytes (fibrocytes) are the primary one among them, 

which are mature cells found throughout the tendon structure, arranged in longitudinal rows close 

to collagen fibers, they are responsible for the secretion and maintenance of ECM, and 

communicating with adjacent cells via the gap junctions. Tenoblasts, also spindle-shaped, are 

another major cell in tendons; they are immature cells that are highly proliferative, not only 

participating in the synthesis of collagen and other components of the extracellular matrix, but also 

giving rise to tenocytes. These two types of cells come up with approximately 90-95% of tendon 

cells, and the rest 5-10% cells within the tendon comprise chondrocytes, synovial cells and the 

vascular cells (23, 24).  
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Figure 2-3. Spatial distribution of cellular and matrix components in tendons (25). 

  

2.1.1.2 Extracellular Matrix (ECM) 

Tendon has a three dimensional and hierarchical structure (Figure 2-4) that enables it to 

tolerate large forces from muscle movement and transmit the force to the bone without damaging 

its macroscopic structure. Primary fibres, which consists of bunches of 30 nm to 300 nm collagen 

fibrils (the diameter of fibrils depending on the stage of development), are the basic units of a 

tendon, stabilized by intermolecular crosslinks that bind adjacent microfibrils. These collagen 

fibres packed together and form the  fascicles (secondary fibre bundles), and numerous irregular-

shaped fascicles with diameters ranging from 150 to 500 μm assemble tertiary fibre bundles, 

groups of which in turn form the tendon unit. Primary, secondary, and tertiary fibre bundles are 
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surrounded by a sheath of connective tissue known as endotenon or interfascicular matrix (IFM), 

which facilitates the gliding of bundles against one another during tendon movement and plays an 

important role in energy storage (22, 26-28). 

 

Figure 2-4. Schematic showing the hierarchical structure of tendon (27). 

 

Appropriate composition and organization of the extracellular matrix (ECM) could not 

only enable a tendon to perform its mechanical functions of force transfer in the loading direction, 

but also maintain the microenvironment to ensure the biological function of the tendon. Collagen, 

proteoglycans, glycoproteins and other molecules are the main components of ECM. Among these, 

collagen is the predominant one which makes up 60-85% of the tendon dry weight. There are many 

types of collagen present in the tendons, type I is the most abundant one which makes up to 90% 

of the total collagen content in the tendon, and type III is another major type of collagen, 

compromising approximately 3% in human supraspinatus and biceps brachii tendons, thought to 

be responsible for the fibrillogenesis of collagen and regulation of the size of the type I collagen 

fibrils (22, 29, 30). 
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Type I and type III collagen are fibrillar collagens made from three polypeptide chains, 

type I collagen consists of two α1(I) chains and one α2 chain (expressed by two genes, Col1A1 

and Col1A2, respectively), while type III collagen is composed of three  α1(III) chains encoded 

by Col3A1 gene (31). These collagen molecules align longitudinal in a well-characterized quarter-

staggered manner with a 40-nm gap in between, causing a banded appearance of collagen fibrils 

or periodicity repeating every 67 nm, known as the “D” period (22). 

Type V collagen, found as the core of type I collagen, is thought to be the part providing a 

template for fibrillogenesis and modulating fibril growth (30, 32). Several non-fibrillar collagens 

are also identified at low amounts in the tendon structure, such as type VI, VII, and XIV.  Type VI 

is predominantly cell-associated, while type XII and XIV collagens are associated with the surface 

of the type I collagen fibrils, particularly at the insertion site, providing a molecular bridge between 

type I collagen and other matrix molecules (30, 32, 33). 

Except for collagens, some non-fibrous proteins are also found in tendons, and 

proteoglycans (PGs) are the most abundant one, making up 1-5% of tendon dry weight. PG is a 

kind of glycoprotein that contains a core protein with one or more polysaccharide chains, playing 

a critical role in collagen fibril formation and resisting compressive loads. These polysaccharide 

side chains, also known as glycosaminoglycan (GAG) side chains, are negatively charged to enable 

PGs to attract water into the tendon (32, 34). Higher abundance of PGs increases tissue water 

content, leading to an increased stiffness and resistance to compression of the tendon (35, 36). 

In addition, cartilage oligomeric matrix protein (a kind of glycoprotein) and elastic fibres 

form part of the tendon structure, the latter accounts for 1-10% of tendon dry weight (32). 
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2.1.1.3 Blood vessels 

In comparison with other tissues, tendons have a poor blood supply. Blood flow is 

approximately 0.1 ml/g/min in rabbit tendons while 0.27 ml/g/min in muscles (37). The 

suprascapular artery, the subscapular artery, and the posterior circumflex humeral artery are 

thought to be the main vascular suppliers of the rotator cuff muscles. The suprascapular artery is a 

major branch of the subclavian artery, originating at the base of the neck, entering the posterior 

scapular region superior to the suprascapular foramen, supplying the supraspinatus and 

infraspinatus muscles. The vascular supply of subscapularis muscle is mainly ensured by the 

subscapular artery, which is the largest branch of the axillary artery. The subscapular artery 

originates from the third part of the axillary artery, followed by the inferior margin of the 

subscapularis muscle, and then divides into the circumflex scapular artery and the thoracodorsal 

artery. The posterior circumflex humeral artery is the primary supplier of the teres minor, 

originating from the third part of the axillary artery also, but entering the posterior scapular region 

through the quadrangular space.  

Various cadaveric studies demonstrated the definition of “critical area” that Codman et al. 

first proposed in 1934 that in the distal 10 mm of the supraspinatus tendon, near its insertion site 

into the greater tuberosity of the humerus, there is a watershed area of hypovascular tissue, and 

this may cause the degeneration or lesion of the rotator cuff tendon (38, 39). 

 

2.1.1.4 Multiple Tissue Junctions 

Since tendon serves as the connection between muscle and bone, there are two junction 

areas, muscle-to-tendon and tendon-to-bone junctions, also known as myotendinous junction 
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(MTJ) and osteotendinous junction (OTJ), respectively (Figure 2-5). In short, MTJ and OTJ serve 

as the role of force transmission, from muscle to tendon and tendon to bone, respectively.  

 

Figure 2-5. Tendon and the junctions at muscle and bone (40). 

 

MTJ is formed because of the coordinated interaction between myoblasts from muscle 

tissue and connective tissue cells in the tendon. The MTJ is where the force transfers from muscle 

to tendon, and is also the place new sarcomeres are added during muscle growth. The muscle's 

membrane enfolds extensively increase the surface area for tendon contact, resulting in a reduction 

of stress concentration. Also, the actin filaments cross link and attach to the cell membrane, 

allowing the force to be transmitted to the ECM  (37). 

Supraspinatus OTJ could be categorized into four zones based on different tissue 

compositions. The first zone consists of tendon proper and shows similar properties of tendon 

midsubstance. About 90% of zone 1 is characterized by type I well-aligned collagen fibers and 

small amounts of proteoglycan decorin. Fibrocartilage makes up the second zone, indicating the 

beginning of the transition from soft tendon towards hard bony material, mainly containing type 

II and III collagens. Next to zone 2 is the third zone, the majority of which is mineralized 

fibrocartilage, suggesting a marked transition towards bony tissue, and the last zone, the fourth 
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zone, is bone. Spindle-shaped cells are found in the tendon when cells in bone tissue have a 

rounded shape (40-42). Thomopoulos et al. found that type I, III, and XII collagens were found in 

both tendon and bony insertions, and unlike the tendon side where decorin and biglycan were 

found, bony insertion contained type II, IX, X collagen and aggrecan. The gradual and continuous 

changes in tissue compositions with not clearly defined borders between zones may be critical for 

load transfer between tendon and bone. Scientists also realized that decorin and biglycan forming 

cross bridges between aligned collagen fibers in the tendinous end caused the superior elastic and 

viscous properties of the tendinous end compared to the bony end (42). 

 

Figure 2-6. Structure and constitution of the native tendon-to-bone junction (43). 

 

2.1.2 Rotator Cuff Function 

As one of the most mobile joints in the human body, a glenohumeral joint is a ball and a 

socket joint between the scapula and the humerus, consisting of a large, round humeral head and 

a shallow glenoid cavity. The glenohumeral joint needs both static and dynamic stabilizers to 

stabilize it because of its high mobility. The static stabilizers mainly include capsule, labrum 
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complex, and glenohumeral ligaments, while rotator cuff is the primary dynamic stabilizer. In 

detail, a great deal of the dynamic restraint of the glenohumeral joint arises from the concavity-

compression mechanism created by the rotator cuff. This mechanism stabilizes the shoulder at 

middle range of motion (ROM) when the capsulolabral structures are lax and at terminal ROM 

through muscle activity that limits motion and decreases strain on the glenohumeral ligaments. 

The shoulder muscle activity balances translational (destabilizing) forces with compressive 

(stabilizing) forces to maintain glenohumeral joint stability throughout its arc of motion (44). 

As a group of muscles, the rotator cuff is responsible for the stabilization of the shoulder 

joint by providing the “fine tuning” movements of the head of the humerus within the glenoid 

fossa. As individual muscles, each of the four rotator cuff muscles participates in different shoulder 

movements (Table 2-1), and the balanced strength and flexibility of each muscle are essential to 

the maintenance of the entire shoulder joint’s function. The human rotator cuff tendon is reported 

to have an ultimate tensile stress in the range of 14-45 MPa, a breaking strain from 1-11% and a 

tensile modulus in the range of 14-629 MPa, depending on the conditions and direction of the 

tensile test (25).  

In detail, supraspinatus muscle, which lies in the scapular plane, originating from the 

supraspinous fossa, initiates the abduction of the arm, especially for the initial 0 to 15 degrees, and 

it also participates in externally rotating the arm (45). Infraspinatus originates from the 

infraspinatus fossa, and assists with the stabilization of the shoulder complex; it is also the main 

external rotator. Subscapularis is the largest and strongest triangular cuff muscle arising from the 

subscapularis muscle; it is the main internal rotator of the shoulder, providing 53% of the total cuff 

strength. Different from subscapularis, teres minor is a narrow, elongated muscle originating from 

the lateral border of the scapula; its primaguirreary functions include coordinating external rotator 
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movement as well as modulating the action of the deltoid, preventing the humeral head from 

slipping upward as the arm is adducted (46, 47). 

 

Table 2-1. Rotator cuff muscles 

Muscle Origin on scapula Insertion on humerus Function 

Supraspinatus 
Posterior Scapula- 

Supraspinatus 
Fossa 

Superior and anterior part of 
the middle facet  of greater 

tuberosity 

Abduction, external 
rotation 

Infraspinatus Posterior Scapula- 
Infraspinatus Fossa 

Middle facet of the greater 
tuberosity External rotation 

Subscapularis Anterior Scapula- 
Subscapular Fossa Lesser tuberosity Internal rotation 

Teres minor 
Middle half of 

lateral border of 
scapula 

Inferior facet of the greater 
tuberosity External rotation 

 

2.2 Rotator Cuff Tendon Tears 

It is reported that more than 16% of the population suffers rotator cuff injuries in the US. 

The number increases to 21% for elderly people, and about 51% of people over the age of 80 years’ 

experience rotator cuff injury in the USA each year (25, 48). The injuries happen when irritation 

or damage occurs at the site of the shoulder with the symptom of weakness and pain. There are 

four types of rotator cuff injuries (Figure 2-7). The most common one is rotator cuff tendon tears, 

affecting more than 40 % of patients over the age of 60, and being responsible for 67% of shoulder 

pain with an incidence of 200,000 - 300,000/year worldwide. More than  250,000 repairs are 

performed annually in the United States with an estimated cost of 474 million dollars (43, 49, 50). 

Tendinitis or bursitis takes place when a bursa – a small, fluid-filled sac that serves as a 

cushion between the tendons and the bones - gets inflamed, while calcific tendinitis is caused by 
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the deposit of calcium in the tendons. Impingement refers to the situation when a tendon is 

squeezed and rubs against the bone. These injuries often occur to people who perform many 

overhead motions repeatedly a lot, such as carpenters and baseball players,  and the risk also 

increases with age. Tendinitis usually happens where the tendon attaches to bone since there is a 

limited blood supply, and a reduction in blood perfusion as a result of age or injury can also 

accelerate the degeneration of tendons (51, 52).  

 

Figure 2-7. Types of rotator cuff tendon injuries (53)  

 

2.2.1 Classifications 

Rotator cuff tendon tears are classified as partial- or full-thickness tears (Figure 2-8), the 

average thickness of normal rotator cuff tendon is 10 to 12 mm, partial thickness tear is defined 

part of the tendon thickness is involved and will not lead to retraction of the muscle, while the 

latter, full-thickness tear, represents complete discontinuity of rotator cuff fibers, and has been 



   

 
 

15 

reported with 17% to 30% incidence based on cadaveric studies (54). Only a small portion of 

partial thickness cuff tear can heal (10%) or become smaller (10%). Most will propagate (53%) 

and even become full-thickness tears (28%), according to a clinical follow-up study (55). As 

proposed by Ellman (56), the partial-thickness tears could be further divided into three types based 

on the depth as arthroscopically measured. Specifically, tears that have a depth of less than 3 mm 

belongs to Grade-I, Grade II tears are 3-6 mm and Grade III tears involve more than half of the 

thickness of the tendon. And another classification of partial-thickness tears is depends on the site 

of tears, specifically, articular-sided, bursal-sided or intratendinous tears (Figure 2-9) (56-58). 

 

Figure 2-8. Partial- and full-thickness rotator cuff tendon tears (59) 
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Figure 2-9. Ellman classification of partial-thickness rotator cuff tendon tears (60)  

 

For full-thickness tears, Gerber et al. defined massive tears as two or more tendons 

involved (63), and Collin et al. further divided into 5 types with different tear patterns (Figure 2-

10): type A, supraspinatus and superior SSc tears; type B, supraspinatus and entire SSc tears; type 

C, supraspinatus, superior SSc, and infraspinatus tears; type D, supraspinatus and infraspinatus 

tears; and type E, supraspinatus, infraspinatus, and teres minor tears (62). Cofield et al. proposed 

another method to classify the tears as small (<1 cm), medium (1-3 cm), large (3-5 cm), and 

massive (>5 cm) tears based on the lesion size (61). It has been reported that massive rotator cuff 

tears comprise about 20% of all cuff tears and 80% of recurrent tears.  
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Figure 2-10. Rotator cuff tears classified by the involved components (62).  

 

2.2.2 Etiology 

It is believed that both extrinsic and intrinsic factors will cause rotator cuff tendon tears, 

extrinsic elements are more related to significant traumatic events (Figure 2-11), or maybe because 

of the morphology of the cuff that its compression leads to the tears, while the intrinsic causes are 

more frequent and multifactorial in etiology. These are considered as long-term degenerative tears.  

 

Figure 2-11. Summary of extrinsic and intrinsic pathways of rotator cuff tear. ECM = 

extracellular matrix,  MMP-1 = matrix metalloproteinase -1; ROS = reactive oxygen species (64)  
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In 1972, Neer et al. proposed a theory that the anterior part of rotator cuff abuts against the 

coracoacromial (CA) arch during forward evaluation of the shoulder leading to the failure of the 

rotator cuff tendon. Bigliani et al. classified acromial morphology into three types based on the 

undersurface of acromion - specifically, type I (flat), type II (curved), and type III (hooked) (Figure 

2-12) - and suggested that a down sloping acromion in the sagittal plane can impinge upon the 

anterior cuff, leading to a rotator cuff tear, which confirmed Neer’s theory. The connection 

between acromial morphology and rotator cuff tears, in particular that hooked acromions was a 

factor causing impingement syndrome leading to rotator cuff pathology,  was also corroborated by 

assorted researches (65-68) 

 

Figure 2-12. Bigliani’s classification of acromial undersurface with corresponding supraspinatus 

outlet view radiograph (65) 
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In addition to the acromial morphology, the presence of acromial spur, acromion slope, CA 

ligament, os acromiale, and acromioclavicular joint spur, may also cause of extrinsic compression, 

inducing rotator cuff tears (64). 

Other than extrinsic compression or trauma, there are a variety of scientists who hold the 

view that intrinsic mechanisms initiate the cuff tear. The first and commonest accepted one is the 

degenerative-microtrauma model, which mainly said that age-related internal changes with 

repeated microtrauma or loads is the primary cause of partial tear, which may gradually convert 

into full-thickness tear. Studies showed there is 50% of morbidity of cuff tears after the age of 60, 

and another research advanced that the rate increases from 13% to 51% from the age of 50 to 80 

(69-71) According to Hashimoto et al, these internal changes are typically referred to collagen 

degeneration and thinning, fatty infiltration, myxoid and hyaline degeneration, and vascular 

proliferation (69). 

In a controlled laboratory study, biomechanical strength and histological collagen fiber 

organization at the tendon-to-bone junction healing decreased with normal aging when compared 

old and young rats after acute repair, which supported the results mentioned above reported by 

Hashimoto et al. (72). As claimed by Goutallier et al, fatty degeneration, particularly in 

infraspinatus, will induce the loss of strength and range of motion, especially of external rotation 

(73). Tension overload of the rotator cuff and repetitive superior shearing of the humeral head 

against the labrum possibly cause the partial-thickness rotator cuff tears in the general population 

(74). 

Other than degenerative-microtrauma theory, there are two major possible intrinsic 

hypotheses causing the rotator cuff tears, one is cuff vascularity, and the other is the oxidative 

stress in the local environment. Low capillary density and smaller diameter in rotator cuff tendon 
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degenerative regions have been found, the same results also found for groups over the age of 40 

compared to under 40 (75). Oxidative stress is a condition in which reactive oxygen species (ROS) 

are overproduced, and induce cell apoptosis that implicates tendon degeneration, usually due to 

repetitive injury followed by the reparative process (76). Significant increase of apoptotic cells in 

torn rotator cuff tendons have been found and approved by in situ DNA end labelling assay and 

DNA laddering assay, and the apoptotic cells were distributed evenly throughout the torn edges of 

the supraspinatus tendon, and according to Yuan et al, these apoptotic cells were tenocytes, which 

express gene that for the matrix molecules present, loss of tenocyte activity and decreased 

extracellular matrix synthesis are thought to be intrinsic causes of tendon degeneration (77).  

 

2.2.3 Diagnosis 

Physical examinations reveal tenderness or pain with decreased muscle strength of the 

rotator cuff, while magnetic resonance imaging (MRI) is widely used to evaluate atrophy of the 

cuff muscles as well as to assess potential causes of suprascapular nerve (SSN) compression, 

providing soft tissue details. MRI is also used for the evaluation of shoulder pain and suspected 

internal joint derangement in young athletes, and continued technological improvements in MRI 

allow for faster acquisition times and higher spatial resolution. In the images, tears are suspected 

when an increased signal shows within the tendon that is isointense to joint fluid on fluid-sensitive 

sequences. However, before making surgical plans, instead of MRI, computer tomography (CT) is 

the technology that being used with its accuracy in detecting certain non-osseous injuries like 

labral tears which MRI is not possible or contraindicated (78-80). 

As seen on the MRI images below (Figure 2-13), the rotator cuff muscle in a normal 

shoulder runs transitioning into tendon (black portion) as it runs toward its insertion on the humeral 
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head, while in the torn tendons, as shown by the course of the dotted orange arrow, the 

supraspinatus tendon is pulled away from the normal rotator cuff insertion site on the humerus, as 

diagnosed as a full-thickness tear.  

 

Figure 2-13. MRI of a) normal and b) torn rotator cuff tendon 

 

2.2.4 Scoring System 

A number of instruments have been developed and used to evaluate the situation of 

shoulders. The Rating Sheet for Bankart repair proposed by Carter Rowe was the first documented 

rating system to assess the shoulder in 1978 (81). The University of California at Los Angeles 

(UCLA) Shoulder Rating scale published in 1981, which is based on 5 separate domains: pain, 

function, active forward flexion, strength of forward flexion, and overall satisfaction, there is 1 

item for each of these areas, the weighting is such that pain and function account for 10 points 

each, while forward flexion, strength, and overall satisfaction for points each, giving a total of 35 

points (82). Another popular rating system was developed by the Society of the American Shoulder 

and Elbow Surgeons (ASES), consisting of a physician assessment section and a patient self-

evaluation section (83). 
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However, a study indicated poor correlation among these three scoring systems when they 

assessed the postoperative results of 52 patients with 53 shoulder stabilization procedures (84). A 

different study studied the reliability and validity among UCLA scoring systems, the Simple 

Shoulder Test (SST) and the Shoulder Pain and Disability Index (SPADI) by standard errors of 

measurements and correlation coefficients calculation, respectively. But the authors also indicated 

that patients may not be able to distinguish pain and function although it’s distinguishable 

conceptually (85). A well-accepted shoulder rating system is demanded, and one of the most 

widely used shoulder evaluation instruments in Europe is the Constant Score, assessing the range 

of motion and power with a total point of 100, combining several separate items of functions and 

physical examination (86). 

 

2.2.5 Consequences 

Shoulder injuries will cause a reduce in an individual’s ability to perform daily function 

tasks, such as eating and personal hygiene, and  research discovered that elderly people who had 

rotator cuff tendon tears used more internal rotation to perform daily activities than controls 

(similar age with healthy shoulder) and showed a tendency to further functional impairment and a 

progression to shoulder damage (4). 

As described before, the rotator cuff serves as a dynamic stabilizer of the glenohumeral 

joint, and the balanced strength is essential for shoulder functions, therefore, torn rotator cuff will 

not only directly impact daily activities but also the loads on the glenohumeral joint. A cadaveric 

study quantifying the effect of different rotator cuff tear configurations on glenohumeral reaction 

forces during active scapular plane abduction, found that posterior-superior rotator cuff tears 

resulted in a significant reduction in the reaction force magnitude due to disruption of the 
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transverse force couple, and results indicated the integrity of the transverse force couple affecting 

the direction of the reaction forces too (87). 

 

2.2.6 Healing Process 

The wound healing process of tendons generally has three overlapping phases regulated by 

various cytokines, growth factors and cell types: the inflammatory phase, the proliferative phase, 

and the remodeling phase (Figure 2-14) (25, 88). 

 

Figure 2-14. The three phases of tendon healing and associated event, as a function of time, and 

the respective functional performance of the tendon (25) 

 

Erythrocytes and inflammatory cells, especially neutrophils, enter the injured site, 

representing the start of the first phase (inflammatory). In the first twenty-four hours, the injury 

site will be predominated by monocytes and macrophages with the sign of necrotic materials being 

phagocytized. Synchronously, vasoactive and chemotactic factors are released, and vascular 
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permeability increases, together with the initiation of angiogenesis and recruitment of 

inflammatory cells to the wound. The proliferation and migration to the injury site of tenocytes are 

triggered, leading to the initiation of on-site type-III collagen synthesis (88-90).  

The proliferate (repair) phase begins after a few days. Type I and III collagen 

concentrations increase and peak during this phase (3-6 weeks), and water and GAG contents 

remain increased at this stage (90). 

After about 6 weeks, the third phase (remodeling phase) launches with reduced cellularity 

and lessened collagen and GAG synthesis. The remodeling phase could be further divided into two 

stages: consolidation stage and maturation stage. The first stage, consolidation stage, occurs at 

week 6 and lasts about 10 weeks. During this period, the repair tissue changes from cellular to 

fibrous, tenocyte metabolism remains high, and tenocytes and small-diameter collagen fibers 

become aligned in the longitudinal axis, in other words, in the direction of stress (Figure 2-15) (88, 

90). After ten weeks, the maturation stage takes place with gradual change of the fibrous tissue to 

scar-like tendon tissue, this process may take up to one year, and tenocyte metabolism and tendon 

vascularity may fall off during the latter half of this stage (91).  
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Figure 2-15. Ligament repair during the phases of healing and the “normalized” content of type I 

and III collagen, water, DNA and glycosaminoglycans (90) 

 

2.3 Rotator Cuff Tendon Repairs 

Generally, doctors have choices of non-surgical or surgical management of the tears, both 

with the goal of pain relief and function restoration. The non-surgical treatment typically applies 

to elderly patients who still have well-maintained shoulder functions but do not want to go through 

a surgical procedure or are medically unfit for surgery. The non-operative procedure mainly starts 

with guided physical therapy with the purpose of strengthening the intact portion of the rotator 

cuff and deltoid as well as the periscapular musculature. This could help the patients to offload the 

tear edges and provide them with a stronger force couple in order to avert a further complication. 

And the rehabilitation process is always accompanied with subacromial injection of corticosteroids 

to decrease the inflammation (92). However, the results of non-surgical treatments are not always 

satisfying, on the contrary, the patients appear to have worsen symptoms and some develop cuff 

tear arthropathy. A four-year follow-up study showed that nonoperative management of massive 
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rotator cuff tears led to an increase of tear size (p=0.003) and fatty infiltration (p=0.01), and the 

glenohumeral osteoarthritis progressed (p=0.014) while the acromiohumeral distance decreased 

(p=0.005). Although the daily functions of the shoulders are maintained, patients need to take the 

consequences of a high risk of transferring from a reparable tear to an irreparable tear for the non-

surgical treatment (93). 

 

2.3.1 Surgical Principles and Alternative Therapies 

Thus, surgical treatment becomes the choice for most patients suffering from rotator cuff 

tendon tears to eliminate pain and regain a functional shoulder for daily activities with increased 

shoulder strength and range of motion. The evolution of rotator cuff repair techniques has lasted 

for over decades through the advancement of technology and instrumentation, from the open repair 

at the very beginning, to mini-open, and all-arthroscopic repair these days (94, 95). A survey 

reported in 2005 indicated that there were 14.5% of 539 orthopedic surgeons who had treated 

patients for a rotator cuff tear or had referred patients for such treatment preferring arthroscopic 

surgeries, while 46.2% of them performed mini-open surgeries and 36.6% chose open cuff repairs 

(96). The number of arthroscopic rotator cuff tendon repairs increased by 600% between 1996 and 

2006 based on a report by Colvin and colleagues, in which they also mentioned the number of 

open repairs increased by 34% simultaneously (97). Regardless the form of the surgery, the 

fundamentals of cuff repair remain the same, which include proper patient positioning, anesthesia, 

portal placement, visualization, bony footprint preparation, and tendon mobilization allow for a 

successful outcome, with the goal to restore footprint anatomy with a biomechanically secure, 

tendon-free construct promoting biologic healing at the tendon-to-bone interface (94, 98). 
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Figure 2-16. An overview of approaches for tendon injuries repair (99) 

 

2.3.2 Open vs. Mini-open vs. Arthroscopic Procedures for Rotator Cuff Tendon Tears 

The first clinical rotator cuff tendon repair was reported by Dr. Codman in 1911, who used 

silk sutures to reattach the tendon to the tuberosity in bringing about complete restoration of the 

function of abduction. The patients in these two cases both suffered complete ruptures of the 

tendons of the supraspinatus with almost entirely lost ability of abduction, but restored the strength 

and got satisfactory results after the open surgeries (100). Although function improvement (75%-

95%) and high pain relief ratio (85%-100%) have been reported in several long-term postoperative 
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studies, open rotator cuff repair faces the issue of deltoid takedown, not to mention the minimum 

3- to 6-cm incision at the anterior superior aspect of the shoulder (98).  

With the development of technology, there is a trend towards all-arthroscopic surgery for 

rotator cuff tears, which requires an even smaller incision site with a diameter of 7 to 8 mm, sutures 

are used to restore the rotator cuff footprint and maximize the tendon-to-bone contact (Figure 2-

17) (98).  

 

Figure 2-17. Arthroscopic view of a) a healthy shoulder joint; b) a rotator cuff tear; c) a rotator 

cuff tear from above the tendon; and d) torn rotator cuff tendon reattached to the greater 

tuberosity of the humeral head with sutures (101) 
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Then a new technique called “mini-open” with the help of arthroscopy was proposed in 

1990, the incision size was now limited to 1 to 2 cm, the deltoid fibers were split in line in order 

to obtain access for secure bone-tendon fixation, the injury to the deltoid is restricted because of 

the control of required time and the exposure, and the satisfactory rating was 100% from patients 

with small or moderate size tears (102). 

Various studies have demonstrated there was no significant difference among these three 

surgical techniques for rotator cuff tear repairs based on the scoring system, range of motion, pain 

relief, as well as patients' satisfactory rate for small or moderate tendon tears. However, for 

massive rotator cuff tear repairs, open surgery would be a better choice with the evidence of higher 

postoperative cuff integrity (54, 103-106). 

From 1996 to 2006, the number of visits as well as surgical repairs of rotator cuff tears 

increased dramatically, especially the cases using all-arthroscopic technique. This may be caused 

by the younger generation of surgeons and the dramatic improvements in surgical instrumentation 

and technique. The advantages of arthroscopic procedures are obvious, which are mainly reflected 

in the ability to mobilize and release the rotator cuff, decrease surgical insult to the deltoid muscle 

and immediate postoperative pain relief. Open surgeries are still superior in surgical and operating-

room time and allowance of tendon transfers (97). 

 

2.3.3 Suturing Techniques 

Open surgery developed over decades, from the initial trans osseous tunnel technique that 

Dr. Codman used one hundred years ago to restore the tendon footprint by suture anchors. Trans 

osseous tunnel technique places sutures directly into bone tunnels extending from the rotator cuff 

footprint and exiting laterally on the tuberosity where they are tied, which has a high demand for 
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bone quality, and the latter technique is sutures the tendon directly onto the tuberosity of humerus 

with different suturing patterns: the single-row and the double-row (Figure 2-18) (107). 

 

Figure 2-18. a) Single-row and b) double-row suturing pattern for rotator cuff tendon repair 

(108). 

 

The single-row utilizes two lateral anchors tied in a simple stitch while the double-row 

configuration utilizes an additional medial row of anchors with mattress stitches. In vitro tests 

showed there was no significant difference between the biomechanical properties of using these 

two suture anchor repairs, however, the double-row repair did show significantly greater footprint 

area compared to the single-row repair, which will promote the healing process considering the 

integrity of the tendon (107, 109, 110). 

Derwin et al. proposed 6 grades of rotator cuff pathology based on the geometry and 

repairability of the tear, and gave suggestions about the treatment methods according to different 

grades (Table 2-2) (111). 
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Table 2-2. Clinical grades of rotator cuff pathology (111) 

Grade Rotator cuff indication Current 
treatment(s) Outcomes Graft 

indication 

I 
Partial -thickness tear 
(<50 % of articular or 

bursal surface) 

Arthroscopic 
decompression / 
debridement or 

repair with 
acromioplasty 

95% heal when 
repaired Not indicated 

II 
Partial-thickness tear 
(>50 % of articular or 

bursal surface) 

Arthroscopic 
decompression / 
debridement or 

repair with 
acromioplasty 

40% failure within 
5 years when 

debrided only; 
95% heal when 

repaired 

Not indicated 

III Small to medium tear 
(< 3 cm, 1 tendon) Arthroscopic repair 

Moderate failure 
rate (5% - 10% 

retear; 85% pain 
free but >50% 

reduced function) 

Augmentation 

IV 
Large , massive tears 

(3-5 cm, 2-3 tendons); 
reparable 

Open or 
arthroscopic repair 

Moderate failure 
rate (≥30% retear; 
85% pain free but 
reduced function) 

Augmentation 

V 

Large, massive tear (3-5 
cm, 2-3 tendons); 

irreparable (unable to 
response to tuberosity 

with low tension) 

Open or 
arthroscopic 

attempt at repair, 
muscle transfer, 

debridement, 
and/or partial repair 

High failure rate 
(≥50% retear 
and/or low 

outcome scores) 

Interposition 
in selected 
instances 

VI 

Massive and retracted 
irreparable tear with 

intra-articular 
pathology 

Open reverse total 
shoulder 

replacement 
(aggressive) 

Adequate but 
limited function Not indicated 

 

2.3.4 Augmentation 

It is reported that rotator cuff tears are the most crucial causes of shoulder disability, 

accounting for 4,500,000 specialist visits and followed by 250,000 surgical procedures performed 
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annually in the US (71). The tendon loses elasticity as the result of being replaced by stiffer, 

mechanically inferior scar tissue after a chronic and massive rotator cuff tear, with the desire of 

restoring mechanical strength and original biological properties at the tendon-to-bone site.  

Augmented grafts are now widely used for massive or irreparable rotator cuff tendon tears; 

more than 30,000 grafts are used annually to reinforce shoulder soft tissue repair (19). Currently, 

grafts derived from various natural and synthetic biomaterials are being used for rotator cuff 

repairs. The US Food and Drug Administration (FDA) has cleared these devices “to support soft 

tissues where weakness exists”, and the procedure could be performed either as augmentation or 

as interposition. The former procedure is using a graft to reinforce an anatomically reparable tear, 

while the latter one is for an irreparable cuff where the graft is used to bridge the torn tendon and 

the humerus (51).  

 

2.3.4.1 Mechanical Requirements for Augmented Grafts 

The grafts are expected to be designed with a targeted mechanical properties to support the 

initial healing of the torn tendons, specifically, grafts for rotator cuff tendon repair need to meet 

the requirement of a minimum stiffness of 200 N/mm, modulus of 150 MPa, and ultimate load of 

800 N  (Table 2-3) (51, 112-114). 

  

Table 2-3. Mechanical properties of rotator cuff tendon (19) 

Tendon Tensile strength (N) Tensile stiffness (N/mm) 

Infraspinatus 2005 574 (343 - 843) 

Supraspinatus 652 289 (228 - 427) 

Subscapularis 1724 594 
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In addition, the suture retention properties are crucial considering the fact that the graft is 

attached to the greater tuberosity of the humeral head by suture/suture anchor complex, allowing 

the product to resist functional loading. Considering the fact that the suture retention properties of 

human rotator cuff tendons are about 250 N, it is recommended that approximate 100-200 N per 

suture for rotator cuff tendon repair is desired (19, 111, 115).  

 

2.3.4.2 Current Commercially Available Grafts 

2.3.4.2.1 Biological Grafts 

Numerous studies have demonstrated the feasibility of using biological grafts for rotator 

cuff tendon treatments in humans. The biological grafts could further be divided based on the 

source and type, the source could be human (allograft or autograft) or animals (xenograft), such as 

porcine, bovine, or equine, while the type may be dermis, small intestine submucosa (SIS), 

pericardium, and fascia lata (116). The biological grafts are usually composed of protein based 

extracellular matrix (ECM) and are primarily made up from type I collagen fibers. These grafts 

aims to minimize host response and provide three dimensional protein microstructure to speed up 

the healing of tendons. To date, various biological devices have been cleared by the Food and Drug 

Administration (FDA) and are available in the market for rotator cuff tendon repair (Table 2-4) 

(51).  
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Table 2-4. Commercial biological graft for rotator cuff tendon repair (24) 

Product ECM type ECM source Supplier 

Restore SIS Porcine Depuy Orthopaedics 

CuffPatch SIS (cross-linked) Porcine  Organogenesis 

GraftJacket Dermis Human  Wright Medical 

ArthroFlex Dermis Human  Arthrex 

Allopatch HD Demis Human ConMed 

Conexa Demis (α-Gal-reduced) Porcine  Tornier 

TissueMend Dermis (Fetal) Bovine  Stryker Orthopaedics 

Zimmer Collagen Repair Dermis (cross-linked) Porcine  Zimmer 

Bio-Blanket Dermis (cross-linked) Bovine  Kensey Nash 

OrthADAPT Bioimplant Pericardium (cross-linked) Equine  Pegasus Biologics 

 

GraftJacket® (Wright Medical Technology, Inc., Arlington, TN, USA) is an acellular 

allograft harvested from human dermal tissue, the epidermal and dermal cells are removed with 

processing while the vascular channels, collagen, elastin and proteoglycan constituents are 

preserved in a proprietary manner. Dopirak et al. followed up 16 patients with massive rotator cuff 

tears treated with arthroscopic augmentation with GraftJacket®, and used UCLA scores, Constant 

score, and Simple Shoulder Test were used to evaluate the level of recovery. At a mean follow-up 

time of 26.8 months (range 12-38 months), the mean UCLA score increased from 18.4 

preoperatively to 30.4 postoperatively (p = 0.0001), the Constant score increased from 53.8 to 84.0 

(p = 0.0001), pain was dramatically released after surgery with improved forward flexion and 

external rotation strength (117). A British group performed open surgeries using GraftJacket® for 

61 patients with irreparable rotator cuff tears. The results showed that the range of motion and 

strength in abduction and external rotation were increased significantly after surgery, pain score 
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and the Oxford Shoulder Score were both improved compared with pre-operative (p < 0.01) (118). 

Similar outcomes were reported by different groups, either with open or arthroscopic 

reconstructions, using GraftJacket® acellular human dermal matrix for large or massive cuff tears, 

in forms of statistically improved UCLA score, Constant score or MRI et al (119-122).  

The main sources for xenografts are porcine and bovine, derived from either SIS or dermis, 

and SIS Restore® is one of the most commonly used grafts for rotator cuff tendon repair. However, 

several follow-up studies have shown less favorable results of these scaffolds. Back to 2002, 

Metcalf et al. investigated the clinical efficiency of SIS Restore®, a two-year follow-up of 12 

patients who received arthroscopic surgeries using this product for massive tendon tear showed 

improved but still below normal shoulder function UCLA score, and 1 of the 12 cases failed within 

12 weeks because of the complete resorption of the graft (123). Other large or massive tear repairs 

with SIS Restore® also showed contrary results, one group observed postoperative healing 

progress with MRI and found 10 of the 11 repairs failed 6 months after the surgeries, another 

follow-up study even indicated the nonaugmented group was 8% more likely to heal than the 

Restore-augmented group (111).  

A study compared the host tissue responses to several commercially available ECM-

derived devices including GraftJacket®, Restore®, CuffPatch™, and TissueMend® in an 

established rodent model of body-wall repair, and found extremely different final outcomes with 

regard to the inflammatory cells and types of host tissue that either replaced or surrounded the 

ECM-based scaffolds. The histologic appearance showed that GraftJacket® (human dermis) was 

replaced by fibrous connective tissue with low-grade chronic inflammation, partially degrading 

within 112 days after surgeries, while Restore® (human SIS) degraded faster, replaced by a 

mixture of muscle cells and organized connective tissue after 4 months. Compared to human 
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dermis and SIS, cross-linked SIS- or porcine dermis-derived scaffolds degraded slower, showed 

an accumulation of dense collagenous tissue with presence of persistent foreign-body giant cells 

and low-grade chronic inflammation, respectively (124). 

Derived from mammalian tissues, biological scaffolds are required expected to be an 

acellular matrix, which means the removal of lipids or fat deposits and disruption of cellular and 

DNA materials must occur. Although the efficacy of the first commercially available biological 

scaffolds Restore membrane has been demonstrated, high failure rates and the fact that Restore 

still contains porcine DNA are not negligible. CuffPatch and some other products harvested from 

the same source, porcine small intestine submucosa, as Restore need extra care when applied to 

patients. 

A review indicated a low success rate of rotator cuff tendon repair with autograft or 

allograft where imaging (ultrasound or MRI) was used to determine repair of the tendon to the 

bone (Table 2-5). Even for small tears, the success rate was not as high as expected, not to mention 

that the rate decreased to 54% for large tears and 42% for massive tears (19). 

 

Table 2-5. The success rates for surgical repair of rotator cuff (19) 

Tear size Success by imaging Mean ± SD (range) 

Small to medium (< 3 cm) 78 ± 7 % (60 - 90 %) 

Large (3-5 cm) 54 ± 21 % (5 - 90 %) 

Massive (2 or more tendons) 42 ± 12 % (24 - 63 %) 
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2.3.4.2.2 Synthetic grafts 

Considering the fact of insufficient mechanical support as well as low success rate by using 

biological grafts, and with the development of material science, a new generation of grafts made 

from synthetic materials sunsequently emerged in the market (Table 2-6). 

 

Table 2-6. Commercial synthetic grafts for rotator cuff tendon repair 

Product Composition Supplier 

Integraft Carbon fiber tow Hexcel Medical 

Teflon Polytetrafluoroethylene Dupont 

Maxlex High-density polyethylene C.R. Bard 

LARS Ligament Polyethylene Terephthalate LARS, Dacron Xiros 

Poly-Tape Polyethylene Terephthalate Neoligaments 

Mersilene mesh Polyethylene Terephthalate Ethicon 

Repol Angimesh Polypropylene ANGIOLOGICAL 

X-Repair Poly-L-lactic-acid Synthasome 

BioFiber Poly (4-hydroxybutyrate) Tornier 

 

Carbon fiber was used in an effort to overcome the deficiencies in rotator cuff tear repairs 

in the late 1980s. A study of 13 patients suffering complete rotator cuff tears received repair using 

carbon fiber tows was published, with good or excellent results obtained in 11 cases (125). 

However, most other studies using carbon fibers hold the opposite opinion with the view that 

carbon fibers are too brittle to be used as surgical prosthesis in a synovial joint because they may 

fragment, leading to the presence of carbon fiber fragments in soft tissues adjacent to the implant. 
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Fragments may also cause the inflammation and foreign body response resulting in requests for 

revision surgeries (126, 127). 

A new generation of polymeric grafts has been investigated and started emerging in the 

market. The first synthetic rotator cuff implant was proposed by Ozaki et al. in 1986. Non-

degradable graft Teflon (Dupont, Wilmington, DE) and Maxlex (C.R. Bard. Inc., Mullayhill, NJ) 

were used to make the augmented graft and implanted into 25 patients for chronic massive rotator 

cuff repairs, with an average of 2.8 years follow-up. Improved function and pain relief were 

reported by 23 out 25 patients, and the authors suggested that Teflon and Marlex possess high 

tensile strength and low friction, and may be as thick as the rotator cuff when implanted, which 

should be at least 3 mm (128). 

Except for polytetrafluoroethylene (PTFE) and polyethylene (PE), there are some other 

types of non-degradable materials used for rotator cuff tendon repair grafts, such as polyesters 

(PET) and polypropylene (PP). 

Nada et al. reported positive clinical outcomes of using a polyester ligament (Dacron) in 

21 symptomatic patients suffering from chronic massive rotator cuff tears, saying that all patients 

were free from pain with improved function (p<0.001) and range of movement (p<0.001), also 

proved by enhanced Constant scores (from 46.7 to 85.4, pre-operative and post-operative, 

respectively), high patients satisfaction (90%), and intact and thickened bands seen in MR images  

(129).  

Another non-degradable graft for reconstruction of massive rotator cuff tears made from 

polyester is Mersilene mesh (Eticon, Inc., Somerville, NJ). According to a postoperative study 

following up 41 patients who received reconstruction of rotator cuff with Mersilene mesh for a 

mean duration of 43 months. This product significantly improved patient range of motion 
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(p<0.001), and 29 out of 41 (74%) patients reported complete pain relief. During the follow-up, 

they also measured the thickness of mesh ultrasonographically, and reported a mean mesh 

thickness of 3.03 mm (range 2.4-4.1 mm), which met the minimum requirement of 3 mm proposed 

by Ozaki  (127).  

However, there are concerns associated with the implantation of non-degradable 

biomaterials. An in vivo study done in 2001 found that although the tensile strength and stiffness 

of the infraspinatus tendon were improved dramatically over three months post-operatively, 

fibrous tissue, known as scar tissue, was found between the infraspinatus tendon and cancellous 

bone, and foreign-body reactions happened with active immunological responses in the PTFE-

bone interface at 12 and 24 weeks (130).  

A group of degradable polymeric grafts with enhanced biocompatibility present in the 

market, including some well-known polymers, such as poly-L-lactic acid (PLLA), poly (lactic-co-

glycolic acid) (PLGA), polycaprolactone (PCL) and polydioxanone (PDO), are the most promising 

candidate materials for new generation of rotator cuff grafts (131).  

X-Repair, a commercially available poly-L-lactic acid woven mesh, was approved by the 

US FDA in 2014 and used in the market. A study of 18 patients who received arthroscopic 

treatment with X-Repair after suffering from large to massive rotator cuff tears, assessed 

functionality using the ASES shoulder score system at  a mean of 42 months after surgery, and 

evaluated structural intactness via ultrasound images. The ASES score showed an enhancement 

from 25 preoperatively to 70 at 12 months and 70 at 42 months after surgery, while 15 of 18 

patients showed intact rotator cuff repair at 12 months, although one additional failure was reported 

at 42 months (19). Lenart et al. got matching results from a follow-up study of 16 patients who 

suffered massive or recurrent rotator cuff tears and underwent open repair with X-Repair. 
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Improved ASES score and high patient satisfaction were obtained, despite a retear rate of 62% 

(132).  

 

2.3.4.2.3 Comparison Between Biological and Synthetic Grafts 

Biological and synthetic grafts for rotator cuff tendon repairs have been developed for 

decades because of market demands. As indicated before, a desired graft for massive rotator cuff 

tendon repair is expected to have superior mechanical properties to mimic normal human cuff 

tendons. A number of cadaveric studies have shown that the ultimate load of ECM-augmented 

specimens (including GraftJacket®, Conexa®, and ArthroFlex®) was improved, but were still 

below the minimum requirement for cuff tendon repair, within the range 325 N to 643 N (119, 

133, 134).  

The grafts serve as the augmented bridge during the repair process, providing mechanical 

support for daily activities, while tendons usually take at least 12 weeks to heal, and up to 6 months 

to regain the full range of movement. Thus, it is crucial for the graft to degrade at an appropriate 

rate. Restore was found completely degraded after 112 days (16 weeks) in a rat model, while 

GraftJacket, CuffPatch and TissueMend were partially degraded, and Zimmer Patch was not 

degraded at all during the same time period, even though tissue induction abilities of these grafts 

were different. Restore was completely replaced by a mixture of organized muscle cells, 

collagenous connective tissue, and small islands of adipose connective tissue. Adipose connective 

tissue was also induced by a TissueMend device, while GraftJacket was partially replaced by 

collagenous connective tissue, and Zimmer Patch induced the accumulation of a thin fibrous 

connective tissue capsule (Valentin et al., 2006). Compared to biological graft for tendon repair, 
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some synthetic devices degrade much more slowly, such as PLA that takes 6 months to 2 years to 

break down in the body. 

 

Table 2-7. Mechanical properties of reinforcement patches 

Categories Products 
Tensile 
strength 

(N) 

Tensile 
stiffness 
(N/mm) 

Suture pull-out strength 
(N): 

simple 
suture 

mattress 
suture 

Biological 
scaffolds 

Allopatch HD 2 350 91.5 99.9 NA 

Artelon SportMesh 160 19.6 72.6 82 

GraftJacket MaxForce 313 83.3 84.7 182 

GraftJacket Extreme 532 146.6 106.5 229 

Synthetic 
scaffolds X-Repair (bilayer) 2024 650 220 280 

 

2.3.4.3 Factors affecting rotator cuff tendon repair 

The high retear or recurrence rates have been observed and reported after surgical repairs; 

the lack of enthesis formation may explain the fact that the second ruptures usually happen at the 

tendon-bone insertion site (9)Compared with small or medium tears, massive rotator cuff tears are 

more complicated with higher structural failure and poorer outcomes after treatment, and the retear 

incidence ranges from 20% to 94% as reported by several studies, which usually happens at 

tendon-to-bone interface, depending on the size and chronicity of the tear, presence of fatty 

infiltration, and the age and general health status of the patient (49, 92). 

 

 



   

 
 

42 

2.3.4.3.1 Initial Tear 

Studies have reported that the healing rates are related to the characteristics of the tears, 

mainly including the tear size and the number of tendons involved in the tears (135). For small-

sized tears, a 96.7% complete healing rate was reported, and the rate dropped to 87.3% and 58.8% 

(p = 0.009) for medium-sized and large-sized or massive tears, respectively in the same study 

(136). Five out of 135 (3.7%) retear cases were found in small to medium tears while 13 out of 60 

(21.7%) were noticed in large to massive tears despite the suturing methods based on a 24 months 

follow-up study after surgeries (137). Another study showed 97% and 87% healing in small and 

medium tears, respectively, but the number reduced dramatically to 59% in large and massive tears 

(138). 

Except for tear size, tendon involvement has also been noticed as a factor affecting the 

results of healing. Significantly higher healing rates were reported for single tendon repair 

compared with multi tendon involved cases in several studies (139, 140). 

Other than tear size and number of tendons involved, the tissue quality can also play a role 

in the determination of tendon healing. Patients with normal tendon tissue healed better than the 

ones with degenerative tissue (83.6% and 55.3% healing rate, respectively). Similar results were 

found in another study that recorded fewer failure cases with normal tissue (19%) compared to 

those with degenerative tissue (48%) (139, 141). Fatty infiltration, the fatty accumulation within 

or around the muscles, can provide information about the degeneration of tissue quality, and this 

could be evaluated by all advanced imaging techniques (142). 
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2.3.4.3.2 Surgical Technique 

Surgical factors, the choice of either open or arthroscopic technique, and the selection of 

single or double suturing pattern, will also impact the healing quality and retear rate.  

Open surgical techniques showed superiority in large and massive tear repair compared to 

arthroscopic techniques. Bishop et al. conducted a one year follow up study comparing the cuff 

integrity after arthroscopic and open rotator cuff repair, and demonstrated that these two 

techniques were comparable for small tears, whereas large tears had twice the retear rate after 

arthroscopic repairs, specifically, the healing rates after open and arthroscopic surgeries were 62% 

and 24%, respectively (103). 

As for suturing patterns, the results of repair are also dependent on the size of the tendon 

tear. For small and medium sized tears, retear rate of double row technique (9.1%) was higher than 

that of single row technique (3.5%), on the other hand, 41.7% retear rate was found 24 months 

after surgeries with the double row technique but increased to 62.5% when repaired with a single 

row technique (137). 

 

2.3.4.3.3 Patient Age 

Age is also a factor that cannot be ignored. Cho et al. reported a decrease in complete 

healing rate from 87.8% for patients less than 50 years old to 65.4% for patients over 61 years old 

(p = 0.049) (136). Another study learned the effect of age by grouping patients into 4 based on 

age, 91 out of 104 (87%) patients younger than 50 years and 80% patients between 50 and 59 years 

healed, these numbers dropped to 68% for patients between 60 and 69 years and 56% for patients 

older than 70 years old (143). 
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Other than initial tears, surgical patterns and age mentioned above, there are other factors 

that will affect the healing results, such as osteoporosis, diabetes, and nicotine. A study found 

significant better healing results in patients with normal bone quality (36% had defects) compared 

to those with poor bone quality (67% had defects) (p<0.05), indicating that bone quality may affect 

the fixation strength in rotator cuff repair, and can also be an indicator of poor tissue quality in 

elderly patients (138). Impeded vascular response or poorer nutrition profiles caused by diabetes 

will also affect the healing process. Less fibrocartilage and organized collagen, which caused 

significantly reduced load to failure and stiffness, were found in diabetic rats. Higher incidence of 

full-thickness rotator cuff tears has been found in diabetic patients, and more rotator cuff defects 

and higher numbers of failures after repairs were found in diabetic patients groups (9, 135, 

144)Lower type-I collagen expression and inferior biomechanical properties of rotator cuff 

tendons were found in a rat model, and a study showed 84% of healing in the nonsmoker group 

compared to 68% in the smoker group, supporting the idea that nicotine negatively affects the 

healing process (135). 

 

2.4 Tissue Engineering for Rotator Cuff Tendon Repair 

Compared to suturing the torn site, tissue engineering strategies, which includes the use of 

scaffolds, growth factors, cell seeding, or a combination of these approaches, have been more 

commonly investigated recently (111). Tissue engineering, as an emerging field made up of the 

combination of scaffold, cell and bioactive molecules to provide sustained mechanical 

augmentation during the first 12 critical weeks and enhance the healing potential of the torn 

tendons, has been more commonly investigated to date (10, 111). 

The ideal tissue-engineered graft should meet the following criteria (145, 146): 
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(1) Biocompatible and biodegradable. The scaffolds and the degradation by-products should 

not cause any inflammation or immune reaction, the by-products also need to be non-toxic 

and readily metabolized or cleared from the body without generating a foreign body 

response. The degradation process is expected to be slow as new tendon and tendon-bone 

interfaces fully integrate and generate.  

(2) Biofunctionality (Cell-instructive). The micro-architectural and bioactive cues at both the 

tendon and the tendon-fibrocartilage-bone interface provided by the graft are essential for 

cellular differentiation, proliferation as well as migration.  

(3) Excellent mechanical properties and maintenance of mechanical strength during the tissue 

regeneration process. The graft is required to provide sufficient mechanical support for 

repair and mechanical active cues for cellular differentiation for at least 12 weeks after 

implantation. Also good suture retention strength and surgical handling characteristics are 

critical.  

(4) Appropriate porosity. Ideal porosity and pore size could promote cell infiltration, nutrient 

exchange and angiogenesis, which is going to accelerate the healing process. 

(5) Ideal thickness. Considering the trend of mini-open and arthroscopic surgeries, the initial 

thickness of the scaffolds needs to be amenable.  

(6) Stable. The structure and properties of the scaffold should not be altered after sterilization, 

processing and storage before being used for patients.  

 

An important factor that needs to be considered for cell attachment is the interaction 

between cell and scaffold surfaces. This is crucial because the cell proliferation cycle and cell 

migration only start after the focal adhesion is formed and cells are spreading on the surface of the 
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scaffolds. The former requirement is controlled by the cell attachment points between 

transmembrane proteins and proteins at the scaffold surface, which will be further strengthened by 

accumulating integrin receptors around each site. Cell migration is also controlled by these focal 

adhesions, including the detachment of old adhesion and the formation of new adhesions in the 

direction where the largest focal adhesions are formed. The surfaces of biological scaffolds are 

mainly type I collagen with a well-defined 3D structure that attracts host cells and subsequently 

promotes cellular adhesion, proliferation, migration and tissue induction. In contrast, synthetic 

devices are lacking these structures and thus do not have natural affinity to host cells as biological 

scaffolds do. 

 

2.4.1 Textile-based Scaffolds 

2.4.1.1 Knitted Scaffolds 

Synthetic scaffolds are chosen to provide a structural framework for fibrous protein 

components of ECM to resemble. With the development of material science, generations of 

polymers have been explored and used as raw materials for tissue engineering scaffolds.  

Different from ECM-based biological grafts, the implants made from synthetic fibers have 

the benefits of fabricating patterned structures. In normal tendons, collagen bundles are oriented 

along the long axis of the tendon, ehibiting superior mechanical properties. For synthetic grafts, 

this orientation could be mimicked with direct cell orientation as well as promote the expression 

of matrix proteins in such an aligned manner. Thus synthetic scaffolds are good candidates for 

tissue engineering to provide sufficient mechanical support and structural framework for fibrous 

protein components of ECM to resemble (147). 
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A novel design of graft made from PLGA was proposed in 2006. The idea was based on 

the combination of superior mechanical properties of knitted PLGA scaffolds and enlarged surface 

area for enhanced cell attachment provided by PLGA nanofibers electrospun on the surface of the 

knitted structure. The mechanical properties of the nano-micro scaffolds started with 56.3 N on 

day 1 and fell down to 1.82 N after 14 days. Although the seeding efficiency of knitted scaffold 

group (97.7 %) was higher than that of nano-micro scaffold group (88.8 %) because the bone 

marrow stromal cells (BMSC) was suspended in fibrin gel in former group while the BMSC were 

in a cell medium suspension in the latter group. The BMSEs attached and grew well on the nano-

micro scaffolds, and the cell population increased by 92% between day 2 and day 7 on these 

scaffolds (148). 

 

2.4.1.2 Electrospun Scaffolds 

Electrospun scaffolds are well developed and thought to be suitable for rotator cuff tendon 

repair due to the nanofiber scaffolds it could produce, which mimic the ultrastructure of the native 

rotator cuff tendons (149). Even an “aligned-to-random” structure could be created via 

electrospinning technique to imitate the structure at tendon-to-bone insertion site, random 

nanofibers on one side and uniaxially aligned PLGA nanofibers on the other side with different 

mechanical properties and biological performance. In details, stress, modulus and ultimate stress 

of aligned nanofiber scaffolds were significantly higher than those of random counterparts, and 

cells responded differently to different portions of the scaffolds, long and stretched fibroblasts 

along the longitudinal direction were found on the aligned scaffolds, while polygonal cells 

randomly oriented on the unorganized scaffolds (150). The effect of alignment of nanofibers in 

electrospun scaffolds was also studied; the researchers compared mechanical properties as well as 
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in vitro biological performance of aligned and unaligned PLGA nanofiber scaffolds. The results 

showed that the aligned scaffolds had superior mechanical properties in terms of elastic modulus, 

yield strength and ultimate stress, and according to the gene expression, the aligned nanofiber 

matrix better mimicked the collage matrix native to the rotator cuff fibroblasts that promote healing 

process.  

Electrospun polydioxanone (PDO) patches were developed by Hakimi et al., who harvested 

tendon cells from human supraspinatus tendons and seeded the cells on the electrospun patches. 

Excellent cell attachment and migration performance on the patch was observed, but an accelerated 

degradation rate of the patch compared to that of the sutures made from the same material occurred; 

specifically, the patch lost approximately 50% of its dry weight after fifty days of incubation in 

PBS (131). 

Despite the advantages and encouraging outcomes of electrospun scaffolds for rotator cuff 

tendon healing, they still have several limitations that restrict their use. A healthy tendon can 

withstand physiological loading around the shoulder joint; an electrospun scaffold with low 

mechanical properties may not survive after implantation. This may also cause poor suture 

retention and handling properties, which are also critical for surgical applications (151). In 

addition, there is a non-linear elastic behavior in the stress-strain curve of native tendons, as known 

as the toe region, but this is absent in electrospun scaffolds (152). 

 

2.4.1.3 Braided Scaffolds 

Cooper et al. first proposed a three-dimensional fibrous scaffold fabricated using PLAGA 

fibers for anterior cruciate ligament (ACL) tissue engineering in 2004.  A novel braiding technique 

was used to mimic the collagen fiber matrix of natural ACL with desired pore size and porosity. 



   

 
 

49 

The mechanical properties were satisfactory, and the in vitro evaluation confirmed the 

biocompatibility of the scaffold, with evidence of excellent attachment and proliferation of ACL 

fibroblasts on the scaffolds. PLLA braided scaffolds seeded with ACL cells were implanted into 

rabbits ACL by the same research group. Higher maximum tensile loads were achieved in the 

group repaired with tissue-engineered ligament (TEL) with seeded ACL cells, compared with TEL 

without ACL cells and other autologous grafts (12, 153). 

In 2005, Lu et al. harvested and seeded ACL fibroblasts on braided scaffolds made from 

PGA, PLLA, and PLAGA, and characterized the mechanical and biological properties of the 

scaffolds. PGA scaffolds exhibited the highest maximum load of 502 ± 24 N and ultimate tensile 

strength of 378 ± 18 MPa, followed by PLLA and PLAGA (298 ± 59 N, 165 ± 33 MPa and 215 ±  

23 N, 117 ± 12 MPa, respectively). On the other hand, ACL fibroblasts seeded, proliferated and 

grew better on PLLA and PLAGA scaffolds rather than PGA scaffolds with evidence of 

significantly larger cell numbers after 14 days (12). In another study, a multilayer scaffold was 

braided, where the mechanical properties in terms of stiffness, toe region and yield load were 

tailored by using the principles of computer-aided design (154). 

Barber et al. and Rothrauff et al. reported braided nanofibrous scaffolds (BNFSs) as a 

potential structure for tendon/ligament tissue engineering. Bundles of electrospun nanofibers were 

braided into rope-like scaffolds, providing mimicked mechanical behavior of native tendon and 

ligament. In addition, BNSFs supported the attachment and proliferation of human mesenchymal 

stem cells (hMSCs), induced an increased expression of key pluripotency genes, and hMSCs even 

differentiated into the tenogenic lineage on the BNFSs with the presence of tenogenic growth 

factors (119, 155). 
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A novel twist-braid structure was developed by Freeman et al; the PLLA fibers were 

twisted into bundles first and then braided into scaffolds in order to mimic the native viscoelastic 

response of ACL. The data collected from mechanical tests supported the idea that a braid-twist 

scaffold contributed mechanically to the regeneration of tissue engineered ACL. Madhavarapu et 

al. seeded rat-derived patellar tendon fibroblasts on the same structure; high cell seeding efficiency 

(82%) and viability were observed (156-158). 

 

2.4.2 Cells 

The cells used for tissue engineering are supposed to be easy to isolate and highly 

responsive to distinct environmental cues (10). Stem cell based studies have grown exponentially 

over the past years, and various cell types have been considered as cell source for tendon tissue 

engineering, including mesenchymal stem cells (MSCs), embryonic stem cells (ESCs), adipose 

tissue-derived stem cells (ADSCs), and tendon-derived stem cells (TDSCs).  

 

2.4.2.1 Tenocytes 

As described before, there are several cell types in the rotator cuff tendon, the majority of 

which are tenocytes and tenoblasts, playing an important role in secreting and maintaining the 

ECM, as well as communicating with adjacent cells. It has been reported that tenocytes improved 

the mechanical properties of collagen scaffolds and decreased the degradation of collagen in 

culture medium (159). In addition, Cao et al. demonstrated that the mechanical strength of repaired 

tendons with autologous tenocytes reached 83% of normal tendons 14 weeks postoperatively in a 

hen model, suggesting that tenocytes could be a candidate for tendon tissue engineering cell source 

(160). 
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This finding was supported by some other studies. Pietschmann et al. compared tenocytes 

with MSCs on both PGA scaffolds and type I collagen scaffolds in a critical full-size tendon defect, 

evaluating both biomechanical properties as well as biological performance. Scaffolds seeded with 

tenocytes stimulated more aligned collagen fibers formation, with a smaller tendon diameter and 

an increased failure strength, resulting in a higher failure strength/cross-section ratio. Although 

ossification happened in all groups, the tenocyte groups showed a lower degree if ossification 

compared to MSC groups. A German research group compared the biomechanical properties of 

sheep infraspinatus tendons repaired with collagen scaffolds seeded with or without autologous 

tenocytes. The results were consistent with previous studies that higher ultimate tensile strength 

and breaking stress were obtained in the tenocyte group (161). 

 

2.4.2.2 Bone Marrow Mesenchymal Stem Cells (BMSCs) 

Mesenchymal stem cells (MSCs) have been widely used in tendon tissue engineering 

owing to their easy harvest, fast proliferation, and high survivability in vivo, and they could be 

stimulated to differentiate into a fibroblast phenotype (162). MSCs have been attributed with the 

ability to treat immune diseases because of their inherent immunomodulatory characteristics, with 

the evidence of producing of anti-inflammatory cytokines and suppressing the proliferation, 

differentiation, and function of immune cells in vitro (163). MSCs could be isolated and harvested 

from several tissues, such as bone marrow, adipose tissue, and umbilical cord blood, and among 

these tissues, bone marrow-derived mesenchymal stem cells (BMSCs) are the most common one 

(164). 

BMSCs were seeded on a PGA scaffolds and implanted into a rabbit model in 2012, 

compared with rabbit treated with PGA scaffolds alone for rotator cuff tendon tears, regularly 



   

 
 

52 

oriented Sharpey fibers and fibrocartilage layers were found in the insertion site at 8 weeks in MSC 

group, and prevalent type I collagen than type III were detected in the same group, while more 

type III collagen were noticed in PGA group. A higher mature score was evaluated in the MSC 

group with significantly enhanced tensile strength at 16 weeks (165). 

Other than that, BMSCs has been implanted in horses for superficial digital flexor tendon 

repairs, and results indicated they were safe for that without side effect on the collagen fibrils and 

decreased the retear rate with the presence of BMSCs (166, 167). In another study, both anterior 

cruciate ligament (ACL) derived tenocytes and BMSCs were seeded on collagen patches and 

cultured in a 3D culture system. Both cells showed great attachment and proliferation on the 

scaffolds, and MSCs show a tenogenic differentiation potential on these scaffolds with the 

evidence of significant increase of type III collagen (162). 

 

2.4.2.3 Tendon-derived Stem Cells (TDSCs) 

Tendon-derived stem cells (TDSCs), also known as Tendon stem/progenitor cells (TSPCs), 

is a new unique cell population that has been identified within the tendon tissue of human and mice 

tendons in 2007, different from elongated tenocytes, TDSCs are roundly shaped with ovoidal 

nucleus between the fascicles (168). Bi et al. first harvested and identified TSPCs from human and 

mouse tendons; they proved that TSPCs are unique cell populations with universal stem cell 

characteristics such as clonogenicity, multipotency and self-renewal capacity  (14). The ability to 

regenerate tendon-like tissues was proved both after extended expansion in vitro and 

transplantation in vivo. Stem cell (Sca-1) and fibroblast (CD90.2) antigens were determined on the 

surface, while markers for hematopoietic stem cells (CD34, CD35 and CD117), leukocytes (CD45) 

and endothelial cells (Flk-1, CD106 and CD144) were negative in the flow cytometric analysis. 



   

 
 

53 

Except for adult human and rat tendons, TSPCs could also be isolated from rabbits, horses and 

fetal human tendons (169-171).  

Several researches studied the difference between TSPCs and BMSCs, and they found that 

TSPCs expressed higher levels of some messenger RNA (mRNA), such as tenomodulin (Tnmd), 

scleraxis (Scx), collagen1α1 (Col1A1), decorin, alkaline phosphatase (ALP), Col2A1, and 

biglycan, that indicated TSPCs have higher tenogenic, osteogenic, chondrogenic, and adipogenic 

differentiation markers and potential than BMSCs, which were identical with the results from 

staining include but not limited to Hematoxylin and Eosin (H&E), Alizarin red S, Toluidine blue, 

Safranin-O/fast green that more tendon-like tissues formed, calcium nodules deposited and 

chondrocyte-like cells observed upon different inductions (14, 172, 173). Also, a faster 

proliferation rate than BMSCs from the same source was reported (14). Compared to other cell 

sources, TDSCs exhibited higher tendon-related markers and differentiation factors than ADSCs, 

and don’t have ethical concerns or high tumorigenicity compared with ESCs (174, 175), Therefore, 

TDSCs have been suggested to be used as seed cells for tendon tissue engineering (176) 

Enhanced tenogenic differentiation, inhibited osteogenic and chondrogenic differentiations 

of TDSCs were found after being treated with connective tissue growth factor (CTGF) and 

ascorbic acid in vitro, and it has been found to promote neo tissue formation on an engineered 

scaffold-free tendon tissue in a rat model (177). In another study, treated TDSCs sheets were 

applied on grafts and then implanted for rat ACL reconstruction, promotion of early graft healing 

with TDSCs-seeded graft was confirmed with the evidence of higher intra-articular graft integrity 

with better cell alignment and collagen birefringence, as well as significantly increased ultimate 

load and stiffness of the repaired ligament  (178).More mature structure, better collagen fibril 
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alignment with larger size and stronger mechanical properties of repaired tendons were found after 

treating torn tendons with TSPCs (179, 180). 

TSPCs have shown great potential for tissue engineering of rotator cuff tendons, except the 

reality that a long period of culturing is needed due to the deficiency of cells, phenotype may drift 

during the in vitro expansion, and donor site morbidity, but these situations could be improved by 

using a three-dimensional culture system or the addition of growth factors (168). Shen and 

colleagues seeded allogenous TSPCs on knitted silk-collagen sponge scaffolds and evaluated the 

scaffolds in a rabbit model for rotator cuff tendon repair. The scaffolds seeded with TSPCs did not 

cause immunological reaction, but instead, increased fibroblastic cell ingrowth and increased 

collagen deposition were found after 12 weeks post-surgery. TSPCs showed high proliferative 

capacity like BMSCs, but also displayed strong expression of tendon-related genes and factors, 

thus these TSPCs can be an ideal cell source for tendon repair in vivo (181).  

TDSCs have also been seeded on a poly(L-lactide-co-e-caprolactone)/collagen (P(LLA-

CL)/Col) scaffold and cultured under mechanical stimulation in vitro, similar to the results found 

by Ni et al. and Shen et al., TDSCs exhibited excellent proliferation performance and great 

histological morphology with improved collagen deposition (181-183). Other than more collagen 

deposition and improved histological morphology, enhanced mechanical properties were also 

found after treatment with TDSCs (181, 182). In Shen’s experiment, the values of stiffness, 

maximum force, modulus, stress at failure, and emerge were all higher in the TSPC-treated group 

compared to the control group, the maximum force and emerge in the TSPC-treated group were 

40% and 35% higher than that of the control group, respectively (181)  
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2.4.2.4 Other Cells Used for Tendon Tissue Engineering 

Except for tenocytes and BMSCs, embryonic stem cells (ESCs) and adipose tissue-derived 

stem cells (ADSCs) are also considered as cell sources for tendon tissue engineering. Embryonic 

stem cells are a kind of cells with pluripotent stem cells with the potential to differentiate into 

specific progenitor cells and into mature and specialized cell lineages of all 3 embryonic germ 

layers but are limited by the safety considerations and possibilities of teratoma formation, and they 

require the destruction of an embryo for being isolated (164, 168, 174). ADSCs have been shown 

to be able to differentiate into tenocytes in vivo, however, their tendency to adipogenesis might 

affect its application in tendon regeneration (174).  

 

2.4.3 Bioactive Molecules 

Growth factors play an important role in cell chemotaxis, proliferation, matrix formation, 

as well as cell differentiation (49). As described previously, the healing process could be divided 

into three phases: inflammatory, reparative, and remodeling, and growth factors are expressed 

during all three stages of the healing process, they influence multiple pathways by signaling with 

different cell types in a complex manner to stimulate a response (25, 43). 

Knowing the advantages of cooperation of growth factors in rotator cuff tendon repair, 

there are still three main challenges needing to be addressed: 1. the most effective growth factor 

or combination of growth factors need to be determined; 2. The dose and time to deliver the growth 

factor(s) needs to be optimized; and 3. An ideal delivery vehicle for the growth factor needs to be 

developed (43, 49). 

Würgler-Hauri et al. found the upregulations of 8 growth factors in a rat supraspinatus 

tendon healing process over 16 weeks, the growth factors include basic fibroblast growth factor 
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(bFGF), bone morphogenetic protein (BMP), cartilage oligomeric matrix protein (COMP), 

connective tissue growth factor (CTGF), platelet-derived growth factor beta (PDGF-β), and 

transforming growth factor-beta 1 (TGF-β1) (184). And, based on the results, PDGF-β was 

expressed only at the early time points at the insertion site, coinciding with early type I collagen 

synthesis and activation of other growth factors, such as TGF-β1, which was upregulated at week 

2 and independently at week 8. Different from PDGF-β, BMP-12 was active during the whole 

healing process with a significantly increased expression around week 8 when in the stage of 

remodelling. These growth factors were proved to promote tendon-to-bone healing either in terms 

of improving the biomechanics of the repair site and enhancing tendon/bone-related gene 

expressions (185-187).  

 

2.5 Collagen Yarns and Scaffolds 

Biomedical textiles are an integral part of implantable materials for medical applications, 

which are manufactured by textiles techniques including knitting, weaving, braiding, nonwoven 

and electrospinning. Most textile processes consist of two steps, yarn formation and assembling 

yarns into two- or three-dimensional constructs, where the structures, dimensions as well as 

mechanical properties are adjustable based on the requirement of the tissue repair (188). 

Collagen, as the most abundant protein in mammals and the main structural protein found 

in the ECM of connective tissue in human bodies, plays a critical role in growth, proliferation, 

migration and differentiation of the host cells. Collagen-based biomaterials have been investigated 

for years, including but not limited to collagen gels, membranes and sponges; collagen fibers and 

threads have also been studied recently (189). 

 



   

 
 

57 

2.5.1 Manufacture and Application 

There have been several methods and techniques developed in the last decades for 

producing collagen yarns and scaffolds. 

Self-assembled collagen fibres by extruding the collagen dispersion through polyethylene 

tubing were first proposed in 1989, and the results of the evaluations indicated that the ultimate 

tensile strength for self-assembled collagen fibres after crosslinking was similar to that of natural 

rat tail tendon fibres (190). 

Electrospun tissue engineering scaffolds composed of collagen nanofibers were first 

proposed by Mattews et al. in 2002. Both type I and type III collagens were dissolved at various 

concentration in 1, 1, 1,3,3,3 hexafluoro-2-propanol (HFP), the positive lead from a high voltage 

supply was attached via an alligator clip to the external surface of the metal syringe needle, and a 

syringe pump was set to deliver the solution at varied rates, and the high voltage was applied across 

the solution and the grounded target rotated mandrel (15-30 kV), simultaneously (Figure 2-19). 

They were able to produce scaffolds composed of collagen nanofibers with diameters ranging from 

100 to 730 nm, depending on the collagen source, isotype, as well as the concentration of the 

collagen solution used for the electrospinning process (191). 
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Figure 2-19. Schematic of the electrospinning apparatus (191). 

 

Considering the features of fibre alignment that enables the tissue to withstand and transmit 

large forces, it is important to produce collagen fibers in an aligned matter. Several methods have 

been applied to control the orientation of collagen molecules, including flow, mechanical 

extrusion, microfluidic channels, or anisotropic chemical nanopatterns (192-194). But all of these 

methods are facing the problems of low packing density and elastic deformability, and smaller size 

than needed (195). And although the electrospinning process could provide collagen nanofibers 

with required orientations, the cost-effectiveness and the toxic solvents were the concerns (195). 

Akkus et al. promoted a novel electrochemical alignment technique that is able to control 

the assembly of type I collagen molecules into highly oriented and densely packed elongated 
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bundles at the macroscale. Fully dialyzed collagen was used as the electrolyte for the 

electrochemical alignment process, the solution was subjected to the electric current and aligned 

along the isoelectric point resulting in the formation of the electrochemically aligned collagen 

(ELAC) bundles, and this technique was later on improved by adding kinematic electrodes to 

fabricate collagen threads in continuous length (Figure 2-20) (195, 196).  

 

Figure 2-20. Schematic of the rotating electrode electrochemical alignment device (196). 

 

The ability of aligned ELAC threads to promote cells proliferation and differentiation has 

been proved by Kishore et al. that they seeded and cultured human mesenchymal stem cells 

(hMSCs) on both aligned ELAC threads and randomly oriented collagen threads, and found 

increased tendon specific markers were observed on aligned ELAC threads (197). 

Studies also show that ELAC threads could be fabricated into bioscaffolds via weaving and 

knitting techniques. Younesi et al. seeded hMSCs on the woven scaffolds and placed under 

tenogenic differentiation conditions. They found up-regulations of tenomodulin, cartilage 

oligomeric matrix protein (COMP) and collagen I on ELAC threads compared to randomly 

oriented collagen gels, which demonstrated that bioscaffold woven composed of ELAC threads 
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with densely compacted and anisotropically aligned substrate texture stimulating tenogenesis 

topographically (196). Zhang et al. plied 2 ELAC filaments together and crosslinked with 

EDC/NHS to enhance the mechanical properties of yarns, and then knitted into small-caliber 

vascular grafts. Comparable bursting strength to that of the human internal mammary artery and 

the human saphenous vein were found in the collagen graft, as well as superior cell attachment and 

proliferation performance compared to pure PLA grafts (198). 

Tonndorft et al. developed a modified wet-spinning process to fabricate collagen yarns 

comprising 6 single filaments from acid-soluble collagen, this structure is carried out by the 

connection of an inner capillaries of 6 internal nozzles with a hermetically attached vertical tube. 

The bundle-like filaments have an approximately 80 μm diameter, and exhibit breaking force of 

about 4 N and tensile strength of 161 MPa (young’s modulus of 3160 MPa) in the dry condition 

without any crosslinking to enhance the stabilization of the structure (188). 
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Figure 2-21. SEM images of wet-spun collagen filament with hierarchical structure (188). 

 

2.5.2 Collagen Yarn Crosslinking 

However, collagen experiences erosion and degradation with the presence of body fluids 

and enzymes (collagenase) in vivo, it is essential to modify collagen to maintain its structural 

integrity but also keep the mechanical properties as well as biocompatibility of collagen to meet 

the clinical requirements as biomaterials. 

As mentioned before, type I collagen is composed of three α chains, including two identical 

α1(I) chains and a different α2(I) chain, and these three chains twist together to form a triple helix 

structure with a primary sequence of Gly-X-Y, where X represents the proline and Y is the 
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hydroxyproline, and the integrity of the structure is achieved by non-covalent bonds, mainly 

hydrogen bonds. Amino acid residues, such as glycine and hydroxyproline, could provide lots of 

hydrogen bond donors, while carbonyl groups (C=O) of peptide bonds are able to provide 

hydrogen bond acceptors, forming abundant hydrogen bonds. Also, the free ε-NH2 of lysine 

residue reacts with aldehydes and aldehyde group containing compounds, and free carboxyl groups 

react with active amino group containing compounds. All these features enable us to modify 

collagen with various possibilities (189). 

Various methods have been applied to modify collagens, physical methods include 

dehydrothermal (DHT) treatment, ultraviolet (UV) irradiation, plasma and gamma-ray radiation, 

and the other method is to use chemical crosslinker to enhance the stabilization of collagen 

structure. Common crosslinkers include but are not limited to glutaraldehyde, carbodiimide, 

genipin, plant tannins, polyepoxy compound, acyl azide and dialdehyde compound derived from 

natural biomass (189). 

 

2.5.2.1 Physical Crosslinking 

2.5.2.1.1 Dehydrothermal (DHT) Treatment 

The principle of DHT treatment is to form amide bonds between the free carboxyl and 

amine group within collagen triple helices and thus to enhance the physicochemical properties of 

collagen and collagen scaffolds in terms of their mechanical properties as well as resistance to 

degradation and thermal stability (199). It has been reported that the denaturation of collagen and 

crosslinking happen simultaneously, the increase of treatment temperature but not exposure period 

will improve the crosslinking density, and it was recommended to process DHT treatment at 110 

°C for 24 hours (200). 
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2.5.2.1.2 UV Irradiation 

UV irradiation is another process to modify the collagen surface that has been widely used. 

During this method, formation of free radicals in amino acids (tyrosine or phenylalanine) are 

induced after UV irradiation is absorbed by double bonds and aromatic rings, and these free 

radicals further induce the formation of intermolecular covalent bonds. However, the crosslinking 

by ultraviolet light alone is not stable enough that it is recommended to combine with other 

crosslinking methods to promote the results (201-203). 

 

2.5.2.1.3 Other Procedures 

Other than DHT treatment and UV irradiation, there are some other physical crosslinking 

procedures, such as plasma and gamma radiation. The former mainly introduces different 

functionalities, like carboxyl and hydroxyl functional groups through air, O2, or inert gases (Ar, 

He) plasma and amines (through NH3 plasma) to collagen, enabling collagen connection to 

polymer surfaces via covalent bonds without additional chemical crosslinkers (189, 204). 

 

2.5.2.2 Chemical Crosslinking 

Although physical treatments have advantages over chemical methods in terms of 

operability, safety and cost, the efficiency of chemical crosslinking is incomparable. Functional 

groups are always introduced into collagen molecules to improve the performance of collagens, 

which is known as chemical modification. Glutaraldehyde, 1-ethyl-3-(3-dimethyl aminopropyl) 

carbodiimide (EDC), and genipin are commonly used as crosslinkers to modify the surface of 

collagen.  
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2.5.2.2.1 Glutaraldehyde 

Glutaraldehyde has been used to modify collagen to protect it from being degraded by 

collagenase, however, failure cases were reported due to the reduction of biocompatibility, or more 

specifically, the fibroblasts growth was inhibited, and both in vivo and in vitro evaluations 

suggested the adverse cellular effects of glutaraldehyde. Another potential risk of using 

glutaraldehyde is the possible tissue calcification and inflammatory response which will affect the 

healing results (205, 206). 

 

2.5.2.2.2 EDC/NHS 

Unlike glutaraldehyde, EDC (1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide) is a 

crosslinker that doesn’t introduce any extra cytotoxicity into collagen, and is usually used with N-

hydroxysuccinimide (NHS) as catalyst (207). Amino bonds are formed between carboxylic and 

amine groups, and excess EDC can be removed away from the collagen by sufficient wash.  

A study comparing the effect of both physical (DHT and UV) and chemical (EDC) 

crosslinking of collagen threads found increased strength and stiffness, and a decrease of 

degradation rate were found in all groups. Although the cell migrations were lower than for non-

crosslinked threads, cell migration on the surface of EDC crosslinked threads was significantly 

greater than those on physical crosslinked threads (208).  

Yang evaluated the physicochemical properties of bovine type I collagen matrix after 

crosslinking with EDC/NHS at a ratio of 4:1. The degree of crosslinking, which was inversely 

proportional to the amount of free amino groups, was controlled by the concentration of EDC. 

Increase of EDC concentration led to higher crosslinking degree, but the author also indicated that 

the free amino groups stopped decreasing when the concentration of EDC reached 2 mg/ml. Based 



   

 
 

65 

on the SEM images, the microstructure of collagen matrices were changed after crosslinking with 

evidence of parallel aligned and interconnected pores. Higher shrinkage temperature and more 

collagen remaining in a series of collagenase degradation evaluations indicated there was enhanced 

thermal and enzymatic stability after crosslinking with EDC/NHS. MC3T3 cells attached to the 

crosslinked surface of collagen matrices and even a high cell proliferation rate on day 5 

demonstrated the noncytotoxicity of EDC/NHS (209).  

While the biocompatibility of collagen and collagenous materials after crosslinking with 

EDC is better than that of collagen crosslinked with glutaraldehyde, EDC is less efficient in 

crosslinking collagen because carboxylic and amine groups are far from each other, which makes 

the crosslinking difficult, and also the fact that EDC is moved away from the system lowers the 

efficiency (189). 

 

2.5.2.2.3 Genipin 

Genipin is a natural crosslinking agent derived from geniposide found in the fruits of 

Genipa americana and Gardenia jasminoides Ellis. It is reported that genipin is approximately 

10,000 times less cytotoxic and promotes cell growth approximately 5,000 times better than GA 

(Cauich-Rodriguez, Deb, & Smith, 1996). Thus, genipin has been widely used to crosslink tissue 

engineering scaffolds and drug delivery vehicles made from gelatin, collagen, chitosan, and poly 

(ethylene) glycol (PEG) in varieties of shapes and forms (210).  

Wang et al. evaluated the cytocompatibility of genipin by adding different amount of 

genipin into cell culture medium containing human fetal osteoblasts or primary porcine 

chondrocytes for different time periods while gene expression as well as cell adhesion were 
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evaluated. Results suggested that genipin toxicity was dose dependent and recommended to 

keeping the dosage of genipin below 0.5 mM in tissue engineering practices (210). 

Mekhail et al. investigated the possibility of crosslinking electrospun type I collagen fibers 

with genipin and evaluated the biocompatibility of the crosslinked fibers. The results showed that 

electrospun collagen fibers could maintain the morphologies when exposed to water after being 

crosslinked with genipin in an aqueous environment instead of in an absolute ethanol or 

isopropanol condition and the FTIR spectra of both crosslinked collagen and genipin gave insight 

into the genipin crosslinking process. The results indicated that the crosslinking reaction may be 

quite different in less hydrophilic isopropanol solution and aqueous ethanol solutions (211). 

It has been proved that crosslinking with genipin will provide the collagen with enzyme 

resistance. Zhang et al. found the anti-degradation ability of collagen scaffolds increased 

remarkably after being crosslinked with genipin, especially with 0.3% (0.01 mM) genipin at 37 

°C. Similar results were found by Bi et al. that the degradation rates were lower with higher 

crosslinked degrees (175, 212).They also studied the effect of different crosslinking conditions on 

the properties of collagen scaffolds, and found the swelling ratio decreased and crosslinking degree 

increased with the increase of genipin concentration, crosslinking time and temperature (175, 212). 

So far, no research has investigated the potential of genipin-crosslinked wet-spun 

multifilament collagen yarns for rotator cuff tissue engineering, and no study has looked at the 

effect of the braiding parameters on the characteristics of a flat braided structure as well as its 

suitability for use as a scaffold for tendon tissue engineering. Beyond these, tendon-derived stem 

cells have not been seeded on a braided structure and evaluated yet for their interactions with the 

textile-based scaffold yet.  
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CHAPTER 3 COMPARE THE POTENTIAL OF COLLAGEN YARNS AND 

POLYLACTIC ACID YARNS FOR ROTATOR CUFF TISSUE ENGINEERING  

3.1 Introduction 

Rotator cuff tendon tears are one of the most common musculoskeletal disorders, affecting 

more than 50% of the populations over 60 years old (1). According to the American Academy of 

Orthopaedic Surgeons (AAOS), each year in the United Statesalmost 2 million people seek 

treatment for rotator cuff tear and 300,000 rotator cuff surgeries are performed annually, with a 

combined cost to the healthcare system of 3 billion dollars each year in the United States (6, 7). 

The retear rate is still as high as 30-94%, and one of the major reasons for this high failure rate is 

the limited mechanical support provided by the current biological grafts provide (8). Thus, it is 

crucial to design an implantable graft or scaffold with an appropriate materials that can provide 

sufficient mechanical support for rotator cuff tendon repair during the slow tissue regeneration 

process.  

In the past decades, textile technology has been widely used for the fabrication of grafts 

for medical applications using various yarns due to the 3D structures with tunable properties at the 

micro- and macro-levels (213). One critical factor that needs to be considered is the yarn 

mechanical properties and degradation performance which should fulfill the demands for clinical 

rotator cuff tendon repair.  

Collagen is predominant structural component in tendons, accounting for 60-85% of the 

dry weight (13). Various approaches have been developed to produce continuous collagen fibers 

and yarns as raw materials for tendon repair grafts for years (188, 196). In 2020, Robert Tonndorf 

and his team at Technische Universität Dresden in Germany first successfully manufactured wet-

spun multifilament collagen yarns with a hierarchical structure by passing a collagen solution 
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passing through a specially developed spin pack and long coagulation bath (188). However, due 

to the self-assembled production process, these collagen yarns became swollen and bunched 

together when immersed in water or other solution. Stabilizing the fibrous collagen structure is 

necessary before these collagen yarn-based materials can be used effectively for tendon grafts.  

Chemical crosslinking is a common technique used to stabilize collagen structure, and 

typical agents used to crosslink collagen products include glutaraldehyde (GA) and 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS), that 

have been used to crosslink collagen products (205, 209, 214). Genipin is another chemical 

crosslinker, and a previous study have indicated that it is approximately 10,000 times less cytotoxic 

than GA and promotes cell growth approximately 5,000 times better than GA (215). in a study of 

crosslinking in an ECM hydrogel, genipin promoted enhanced biostability compared to EDC/NHS 

(216). However, the optimization and use of genipin crosslinking on wet-spun collagen yarns has 

not yet been studied yet. 

When selecting a material for a rotator cuff tendon repair graft, maintaining sufficient 

strength and mechanical stability during the healing process is essential. Since complete healing 

and tendon tissue regeneration requires 6 to 12 months following human rotator cuff or Achilles 

tendon repair (139), the materials should have good resistance to degradation over period. 

Polylactic acid (PLA) has been approved by the U.S. Food and Drug Administration (FDA) as a 

suitable candidate for tendon repair, because it usually takes between 6 months and 2 years for 

PLA to break down hydrolytically with a non-toxic degradation byproduct, lactic acid, which can 

be readily metabolized by the human body (11). However, due to its initial hydrophobic surface, 

PLA has limited cell proliferation compared to other synthetic polymers, such as polycaprolactone 

(PCL) and polylactide-co-glycolic acid (PLGA) (12). As a result, PLA grafts have been coated 
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with collagen in an attempt to improve their suitability as scaffold materials for tendon tissue repair 

and regeneration (213). 

Although several materials are suitable for rotator cuff grafts in rotator cuff repairs, no 

previous studies have directly compared crosslinked collagen yarns with collagen-coated PLA 

yarns. Our objective was to determine which of these yarns is better suited for fabricating tissue 

engineered grafts for rotator cuff tendon repair, based on tensile properties, resistance to 

degradation, and biocompatibility with tenocytes, with the following specific aims: 

1. To optimize the genipin crosslinking conditions to achieve the most stable structure 

with the highest crosslinking degree that maximizes the mechanical performance of the 

crosslinked collagen yarns. 

2. To evaluate the resistance to enzymatic degradation of genipin-crosslinked collagen 

yarns compared with PLA yarns. 

3. To compare the biological interaction of tenocytes on genipin-crosslinked collagen 

yarns and collagen-coated PLA yarns. 

 

3.2 Materials and Methods 

3.2.1 Crosslinking Process 

Wet-spun collagen yarns were divided into several groups, seven crosslinked groups based 

on genipin concentration, crosslinking temperature, and crosslinking time, and a control group of 

non-crosslinked collagen yarns (Table 3-1). The yarns were crosslinked by immersion in 10 mL 

of 100% (v/v) ethanol with 0.1%, 0.5%, or 1.0% (w/v) of genipin (FUJIFILM Wako Chemicals 

USA Corporation, Richmond, VA) at either 20°C or 37°C for different periods of time (2 hours, 

12 hours, 24 hours, or 72 hours). The crosslinked collagen yarns were then washed with deionized 
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(DI) water three times to remove the residue of the reagents. Both crosslinked and non-crosslinked 

yarns were vacuum dried at room temperature for 24 hours and stored at 4°C until subsequent 

experiments.  

 

Table 3-1. Genipin crosslinking conditions for collagen yarns. 

Group Genipin concentration (%) Crosslinking temperature (°C) Crosslinking time (h) 

NC 0 20 12 

A 0.5 20 12 

B 0.5 37 12 

C 0.1 37 12 

D 1.0 37 12 

E 0.5 37 2 

F 0.5 37 24 

G 0.5 37 72 

NC: non-crosslinked 

 

3.2.2 Crosslinking Efficiency Evaluation 

3.2.2.1 Tensile Test 

The tensile properties of the yarns under both dry and hydrated conditions (n = 4 each per 

group) were measured in 4-cm long samples on an MTS Criterion 43 tensile tester (MTS Systems 

Corporation, Eden Prairie, MN) using a 50-N load cell. The dry samples were conditioned in a 

desiccator for 24 hours before testing, and the hydrated samples were immersed in 1X phosphate 

buffered saline (PBS, Cytiva HyClone™) at room temperature for 2 hours before testing. To 

achieve a 1-cm gauge length, the yarn sample was mounted on a 3 cm x 3 cm piece of cardboard 

with a 1 cm x1 cm window in the middle. Then the cardboard was mounted on the tensile tester 
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and cut on either side of yarn sample to isolate the sample during testing (Figure 3-1), and the yarn 

was tested to failure using a crosshead speed of 10 mm/min. 

 

Figure 3-1. Schematic view of yarn mounted across the cardboard window.  

 
3.2.2.2 Swelling Ratio 

The swelling ratio was conducted on both crosslinked and non-crosslinked collagen yarns 

(n = 3 per group) by hydrating the yarns in 1X PBS at room temperature for 2 hours, The mass of 

each yarn was measured before and after hydration, and the swelling ratio was calculated using 

the equation below: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔	𝑟𝑎𝑡𝑖𝑜	(%) 	= 	!!	#	!"
!"

	× 	100%                   (Equation 3-1) 

where Mh is the mass of the sample after hydration and Md is the mass of the dry sample before 

hydration. 

 

3.2.2.3 Degree of Crosslinking 

The degree of crosslinking was determined using a 2,4,6-trinitrobenzene sulfonic acid 

(TNBS) assay, which measured the percentage of free amino groups left on the collagen yarn 

surface after the samples were crosslinked with genipin relative to those in the non-crosslinked 

samples (n = 5 per group). First, a 4-cm length of each collagen yarn was cut, and the sample mass 

was measured. The sample were immersed in individual tubes in a solution of 1.0 mL 4% (w/v) 

sodium bicarbonate (NaHCO₃) and 1.0 mL freshly prepared 0.5% (v/v) TNBS in DI water and 
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incubated in a 40°C water bath for 2 hours. To completely dissolve the collagen samples, 3.0 mL 

6-M HCl was added to each tube, and the samples were incubated in a 60°C water bath for another 

2 hours. A 2-fold dilution was then performed using DI water. The absorbance at 345 nm was 

measured using a Tecan Genios microplate reader (Tecan Trading AG, Switzerland) with 5 

replicates of a 300 μL diluted solution for each sample. The crosslinking degree was calculated 

using the equation below: 

𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑖𝑛𝑔	𝑑𝑒𝑔𝑟𝑒𝑒	(%) 	= 	 81	 −	 $%&# !#⁄
$%&$# !$#⁄ : 	× 	100%    (Equation 3-2) 

where ABSC is the absorbance of the crosslinked sample, ABSNC is the absorbance of the non-

crosslinked sample, MC is the mass of the crosslinked sample, and MNC is the mass of the non-

crosslinked sample. 

 

3.2.3 Degradation Evaluation 

The resistance to enzymatic degradation was evaluated for non-crosslinked collagen (Col) 

yarns, genipin-crosslinked collagen (Gen-Col) yarns, and poly-lactic acid (PLA) yarns (146 denier, 

72 filaments, Xinxiang Sunshine Textile Company Ltd., Henan, China). The yarns were incubated 

at 37°C in 1X PBS (pH = 7.4) containing 100 μg/mL collagenase type I (Gibco™, Thermo Fisher 

Scientific Corporation, Waltham, MA) for up to six weeks. The degradation solution was renewed 

every two weeks. At each two-week time point, the following parameters were measured for all 

three types of yarns: (1) mass; (2) tensile properties (under dry and hydrated conditions). 

 

3.2.3.1 Mass 

A 30-cm length of each yarn was used to assess mass change during the degradation 

process (n = 6 per group). Every two weeks, the samples were removed from the degradation 
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solution, washed with DI water three times, and dried in a vacuum desiccator overnight. the sample 

mass were measured, and the yarns were returned to the incubator in renewed degradation solution. 

The mass loss was calculated using the equation below: 

𝑀𝑎𝑠𝑠	𝑙𝑜𝑠𝑠	(%) 	= 	!%	–	!&
!&

	× 	100%                     (Equation 3-3) 

where Mt is the mass of the sample at the current week and M0 is the original mass of the sample 

at week 0. 

 

3.2.3.2 Tensile Test 

A 4-cm length of each yarn was used to measure the tensile properties under both dry and 

hydrated conditions at weeks 0, 2, 4, and 6 during the degradation process (n = 4 per condition, 

time point, and group). At each time point, dry and hydrated samples were removed from the 

degradation solution, washed with DI water three times, and dried in a vacuum desiccator 

overnight. For the hydrated condition ,the samples were then immersed in 1X PBS for 2 hours. 

For testing, the yarn samples were mounted on a piece of cardboard and tested to failure at a 

crosshead speed of 10 mm/min on an MTS Criterion 43 tensile tester, as described previously in 

section 3.2.2.1. 

 

3.2.4 Biocompatibility 

3.2.4.1 Tenocytes Harvest 

Tenocytes were harvested from rats Achilles tendons, which were dissected from 2- to 4- 

week-old Sprague Dawley rats from another study. After rinsing with a solution of 10% penicillin-

streptomycin (Gibco™ 15140122, Thermo Fisher Scientific, Waltham, MA) in sterile 1X PBS 

(Cytiva HyClone™ SH30028.03, Thermo Fisher Scientific), the tendons were minced into 1 mm 
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x 1 mm x 1 mm pieces approximately with surgical scissors. The tendon pieces were placed into 

a collagenase solution of 2 mg/mL collagenase type I (Sigma-Aldrich SCR 103, MilliporeSigma, 

Burlington, MA) in serum-free Dulbecco's Modified Eagle Medium (DMEM) (Gibco™ 

11965118, Thermo Fisher Scientific) and incubated in a 37°C water bath overnight. To isolate the 

tenocytes, the solution was filtered through a 70-micron mesh cell strainer and centrifuged at 2,000 

rpm for 3 minutes, and the supernatant was discarded. The tenocytes were resuspended in growth 

medium composed of 89% DMEM with 10% fetal bovine  serum (Corning Inc., Corning, NY) and 

1% penicillin/streptomycin. The cells were plated in T75 flask at a density of 2.1x106 cells and 

cultured under standard conditions (37°C, 5% CO2), and the culture medium was changed every 

other day. When the cells in each flask reached confluence, they were trypsinized and subcultured 

in a T75 flask under the same culture conditions to allow proliferation. 

 

3.2.4.2 Yarns Preparation and Cell Seeding 

Biocompatibility was evaluated for four groups: non-crosslinked collagen yarns, genipin-

crosslinked collagen yarns, PLA yarns, and collagen-coated PLA (Col-PLA) yarns. Crosslinked 

collagen yarns were prepared by immersing collagen yarns into a 1.0% genipin solution at 37°C 

for 72 hours, following the steps described in section 3.2.1. Collagen-coated PLA yarns were 

prepared by coating PLA yarns with 500 μg/mL type I collagen (RatCol® 5056, Advanced 

BioMatrix, Carlsbad, CA) at 4°C for 2 hours. All the yarns were cut into 30 cm/yarn, and the 

samples were sterilized in an Anprolene AN74i ethylene oxide sterilizer (Andersen Products Inc., 

Haw River, NC) over a period of 12 hours, followed by at least a 2-hour aeration.  

Yarn samples were placed into 24-well culture plates, with 3 yarns per group per assay, 

and tenocytes were seeded at a density of 2 million cells per sample by adding 20 μL of a cell 
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suspension at a concentration of 100 million cells/mL. The samples were incubated for 30 min at 

37°C with 5% CO2 to allow for cell attachment, then all the samples were moved to a new 24-well 

culture plates, and 1 mL culture medium was added into each well on the 24-well cell culture 

plates. The culture medium was changed every other day throughout the experiment.  

 

3.2.4.3 Cell Viability 

On culture days 1, 3, 5 and 7, cell viability was monitored by a Live/Dead™ assay 

(Invitrogen™ R37601, Thermo Fisher Scientific), which contained calcein, AM, a cell permeant 

dye, as a live cell indicator, and BOBO-3 iodide as dead cell indicator. The cell culture medium 

was replaced by diluted Live/Dead™ reagent (Live/Dead™: 1X PBS = 1:1), and the cells were 

incubated in the dark at 37°C with 5% CO2 for 15 minutes. The cells were then imaged at a 

magnification of 4X with the GFP channel (excitation 488 nm/emission 515 nm) and Texas Red 

channel (excitation 570 nm/emission 602 nm) channels on a EVOS FL Auto 2 Microscope 

(Invitrogen™ AMAFD2000 , Thermo Fisher Scientific). After the Live/Dead™ assay, the samples 

were washed three times with sterile 1X PBS, and then 1 mL of fresh growth medium was added 

into each well for further cell viability evaluations.  

 

3.2.4.4 Cell Proliferation 

On culture days 1, 3, 5, and 7, cell proliferation was assessed based on cell metabolic 

activity assay using an alamarBlue™ assay (Invitrogen™ DAL1100, Thermo Fisher Scientific), 

in which the cells metabolized resazurin (non-fluorescent blue) and convert it to resorufin 

(fluorescent red). The 10% alamarBlue™ reagent was added to the culture medium, and the cells 

were incubated in the dark at 37°C with 5% CO2 for 4 hours. Then 100 μL media from each sample 
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was transferred into a 96-well plate, and three replicates were used for each sample. Fluorescence 

was measured at 550 nm excitation and 590 nm emission wavelengths using a Tecan GENios 

microplate reader (Tecan Trading AG, Switzerland). Growth medium with 10% alamarBlue™ was 

used as the negative control, and autoclaved 10% alamarBlue™ in growth medium was used as 

the positive control. after the alamarBlue™ assay, the samples were washed three times with 1X 

PBS, and then 1 mL of fresh growth medium was added to each well for further cell proliferation 

evaluations.  

The percentage alamarBlue reduction was calculated using the equation below: 

𝑎𝑙𝑎𝑚𝑎𝑟𝐵𝑙𝑢𝑒	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	(%) 	= 	 )*'()*+,#)*$#
)*-##)*$#

	× 	100%    (Equation 3-4) 

where FLsample  is the fluorescence of the sample, FLNC is the fluorescence of the negative control, 

and FLPC is the fluorescence of the positive control. 

To calculate the cell numbers at each time point for each sample, known densities (1´104, 

5´104,1´105, 3´105 cells/well) of tenocytes were seeded into each well of a 24-well plate, with 

three wells for each seeding density. The alamarBlue™ assay was performed 4 hours after the cell 

seeding, and based on the percentage alamarBlue™ reduction and known cell number, a 

calibration curve was generated (Figure 3-2), as follows: 

𝑎𝑙𝑎𝑚𝑎𝑟𝐵𝑙𝑢𝑒	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	(%) = 2.498𝑥10#+	(𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟) − 3.025𝑥10#,        (Equation 3-5) 



   

 
 

77 

 

Figure 2-2. Calibration curve for alamarBlue™ reduction versus cell number. 

Using this calibration curve, the cell number was estimated for the tenocytes seeded on 

yarn samples for culture days 1, 3, 5, and 7. 

 

3.2.5 Statistical Analysis 

All statistical analysis were done using Prism 9 (GraphPad Software, Inc., San Diego, CA) 

with a significance level of 0.05, and data are reported as mean ± standard deviation. For the 

crosslinking evaluation, tensile testing data were compared using multiple two-way ANOVA with 

interaction and with Tukey’s adjustments for multiple comparisons. For these comparisons, the 

first factor used was hydration condition (dry, hydrated), and the second factors used were the 

following treatments: crosslink condition (non-crosslinked, crosslinked), genipin concentration 

(0.1%, 0.5%, 1.0%), crosslinking time (2 h, 12 h, 24 h, 72 h), and crosslinking temperature (20°C, 

37°C). The data for swelling ratio and crosslinking degree were compared across treatment using 

one-way ANOVAs with Tukey’s adjustments for multiple comparisons (for genipin concentration 

and crosslinking time) and unpaired t-tests (for crosslinking temperature). For the degradation 

evaluations, mass and tensile testing data were compared using two-way ANOVA with interaction 
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and with Tukey’s adjustments for multiple comparisons. For these comparisons, the first factor 

used was the type of yarns (non-crosslinked collagen yarns, crosslinked collagen yarns, PLA 

yarns), and the second factor used was time (weeks 0, 2, 4, 6). For tenocytes proliferation 

evaluations, tenocytes numbers were compared using two-way ANOVA with interaction and with 

Tukey’s adjustments for multiple comparisons. For these comparisons, the first factor used was 

the type of yarns (non-crosslinked collagen yarns, crosslinked collagen yarns, PLA yarns, coated 

PLA yarns), and the second factor used was time (days 1, 3, 5, 7). 

 

3.3 Results 

3.3.1 Crosslinking evaluation 

The original color of non-crosslinked collagen yarns was white, and after being crosslinked 

with genipin, the collagen yarns turned blue and deepened in color with longer crosslinking times 

(Figure 3-3). All results for the crosslinking evaluation of collagen yarns are presented in Table 3-

2. 

 

Figure 3. Collagen yarns (A) before, and after being crosslinked with 0.5% genipin at 37°C for 

(B) 2, (C) 12, (D) 24, and (E) 72 hours.  
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Table 3-2. Ultimate load, swelling ratio, and crosslinking degree of collagen yarns 

Group 
Ultimate load (N) 

Swelling ratio (%) Crosslinking degree (%) 
Dry Hydrated 

NC 3.7 ± 0.3 0.1 ± 0.0 1241.0 ± 206.5 N.A. 

A 4.5 ± 0.5 0.8 ± 0.1 293.8 ± 6.3 2.2 ± 0.9 

B 4.5 ± 0.3 1.2 ± 0.1 127.3 ± 9.1 12.2 ± 0.6 

C 4.2 ± 0.4 1.1 ± 0.1 133.7 ± 12.8 7.0 ± 0.4 

D 4.7 ± 0.3 1.5 ± 0.1 79.0 ± 5.1 17.7 ± 3.2 

E 4.7 ± 0.4 0.8 ± 0.1 152.6 ± 2.8 3.7 ± 0.8 

F 4.9 ± 0.4 1.2 ± 0.2 123.2 ± 6.4 15.1 ± 0.5 

G 4.8 ± 0.3 1.8 ± 0.1 90.5 ± 4.1 22.8 ± 0.5 

 

3.3.1.1 Tensile Properties 

Crosslinking the collagen yarns with 0.5% genipin at 20 °C for 12 hours led to a greater 

ultimate tensile when tested under both dry and hydrated conditions compared with non-

crosslinked yarns (Table 3-2, Figure 3-4). Under dry conditions, the ultimate load of crosslinked 

collagen yarns (4.5 ± 0.5 N) was 22% higher than that of non-crosslinked collagen yarns (3.7 ± 

0.3 N, p = 0.0026). The ultimate load decreased significantly when the yarns were under hydrated 

conditions, but crosslinking still had a substantial effect, with crosslinked collagen yarns (0.8 ± 

0.1 N) having nearly 8-fold greater ultimate load compared to non-crosslinked yarns (0.1 ± 0.0 N, 

p = 0.0062). 
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Figure 4. Ultimate tensile loads under dry and hydrated conditions for non-crosslinked and 

crosslinked collagen yarns (n = 5 each). †: p < 0.05, dry vs. hydrated within crosslink condition; 

**: p < 0.01, non-crosslinked vs. crosslinked within hydration condition. 

 
Crosslinking at 20°C or 37°C did not affected the dry ultimate load of collagen yarns much 

(4.5 ± 0.5 at 20°C vs. 4.5 ± 0.3 at 37°C, p > 0.05), but a 50% increase of ultimate load under 

hydrated condition was found when the collagen yarns were crosslinked at 37°C group (1.2 ± 0.1 

N) compared to crosslinked at 20°C (0.8 ± 0.1 N, p = 0.1549) while both groups were crosslinked 

with 0.5% genipin for 12 hours.  

 

Figure 5 Ultimate loads under dry and hydrated conditions of collagen yarns crosslinked with 

0.5% genipin at 20°C and 37°C for 12 hours (n = 5 per group). †: p < 0.05, test under dry vs. 

hydrated condition of same material. 
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The concentration of genipin (0.1%, 0.5%, 1.0%) did not have a significant effect on the 

ultimate tensile load of collagen yarns crosslinked at 37°C  for 12 hours (Table 3-2, Figure 3-6). 

As before, ultimate load was dramatically lower for hydrated yarns compared with dry yarns (p < 

0.05). Under hydrated condition, collagen yarns crosslinked with 1.0% genipin (1.5 ± 0.1 N) had 

the largest mean ultimate tensile load, but it was not significantly greater than the ultimate load for 

either 0.1% (1.1 ± 0.1 N) or 0.5% (1.2 ± 0.1 N) genipin.   

 

Figure 6. Ultimate loads under dry and hydrated conditions of collagen yarns crosslinked with 

0.1%, 0.5%, and 1.0% genipin at 37°C for 12 hours (n = 5 per group). †: p < 0.05, test under dry 

vs. hydrated condition of same material. 

 

A prolonged crosslinking time caused the increases of hydrated ultimate load (Figure 3-7) when 

the genipin concentration and crosslinking temperature kept constant. The ultimate load of 

collagen yarns crosslinked for 72 hours was the highest among all the groups, which was 1.8 ± 0.1 

N, significantly higher than those of yarns crosslinked for 2 hours (0.8 ± 0.1 N, p < 0.0001), 12 

hours (1.2 ± 0.1 N, p = 0.0378), and 24 hours (1.2 ± 0.2 N, p = 0.0159). 
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Figure 7. Ultimate loads under dry and hydrated conditions of collagen yarns crosslinked with 

0.5% genipin at 37°C for 2, 12, 24, and 72 hours (n = 5 per group). †: p < 0.05, test under dry vs. 

hydrated condition of same material; *: p < 0.05, ****: p < 0.0001, groups under same test 

condition. 

 

3.3.2.2 Swelling Ratio 

The results of swelling tests were shown in Figure 3-8, 3-9, 3-10, and 3-11. Before 

crosslinking process, the swelling ratio of collagen yarns were as high as 1240.6 ± 206.5%, but a 

dramatic drop was observed when the collagen yarns were crosslinked with genipin (293.8 ± 6.3%, 

p = 0.0154).  
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Figure 8. Swelling ratios of non-crosslinked and crosslinked collagen yarns (n = 3 per group). *: 

p < 0.05, groups under same test condition. 

 

Crosslinking temperature affected the swelling ratio of the collagen yarns. With a higher 

crosslinking temperature (37°C), the swelling ratio was significantly lower than that of yarns 

crosslinked at relatively cooler environment (20°C) (127.3 ± 9.1% at 37°C vs. 293.8 ± 6.3% at 

20°C, p < 0.0001).  

 

Figure 9. Swelling ratios of collagen yarns crosslinked with 0.5% genipin at 20°C and 37°C for 

12 hours (n = 3 per group). ****: p < 0.0001, groups under same test condition. 
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Genipin concentration was another factor that had an impact on the collagen yarn’s 

swelling ratio. As shown in Figure 3-9, when the concentration as high as 1.0%, the swelling ratio 

downed to 79.0 ± 5.1%, which was significantly lower than that of collagen yarns crosslinked with 

genipin at 0.1% (133.7 ± 12.8%, p = 0.0010) and the collagen yarns crosslinked in solution 

containing 0.5% genipin (127.3 ± 9.1, p = 0.0020). 

 

Figure 100. Swelling ratios of collagen yarns crosslinked with 0.1%, 0.5%, and 1.0% genipin at 

37°C for 12 hours (n = 3 per group). **: p < 0.01, groups under same test condition. 

 

Crosslinking time also played an important role in affecting the swelling ratio of collagen 

yarns (Figure 3-11). With all the yarns were crosslinked with 0.5% genipin at 37°C, when the 

crosslinking time was 72 hours, the swelling ratio was the lowest (90.5 ± 4.1%) compared to the 

other three groups when crosslinked for 2 hours (152.6 ± 2.8%, p < 0.0001), 12 hours (127.3 ± 

9.1%, p = 0.0004), and 24 hours (123.2 ± 6.4%, p = 0.0008). 
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Figure 11. Swelling ratios of collagen yarns crosslinked with 0.5% genipin at 37°C for 2, 12, 24, 

and 72 hours (n = 3 per group). **: p < 0.01; ***: p < 0.001; ****: p < 0.0001, groups under 

same test condition. 

 

3.3.2.3 Crosslinking Degree 

In Figure 3-12, it is clear that a higher crosslinking degree was achieved when the yarns 

were crosslinked at a higher temperature. When the temperature was 37°C, the crosslinking degree 

was 12.2 ± 0.6%, which was over 4-fold of the crosslinking degree when the yarns were 

crosslinked at 20°C (2.2 ± 0.9%, p < 0.0001). 
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Figure 12. Crosslinking degree of collagen yarns crosslinked with 0.5% genipin at 20°C and 

37°C for 12 hours (n = 5 per group). ****: p < 0.0001, groups under same test condition. 

 

Figure 3-13 showed the crosslinking degree of the yarns after being crosslinked with varied 

genipin concentration levels at 37°C for 12 hours. Among these three groups, the highest 

crosslinking degree was achieved when the genipin concentration was 1.0% (17.7 ± 3.2%), 

followed with 0.5% (12.2 ± 0.6%) and 0.1% (7.0 ± 0.4%). Significant differences were found in 

all comparisons, indicating the fact that increasing in genipin concentration led to an enhancement 

of crosslinking degree. 
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Figure 13. Crosslinking degree of collagen yarns crosslinked with 0.1%, 0.5%, and 1.0% 

genipin at 37°C for 12 hours (n = 5 per group). *: p < 0.05; **: p < 0.01; ****: p < 0.0001, 

groups under same test condition. 

 

Besides crosslinking temperature and genipin concentration, a prolonged crosslinking time 

also led to a higher crosslinking degree (Figure 3-14). When comparing the crosslinking degree of 

collagen yarns for different periods of time, it was found that the crosslinking degree was the 

lowest when the yarns were crosslinked only for 2 hours (3.7 ± 0.8%). But with the prolonged of 

crosslinking time, the crosslinking degrees was significantly increased by 230%, 308%, and 516% 

when the yarns were crosslinked for 12-hours (12.2 ± 0.6%, p < 0.0001), 24 hours (15.1 ± 0.5%, 

p < 0.0001), and 72 hours (22.8 ± 0.5%, p < 0.0001).  
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Figure 14. Crosslinking degree of collagen yarns crosslinked with 0.5% genipin at 37°C for 2, 

12, 24, and 72 hours (n = 5 per group). ****: p < 0.0001, groups under same test condition. 

 

With the results above, it is obvious that when the collagen yarns crosslinked with genipin, 

despite of the crosslinking  temperature, genipin concentration, and crosslinking time, the ultimate 

loads of the yarns under both dry and hydrated conditions enhanced, while the swelling ratio 

decreased significantly. And all the factors (crosslinking temperature, genipin concentration, and 

crosslinking time) affected the crosslinking efficiency, reflected in the crosslinking degree, 

ultimate load, and swelling ratio. 

In detail, with a higher crosslinking temperature, genipin concentration, and crosslinking 

time caused a higher crosslinking degree, strengthened ultimate loads, and decreased swelling 

ratio. So for this application of fabricate into scaffolds for rotator cuff tissue engineering, I went 

with crosslinking condition as 1.0% genipin at 37°C for 72 hours for further research. 
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3.3.3 Degradation Evaluation 

3.3.3.1 Mass 

Table 3. Mass maintained (%) of degraded yarns 

Group 
Week 

0 2 4 6 

Col 100.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Gen-Col 100.0 ± 0.0 94.8 ± 1.9 93.0 ± 9.3 84.0 ± 3.4 

PLA 100.0 ± 0.0 99. 3± 1.1 99.3 ± 1.1 98.6 ± 1.7 
 

The results in terms of mass were listed in Table 3-3. Non-crosslinked collagen yarns were 

degraded completely after two weeks, with no intact yarns found in the degradation solution; 

therefore, no data were collected for this group after weeks 4 and 6, and the mass loss was recorded 

as 100% for all yarns in this group throughout the degradation time points (Figure 3-15). There 

was no significant change happened to PLA yarns from week 0 to week 6 (p > 0.05). In detail, the 

PLA yarns maintained 99.3 ± 1.1% of their initial mass at the end of week 2, and did not have 

mass loss from week 2 to week 4, though the mass loss of 1.4 ± 1.7% after week 6, the difference 

was not significant when compared to their mass at week 0 (p > 0.05). For genipin-crosslinked 

collagen yarns, 94.8 ± 1.9% mass maintained at week 2 (p > 0.05 compared to initial mass at week 

0), but significantly less mass maintained was noticed when compared to week 0 since week 4 

(93.0 ± 9.3%, p = 0.0077), and reaching of 84.0 ± 3.4% initial mass after week 6 (p < 0.0001) 
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Figure 15. Mass loss during 6 weeks of enzymatic degradation for non-crosslinked collagen 

(Col), genipin-crosslinked collagen (Gen-Col), and poly-lactic acid (PLA) yarns (n = 6 per 

group).  

 

3.3.3.2 Tensile Properties 

Table 4 Ultimate load (dry) of degraded yarns 

Group 
Week 

0 2 4 6 

Col 3.6 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Gen-Col 4.8 ± 0.3 4.6 ± 0.6 2.5 ± 0.3 2.2 ± 0.4 

PLA 4.4 ± 0.3 4.0 ± 0.3 4.4 ± 0.2 4.0 ± 0.2 
 

During the 6 weeks of enzymatic degradation, the tensile strength under dry conditions 

decreased for non-crosslinked and genipin-crosslinked collagen yarns but was generally constant 

for PLA yarns, with over 90% of the initial ultimate load maintained after week 6 (Table 3-4, 

Figure 3-16). Since none of the non-crosslinked collagen yarns were intact after week 2, the 

ultimate load was recorded as 0 N for all yarns in this group throughout the degradation time 

points. For genipin-crosslinked collagen yarns, the ultimate loads decreased during the 6-week 

evaluation, especially after week 4, with a 46% drop compared to the ultimate load after week 2 
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(p < 0.0001). Therefore, while the initial ultimate load was similar between genipin-crosslinked 

collagen yarns and PLA yarns (p > 0.05), enzymatic degradation had a more significant impact on 

crosslinked collagen yarns, with lower ultimate loads compared to PLA yarns after both week 4 

and week 6 (p < 0.0001 for both). 

 

Figure 16. Tensile ultimate loads under dry conditions during 6 weeks of enzymatic degradation 

for non-crosslinked collagen (Col), genipin-crosslinked collagen (Gen-Col), and poly-lactic acid 

(PLA) yarns (n = 4 per group). 

 

Table 5. Ultimate load (hydrated) of degraded yarns 

Group 
Week 

0 2 4 6 

Col 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Gen-Col 2.2 ± 0.2 1.3 ± 0.1 0.7 ± 0.1 0.4 ± 0.1 

PLA 4.3 ± 0.3 4.0 ± 0.4 4.2 ± 0.2 3.7 ± 0.3 
 

Similar results were found for the ultimate load of yarns under hydrated conditions 

throughout 6 weeks of enzymatic degradation (Table 3-5, Figure 3-17). For non-crosslinked 

collagen yarns, the initial ultimate load was low, and since none of these yarns were intact after 
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week 2, the ultimate load was recorded as 0 N for all yarns in this group throughout the degradation 

time points. During the 6 weeks of degradation, genipin-crosslinked collagen yarns lost tensile 

strength with only 18% of the initial ultimate load remaining after 6 weeks (p < 0.0001), while 

PLA yarns retained more of their tensile strength, with 86% of the ultimate force remaining after 

6 weeks (p = 0.0032). Different from the data under dry conditions, the initial tensile ultimate load 

was about 2-fold lower for genipin-crosslinked collagen yarns compared to PLA yarns (p < 

0.0001). After 6 weeks of degradation, the ultimate load of PLA yarns was 8.25-fold more than 

the genipin-crosslinked collagen yarns (p < 0.0001). 

 

Figure 17. Tensile ultimate loads under hydrated conditions during 6 weeks of enzymatic 

degradation for non-crosslinked collagen (Col), genipin-crosslinked collagen (Gen-Col), and 

poly-lactic acid (PLA) yarns (n = 4 per group). 

 

3.3.4 Biocompatibility 

3.3.4.1 Cell viability 

The Live/Dead™ staining of tenocytes on yarns are shown in Figure 3-18 for culture days 

1, 3, 5, and 7. On day 1, more calcein AM (green) dots were observed on the non-crosslinked 

collagen yarns, indicative of more live cells attached to these yarns, compared to the other yarns. 
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Over 7 days of culture, the number of live cell dots increased on genipin-crosslinked collagen 

yarns, PLA, and collagen-coated PLA yarns. In contrast, non-crosslinked collagen yarns showed 

a downward trend in cell viability over the 7-day observation, possibly caused by limited space for 

nutrient and oxygen transfer due to swelling of these yarns. On day 7, the number of green dots 

was higher on PLA and collagen-coated PLA yarns, indicating a greater density of tenocytes were 

viable on those yarns, compared to the collagen yarns.  

 

Figure 18. Live/Dead™ staining of tenocytes cultured over 7 days on non-crosslinked collagen 

(Col), genipin-crosslinked collagen (Gen-Col), poly-lactic acid (PLA), and collagen-coated PLA 

(Col-PLA) yarns. Scale bar = 650 μm. 
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3.3.4.2 Cell Proliferation 

Table 6-6. Tenocytes numbers on yarns 

Group 
Day 

1 3 5 7 

Col 71213 ± 12244 95316 ± 19986 153109 ± 1613 149086 ± 50875 

Gen-Col 56109 ± 13125 124442 ± 22810 281707 ± 49719 316512 ± 40250 

PLA 35304 ± 10822 169419 ± 38694 244270 ± 37337 332189 ± 24729 

Col-PLA 56328 ± 6523 149328 ± 6942 219994 ± 67627 350362 ± 37005 
 

Throughout the 7 days of culture, the tenocytes proliferated on all groups of yarns, while 

the rate varied based on the yarn material and treatment (Figure 3-19). On day 1, more tenocytes 

were attached to non-crosslinked collagen yarns compared to genipin-crosslinked collagen yarns 

(71213 ± 12244 vs. 56109 ± 13125 cells, p= 0.0308), which was consistent with more living cells 

on non-crosslinked collagen yarns on Live/dead image. In addition, tenocyte number was 

comparable between genipin-crosslinked collagen and collagen-coated PLA yarns (56328 ± 6523 

cells, p > 0.05) and collagen-coated PLA yarns had significantly more cells than PLA yarns (35305 

± 10822 cells, p = 0.0016). From day 1 to day 3, the tenocytes on Gen-Col, PLA, and Col-PLA 

yarns proliferated rapidly with significantly more cells on day 3 than day 1 for all four groups (p 

< 0.0001 for all), and from day 3 to day 7, the tenocytes continued proliferating. At day 7, the 

tenocyte number in collagen-coated PLA group was about 1.4-fold higher than tenocyte number 

in the non-crosslinked collagen group (350362 ± 37005 cells vs. 149086 ± 50875 cells, p < 0.0001) 

and comparable to the genipin-crosslinked collagen group (316512 ± 40250 cells, p> 0.05) and 

PLA group (332189 ± 24729 cells, p > 0.05).  
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Figure 19. Proliferation of tenocytes cultured over 7 days on non-crosslinked collagen (Col), 

genipin-crosslinked collagen (Gen-Col), poly-lactic acid (PLA), and collagen-coated PLA (Col-

PLA) (n = 9 per group). 

 

3.4 Discussion 

An ideal material for rotator cuff grafts is expected to have excellent mechanical properties 

and maintenance of mechanical strength for rotator cuff repair, especially after 6 weeks 

postoperative, and have great biocompatibility that will not lead to inflammation or immune 

reaction. Both natural-derived material collagen and synthetic polymer polylactic acid (PLA) have 

been used as raw materials for rotator cuff grafts, but their properties and performance have not 

been compared directly yet. In this study, resistance to enzymatic degradation, tensile properties, 

and biological performance of collagen yarns and PLA yarns were compared directly in order to 

provide a reference for further material selection for rotator cuff grafts. 

Due to the self-assembly production process of the wet-spun collagen yarns, the collagen 

structure needs to be stabilized; otherwise, the yarns would become swollen and have very low 

tensile strength (217). Therefore, our study first investigated the effect of genipin crosslinking on 

the yarns and optimized the crosslinking condition with the purpose of maximizing the stability of 
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the collagen structure. We found that the collagen yarn properties were best - in terms of greater 

tensile strength, lower swelling ratio, and greater degree of crosslinking - with a greater genipin 

concentration, higher crosslinking temperature, and longer crosslinking time. These results 

confirmed previous discoveries on the effects of genipin crosslinking conditions on electrospun 

chitosan nanofibers and freeze-dried collagen scaffolds which showed that when crosslinking 

temperature increased from 20°C to 37°C, the swelling ratio decreased from 20% to 17.5%, the 

crosslinking degree increased from 10% to 30%, and when genipin concentration increased from 

0.1% to 1.0%, the tensile strength of chitosan nanofibers enhanced with decreased swelling ratio     

(175, 218).  

The improved tensile properties of genipin-crosslinked collagen yarns were achieved by 

the reaction between genipin and amine groups in the collagen. In detail, a C3 carbon atom on 

genipin binds to to the primary amine group on collagen and causes the formation of heterocyclic 

compounds by the genipin and basic residues of collagen (219). Therefore, intermolecular and 

intramolecular crosslinks were formed, leading to a more stable structure with enhanced tensile 

properties and decreased swelling ratio. And similar to other findings, blue pigments were 

produced during the spontaneous reaction between genipin and amine groups within collagen 

(Figure 3-2) (175, 220, 221). 

In this project, the optimized crosslinking condition was achieved when the collagen yarns 

were crosslinked with 1.0% genipin at 37°C for 72 hours, which resulted in an ultimate load of 4.8 

± 0.3 N under dry conditions and 2.2 ± 0.1 N under hydrated conditions, increases of 30% and 

2100%, respectively, compared to non-crosslinked collagen yarns. These tensile strengths were 

comparable to data published by Tonndorf et al., who reported ultimate loads of 3.9 N/1.5 N under 

dry/hydrated conditions for wet-spun collagen yarns crosslinked with GA (188).  
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The ability to resist enzymatic degradation also plays a pivotal role in the success of tendon 

repair, since a mismatch between yarn absorption and healing rates will cause failure of the repair. 

With the stabilized structure via genipin crosslinking, the collagen yarns maintained over 90% of 

their initial mass after 2 weeks (Figure 3-14), displaying a superior resistance to degradation 

compared to non-crosslinked collagen yarns, which were completely degraded within 2 weeks. In 

addition, the genipin-crosslinked collagen yarns in this study exhibited better degradation 

resistance compared to previous studies of GA-crosslinked electrochemically aligned collagen 

(ELAC) threads exposed to 0.01 M PBS solution for the same period of time (6 weeks) (222) and 

genipin-crosslinked collagen scaffolds exposed to 100 μg/mL collagenase type I solution for 12 

hours (175). Even after 6 weeks of degradation, our optimized genipin-crosslinked collagen yarns 

maintained 84% of their initial mass and, more importantly, maintained 48% of their initial tensile 

strength under dry conditions (Figure 3-15), further demonstrating that genipin crosslinking 

stabilized the collagen structure. However, even with optimized crosslinking conditions, the tensile 

strength of the genipin-crosslinked collagen yarns after the 6-week degradation was 45-80% lower  

compared to PLA yarns, which retained at least 80% of their initial tensile strength under either 

dry or hydrated testing conditions. Differences in degradation are likely related to the different 

mechanisms of degradation for these two materials. For collagen, exposure to proteases 

(collagenase type I in this study) accelerates breakdown of the collagen structure, while for PLA 

degradation results from hydrolysis of the ester bonds (223). In human bodies, there are enzymes 

being able to catalyze the cleaving process of ester bonds along the polymer substrate, such as 

lipase, however, lipase is released by the pancreas, mouth, and stomach, and will not be delivered 

to shoulder site (224, 225). Therefore, considering the degradation profiles, the PLA yarns are 

more suitable for rotator cuff tendon repair. 
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One major consideration for the use of collagen yarns in the fabrication of rotator cuff 

tendon grafts is their biocompatibility, since collagen is the main component in native tendon 

ECM. In previous experiments using different cell, genipin had low cytotoxicity and was amenable 

to tenocyte adhesion and proliferation on wet-spun collagen yarns (175, 211, 226, 227). In this 

study, tenocytes attached well to both collagen and PLA yarns on day 1 (Figure 3-19) and showed 

good viability and proliferation through 7 days of culture (Figure 3-18). On culture day 1, 

improved cell adhesion was achieved on the collagen-coated PLA yarns compared to PLA yarns, 

and this was believed that the coating on the PLA yarns surface decreased the hydrophobicity, and 

on the other hand, the peptide domains of collagen acted as ligands that further promoted cell 

binding (228). And on day 7, fewer cells were observed for the non-crosslinked collagen yarns 

compared to the other three groups (Figure 3-19), possibly caused by the limited space within these 

yarns due to the greater swelling behavior in the absence of crosslinking.  

Our study had some limitations. First, the degree of crosslinking (22.8 ± 0.5%) was 

relatively low compared to other studies (~ 60%) who crosslinked collagen threads even with a 

lower genipin concentration (0.625%) at 37°C for 72 hours (101), and this possibly due to the 

tight multifilament structure of the collagen yarns that may impede the genipin crosslinking 

process in interior yarns, despite of the fact that our genipin-crosslinked collagen yarns had  

relatively higher ultimate tensile strength (4.8 ± 0.3 N) than theirs (~ 3.8 N). Therefore, a higher 

genipin concentration is suggested, for example using 2.0% of genipin like what Uquillas et al. did 

previously (101). Second, a 6-week period of enzymatic degradation may not be sufficient to 

mimic the in vivo performance capability for rotator cuff tendon grafts because rotator cuff tendon 

injuries usually take 6 to 12 months to heal, even though 6-week degradation performance of the 

graft is critical because patients are required to be immobilized for 6 weeks postoperatively, and 
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the graft is expected to provide mechanical support when they are allowed to make shoulder 

movements. Third, only biocompatibility of collagen-coated PLA yarns were studied, it is 

recommended to also evaluate the enzymatic degradation profile of this type of yarns. Finally, this 

study only assessed the interaction of tenocytes with the yarns in terms of cell viability and 

proliferation, but other experiments are needed to fully evaluate the biocompatibility of the yarns, 

including a hemocompatibility test.  

 

3.5 Conclusions 

This study was the first to crosslink wet-spun collagen yarns with genipin and to study the 

effect of genipin concentration, crosslinking temperature, and crosslinking time on the properties 

of the crosslinked wet-spun collagen yarns. The genipin crosslinking process enhanced the 

ultimate tensile strength of the collagen yarns under both dry and hydrated conditions and 

decreased the swelling ratio compared to non-crosslinked collagen yarns. A higher crosslinking 

temperature, greater genipin concentration, and prolonged crosslinking time each resulted in a 

greater degree of crosslinking, with improved ultimate tensile strength and a lower swelling ratio 

under both dry and hydrated conditions. Among the parameters testing in this study, crosslinking 

with 1.0% genipin at 37°C for 72 hours was the optimal crosslinking condition for wet-spun 

collagen yarns and thus was used for the remaining studies on this topic. 

Compared to genipin-crosslinked collagen yarns, PLA yarns showed superior resistance to 

enzymatic degradation, with greater mass maintenance and higher ultimate tensile strength after 

exposure to collagenase type I for 6 weeks. And compared to PLA yarns, collagen-coated PLA 

yarns further showed excellent biocompatibility in terms of adhesion of tenocytes on day 1. In 
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summary, PLA yarns coated with collagen are a promising material of choice for fabricating 

scaffolds for rotator cuff tendon repair.    
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CHAPTER 4 FABRICATION AND EVALUATIONS ON POLYLACTIC ACID-BASED 

SCAFFOLDS 

4.1 Introduction 

In the past decades, textile technologies have been widely used in tissue engineering due 

to their capacity to create three dimensional spatial structures with tunable properties at the micro- 

and macro-levels. Braiding is a conventional textile technique that has been used for the design 

and fabrication of tubular vessels and flat ribbons for several decades (213). Its unique non-linear 

elastic behavior in the toe region the tensile stress-strain curve is consistent with that of native soft 

tissue such as skin, muscle and tendons (152). Several studies have investigated the parameters 

affecting the structure and properties of tubular braided fabrics. Omeroglu showed that a 2/2 braid 

pattern with a higher take-up rate resulted in increased yield strength, maximum tenacity and 

elastic modulus, while Li et al. reported that the total porosity and average pore size increased 

when the cylindrical mandrel has a larger radius and the spindle size is smaller (229, 230). But no 

study has looked at the effect of the braiding parameters on the mechanical performance and 

cellular interactions of a flat braided structure so as to evaluate its suitability for use as a scaffold 

for tendon tissue engineering. 

The dimensions of rotator cuff tendons are usually 20 - 40 mm long, 15 - 25 mm wide, and 

5 mm thick, depending on the age and health condition of the patient (20, 231, 232). Appropriate 

total porosity and pore size distribution will promote cell infiltration, nutrient exchange and 

angiogenesis, which modulates the functionality and gross cellular response to the implanted 

scaffold. Cooper et al. recommended total porosity of between 50-80% for scaffolds used in tendon 

and ligament repair (153, 233).  
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For the application of rotator cuff tendon repair, the scaffold is expected to have superior 

initial mechanical properties and to maintain its strength and structural stability during the slow 

tendon tissue regeneration process. The scaffold is required to provide sufficient mechanical 

support during the surgical repair procedure and then provide mechanical active cues for cellular 

differentiation for at least 12 weeks after implantation (145, 146). Also superior suture retention 

strength and ease of handling characteristics are critical during the surgery. 

This chapter describes the fabrication process of the braided PLA scaffolds, and evaluates 

their physical and mechanical properties when different sizes of PLA yarns are incorporated into 

the structure. The following specific objectives were included in this study: 

1. To ply two and three single PLA yarns into 2-ply and 3-ply PLA yarns suitable for 

braiding; 

2. To use a range of different braiding parameters to fabricate flat braided scaffolds from 

2-ply and 3-ply PLA yarns that are suitable for use in rotator cuff tendon repair; 

3. To characterize the physical properties, such as the dimensions, braiding angle, and 

total porosity, of the different flat braided scaffolds; 

4. To evaluate the uniaxial static and dynamic tensile properties, and the suture retention 

performance of the different flat braided scaffolds;. 
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4.2 Materials and Methods 

4.2.1 Yarn preparation 

4.2.1.1 Yarn plying 

Two or three single 146 denier 72 filament PLA yarns (Xinxiang Sunshine Textile 

Company Ltd., Henan, China) were plied together at a twist level of 50 turns per meter in the “Z” 

direction on a Model DirectTwist-2A (Agteks Ltd., Istanbul, Turkey) yarn plying machine. 

 

4.2.1.2 Tensile test 

The ultimate tensile load of the yarns under both dry and hydrated conditions was measured 

on a MTS Model Criterion 43 tensile tester (MTS Systems Corporation, Eden Prairie, MN), with 

a 50 N load cell, a 10 mm gauge length and a cross-head speed of 10 mm/min. To evaluated the 

yarns under dry conditions, the yarns were taken out, washed with DI water three times, dried in a 

vacuum desiccator overnight, and then dried in a vacuum desiccator overnight. The yarns were 

then mounted across cardboard windows measuring 10x10 mm before being clamped and tested 

on the tensile tester.  The hydrated condition was achieved by immersing the yarns into PBS at 

room temperature for 2 hours before testing. The load at failure was recorded as the highest load 

recorded for each particular yarn. Each yarn sample had four replicates. 

 

4.2.2 Braiding process 

Both 2-ply and 3-ply PLA yarns were used for the braiding process. The PLA yarns were 

first wound onto 17 Steeger bobbins on Steeger bobbin winding machine. The bobbins were then 

mounted on a Steeger 17-carrier flat braider (Steeger USA Inc., Inman, SC), and three different 
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2/2 braided structures were fabricated by changing the picks per inch (PPI) from 15 to 22.5 to 30 

PPI. 

 

Figure 4-1. Steeger 17-carrier flat braider 

 

4.2.3 Physical properties 

4.2.3.1 Dimensions 

The thickness of each braided scaffold was measured using a SDL thickness gauge (SDL 

International Limited, England). The width of each braided scaffold was measured using an 

electronic digital caliper. Each sample of braided scaffold had five replicates for their thickness 

and width measurements. 
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4.2.3.2 Braiding angle 

The samples were cut into 10-mm lengths and mounted onto aluminum SEM stubs with 

conductive carbon tape. The morphological characteristics of the grafts were observed by a Hitachi 

TM4000 scanning electron microscope (SEM) (Hitachi Ltd., Tokyo, Japan) at a 10 kV accelerating 

voltage. The SEM images were captured at magnifications of 30X. 

The braiding angle of each specimen was measured using ImageJ software. The braiding 

angle was defined as the angle between the yarn and the axial direction of the mandrel (Figure 4-

2). Each group of braided scaffolds had eight replicates.  

 

Figure 4-2. Schematic diagram showing the braiding angle (255) 

 

4.2.3.3 Total Porosity 

The total porosity of the scaffolds was calculated by the ratio of the pore volume to the 

total volume of the material. The total porosity was calculated according to the following equation 

(254): 
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𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦	(%) 	= 	K1	 −	
𝐷-
𝐷.
M	× 	100%	 = 	N1	 −	

𝑀-
𝑉-P

𝐷.
Q	× 	100%	

																																																					= K1	 −	
!'

/×1×23

4*
M	× 	100%                                       (Equation 4-2) 

where Ds is the density of the scaffold in g/cm3, Dp is the density of the polymer in g/cm3, Ms is the 

mass of the scaffold in g, Vs is the volume of the scaffold in cm3, w is the width of the scaffold in 

cm, l is the length of the scaffold in cm, and t is the thickness of the scaffold in cm. 

The mass, width, and thickness of the 10 mm long specimens were measured, and the 

density of the polymer was assumed to be 1.24 g/cm3 (234) Each braided scaffold sample had six 

replicates. 

 

4.2.4 Mechanical properties 

4.2.4.1 Tensile test 

Tensile tests were performed following ASTM D5035-11(2019) “Standard Test Method 

for Breaking Force and Elongation of Textile Fabrics (Strip Method)”. Samples were cut into 15 

cm long specimens with a hot knife, mounted on a MTS Criterion 43 tensile tester with a 1000 N 

load cell, a 30 mm gauge length, and a crosshead speed of 10 mm/min. The maximum load and 

extension at break were recorded, and the tensile strength and elastic modulus were calculated. 

Each sample of braided scaffolds had five replicates. 

 

4.2.4.2 Cyclic fatigue test 

Samples were cut into 15 cm long specimens with a hot knife. The cyclic fatigue test was 

performed on an Instron mechanical tester (Model 5944, Instron Cooperation, Norwood, MA) 

using a 30 mm gauge length. A sinusoidal cyclic load was applied to each specimen with a  
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controlled extension of 0.6 mm at a rate of 1.2 mm/s to achieve the frequency of 1 Hz for 1000 

cycles. This level of extension was chosen because the stiffness of supraspinatus tendon is about 

300 N/mm, and the highest force experienced by the supraspinatus tendon during maximum 

external rotation in an abducted posture is 175 N (19, 253). After the 1000 cycles of tensile fatigue, 

the specimens were then monotonically loaded to failure on the same Instron mechanical tester 

with a crosshead speed of 30 mm/min. The maximum tensile load and extension at break were 

recorded, and the tensile strength and elastic modulus were calculated. Each sample of braided 

scaffolds had five replicates. 

 

4.2.3 Suture retention test 

The suture retention strength of the samples was measured following a method based on 

the ISO 7198-2016 “International Standard for Cardiovascular Implants and Extracorporeal 

Systems”. A size 2 FiberWire suture (Arthrex LLC, Naples, FL) was inserted through the scaffold 

5 mm away from the cut edge perpendicular to the longitudinal direction of the specimen. The free 

end of the suture was attached to the top jaw of the tester through a capstan clamp, while the lower 

end of sample was mounted between the flat clamps of the bottom jaw. The tests were performed 

on a MTS Model Criterion 43 tensile tester with a 1000 N load cell and a crosshead speed of 200 

mm/min. Each sample of braided scaffolds had five replicates. 

 

4.3 Results 

4.3.1 Tensile properties 

As seen in Table 4-1 and Figure 4-3, the results for ultimate tensile load for both the 2-ply 

and the 3-ply PLA yarns, were not different depending on the use of hydrated or dry test conditions. 
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This was different from the tensile results of the 100% collagen yarns.  For the 2-ply PLA yarns, 

the ultimate load under hydrated conditions decreased 14% relative to testing under dry conditions 

(p = 0.3923). Similarly, for the 3-ply PLA yarns, the load to failure under hydrated conditions was 

4% lower than that under dry conditions (p = 0.8741). 

As expected, by increasing the number of plies from 2 to 3, the tensile properties of the 

PLA yarns improved significantly. The observed ultimate load for the 3-ply PLA yarn, was 41% 

higher under dry conditions (p = 0.0016) and 58% higher under hydrated conditions (p = 0.0004) 

compared to the 2-ply PLA yarn. 

 

Table 4-1. Results of ultimate tensile loads of plied PLA yarns 

Group 
Observed ultimate load (N) 

Dry Hydrated 

2-ply 7.0 ± 0.5 6.0 ± 0.9 

3-ply 9.9 ± 0.7 9.5 ± 1.1 
 

 

Figure 4-3. Ultimate loads of 2-ply and 3-ply PLA yarns under dry and hydrated condition (n = 

4 per group). ‡: p < 0.05, 2-ply vs. 3-ply PLA yarns under the same test conditions. 

 



   

 
 

109 

Although the observed ultimate load for the 2-ply PLA yarn was significantly lower than 

for the 3-ply yarn, both yarns met the minimum requirement of 0.3 N (30 grams) in order to tolerate 

the tension and be fabricated on the Steeger 17-carrier flat braider.   

 

4.3.2 Braiding 

During the braiding process, the 2-ply and 3-ply PLA yarns were fabricated into continuous 

lengths using a braid density of 15, 22.5, and 30 PPI (Figure 4-4). 

 

Figure 4-4. Scaffolds braided from 2-ply or 3-ply PLA yarns using 15, 22.5, and 30 PPI. 
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4.3.3 Physical properties 

Table 4-2. Physical properties of scaffolds 

Group Dimensions Braiding angle 
(°) Porosity (%) 

Ply PPI Thickness (mm) Width (mm) 

2 
15 0.35 ± 0.02 2.85 ± 0.13 23.0 ± 1.2 51.5 ± 4.7 

22.5 0.42 ± 0.01 2.58 ± 0.05 28.2 ± 0.7 56.5 ±1.9 
30 0.45 ± 0.02 2.60  ± 0.07 34.3 ± 1.0 58.1 ± 1.3 

3 
15 0.53 ± 0.01 3.34 ± 0.06 22.3 ± 1.0 60.7 ± 1.4 

22.5 0.56 ± 0.01 3.16 ± 0.02 28.6 ± 1.2 56.9 ± 3.6 
30 0.59 ±0.02 3.10 ± 0.09 34.4 ± 0.9 57.7 ± 2.1 

 

4.3.3.1 Dimensions 

The number of yarns being plied and braid density of picks per inch affected the thickness 

and the width of the braided scaffolds. The 3-ply 30 PPI scaffold had the thickest dimension at 

0.59 ± 0.02 mm, which was 31% thicker than the 2-ply 30 PPI scaffold (p < 0.0001). When the 

pick density was 15 PPI, the 3-ply scaffold had a 51% thicker dimension (p < 0.0001) compared 

to the 2-ply structure, whereas when the pick density was 22.5 PPI the 3-ply scaffold was 33% 

thicker than its 2-ply cousin (p < 0.0001). When comparing the pick density, the thickness was 

invariably greater when the higher 22.5 and 30 PPI were used. Specifically, the thickness of the 2-

ply group increased 20% when fabricated using 22.5 PPI (p < 0.0001) and 29% when fabricated 

using 30 PPI (p < 0.0001).  And similarly for the 3-ply group, the braid fabricated using 22.5 PPI 

was 6% thicker (p = 0.0799) and the scaffold braided using 30 PPI was 11% thicker (p < 0.0001) 

than the 15 PPI scaffold. 
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Figure 4-5. Thickness of scaffolds (n = 5 per group). ‡: p < 0.05, 2-ply vs. 3-ply with same PPI; 

*: p < 0.05;  ****: p < 0.0001, groups with same ply. 

 

The observed width of the ribbon was found to depend on the number of plies in the plied 

yarn. The scaffold braided with 2-ply yarn had a narrower width compared to the ones fabricated 

with 3-ply yarn assuming the same pick density setting. So when considering a braid density of 30 

PPI, the 2-ply PLA yarns gave a 16% narrower width at 2.60 ± 0.07 mm, than the 3-ply control 

group (p = 0.0010). Similar significant differences were observed between the 2-ply and 3-ply 

yarns at both 15 PPI and 22.5 PPI pick densities. The 3-ply scaffolds were 17% wider (p < 0.0001) 

and 22% wider (p < 0.0001) than the 2-ply scaffolds when 15 PPI and 22.5 PPI pick densities were 

used respectively. 

However, in contrast to the thickness measurements, a decrease of PPI setting led to an 

increase in width. The 2-ply ribbon with 15 PPI pick density was 10% wider (p = 0.0285)  than 

the ribbon with 22.5 PPI and also 10% wider (p = 0.0005) than the ribbon with 30 PPI. Similar 

results were found for the 3-ply scaffolds. The 3-ply ribbon with 15 PPI pick density was 2% wider 

(p = 0.8081) than the scaffold with the 22.5 PPI setting, and nearly 7% wider (p = 0.0010) 

compared to 15 PPI scaffold.   
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Figure 4-6. Width of scaffolds (n = 5 per group). ‡: p < 0.05, 2-ply vs. 3-ply with same PPI; *: p 

< 0.05;  ***: p < 0.001, groups with same ply. 

 

4.3.3.2 Braiding angle 

The density of braided structures was observed from SEM images of the braided samples 

under 30X magnification as shown in Figure 4-7, and the results of braiding angle measurements 

was calculated using ImageJ as listed in Table 4-1 and Figure 4-8. Braiding angles were larger for 

higher PPI samples, while the number of yarns plied did not affect the braiding angle (p < 0.05 for 

all three groups at same PPI). The braiding angles were the largest for the 30 PPI group (34.3 ± 

1.0 and 34.4 ± 0.9 for the 2-ply and 3-ply samples, respectively). When braided with 2-ply PLA 

yarns at 30 PPI, the braiding angles were 49% (p < 0.0001) and 22% (p < 0.0001) higher than for 

the samples braided with 2-ply PLA yarns at 15 PPI and 22.5 PPI respectively. Similarly, 

significant differences were found when the braiding angles were compared between the 15 PPI, 

22.5 PPI, and 30 PPI samples with 3-ply PLA yarns (p < 0.0001). 
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Figure 4-7. SEM images (30X) of scaffolds braided with 2-ply and 3-ply PLA yarns at 15, 22.5 

or 30 picks per inch (PPI). Scale bar = 1.0 mm. 

 

 

Figure 4-8. Braiding angle of scaffolds (n = 5 per group). ****: p < 0.0001, groups with same 

ply. 

The results of braiding angle analysis indicated that the number of yarns plied did not affect 

the braiding angle of the scaffold, but the PPI did.  With that said, an increased PPI resulted in a 

higher braiding angle. 
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4.3.3.3 Total Porosity 

All the scaffolds had over 50% total porosity, as shown in Table 4-2 and Figure 4-9. There 

was no significant difference between the 2-ply 22.5 PPI sample and the 3-ply 22.5 PPI sample or 

between the 2-ply 30 PPI sample and the 3-ply 30 PPI sample (p > 0.05).  The only statistical 

difference was found when the 2-ply 15 PPI sample (51.5 ± 4.7%) was compared with the 3-ply 

15 PPI sample (60.7 ± 1.4%, p = 0.0003). 

 

Figure 4-9. Porosity of grafts (n = 5 per group). ‡: p < 0.05, 2-ply vs. 3-ply with same PPI; *: p 

< 0.05, groups with same ply. 

 

4.3.4 Mechanical properties 

Table 4-3. Static and dynamic tensile properties of scaffolds. 

Group Static Dynamic 
(after cyclic fatigue tests) Suture 

retention 
strength (N) Ply PPI Ultimate load 

(N) 
Stiffness 
(N/mm) 

Ultimate load 
(N) 

Stiffness 
(N/mm) 

2 

15 145.4 ± 3.6 38.3 ± 0.6 87.6 ± 4.0 57.7 ± 5.6 28.8 ± 5.4 

22.5 133.2 ± 4.4 29.3 ± 0.3 87.5 ± 1.7 47.8 ±3.5 39.8 ± 4.9 

30 115.4 ± 4.0 22.3 ± 0.4 81.3 ±2.6 41.8 ±3.1 46.4 ± 2.5 

3 
15 202.8 ± 1.4 41.9 ± 0.9 141.1 ± 4.9 54.7 ± 3.8 37.3 ± 2.0 

22.5 172.1 ± 2.0 30.1 ± 0.8 131.8 ± 6.3 37.6 ± 37.9 49.6 ± 2.0 
30 140.5 ± 2.0 20.5 ± 1.1 116.4 ±8.9 37.9 ± 3.1 55.4 ± 1.9 
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4.3.4.1 Static tensile properties 

The ultimate load of the scaffolds fabricated with 2-ply and 3-ply PLA yarns at various 

levels of PPI are shown in Table 4-3 and Figure 4-10. The 3-ply 15 PPI sample showed the highest 

ultimate load as 202.8 ± 1.4 N, 18% higher than the 22.5 PPI sample (p < 0.0001) and 44% higher 

(p < 0.0001) than the 30 PPI sample made from the same 3-ply PLA yarns. The scaffold braided 

at 15 PPI with 2-ply yarns also showed the highest ultimate load comparing to the samples 

fabricated at 22.5 PPI (9%, p < 0.0001) and 30 PPI (26%, p < 0.0001). Significantly enhanced 

tensile properties were also found when the 22.5 PPI sample were compared with the 30 PPI with 

both 2-ply and 3-ply yarns. The ultimate load for the 2-ply 30 PPI scaffold was 115.4 ± 4.0 N, 

which was 13% lower than the 2-ply 22.5 PPI sample (133.2 ± 4.4 N, p < 0.0001).  And in 3-ply 

group, the failure load for the scaffold fabricated at 30 PPI was 18% less than the ultimate load for 

the 22.5 PPI sample (p < 0.0001). The results indicated that the braiding parameter of picks per 

inch significantly influenced the ultimate tensile load of the scaffolds, the lower the PPI, the higher 

the ultimate tensile load.  

The addition of one more plied yarn, significantly increased the ultimate tensile load, 

regardless of the PPI level (p < 0.0001).  
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Figure 4-10. Ultimate load of grafts (n = 5 per group). ‡: p < 0.05, 2-ply vs. 3-ply with same 

PPI; ****: p < 0.0001, groups with same ply. 

 

The stiffness of the scaffolds was affected more by the braiding parameter picks per inch 

rather than the number of plies as shown in Figure 4-11.  In fact, the highest stiffness was found 

when the lowest PPI was used, regardless of the number of yarns plied together. The 2-ply 15 PPI 

sample had the strongest resistance to bending compared to the 2-ply 22.5 PPI sample (31%, p < 

0.0001) and the 2-ply 30 PPI sample (72%, p < 0.0001). Also, the scaffolds braided at 22.5 PPI 

were stiffer than the samples braided at 30 PPI (31%, p < 0.0001). Similar results were found in 

the 3-ply samples with the 30 PPI scaffold exhibiting the lowest stiffness (20.5 ± 1.1 MPa), 51% 

lower than the 15 PPI sample (p < 0.0001) and 47% lower than the 22.5 PPI sample (p < 0.0001). 

The number of plied yarns did impact the stiffness of the scaffolds when braided at 15 PPI 

or 30 PPI (p < 0.0001 and p = 0.0083, respectively), but it did not affect the stiffness of the scaffolds 

fabricated at 22.5 PPI when the 3-ply sample was equivalent to the 2-ply sample (3%, p = 0.4526). 
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Figure 4-11. Stiffness of grafts (n = 5 per group). ‡: p < 0.05, 2-ply vs. 3-ply with same PPI; 

****: p < 0.0001, groups with same ply. 

 

Both the ultimate tensile load and stiffness are structural properties, which means that they 

can be scaled up to meet human clinical requirements. By braiding with more carriers it will be 

possible to generate a 25 mm wide and 5 mm thick scaffold for mimicking the rotator cuff tendon 

dimensions. It is worth noting that the ultimate tensile load and stiffness of the scaffolds fabricated 

with 2-ply or 3-ply PLA yarns at any of the different PPI levels meet the clinical requirement for 

rotator cuff repair (800 N of ultimate load and 300 N/mm of stiffness). 

 

4.3.4.2 Dynamic tensile properties 

The dynamic tensile properties were measured after the 6 samples had been fatigued for 

1,000 cycles. The scaffolds braided with 3-ply PLA yarns at 15 PPI required the largest tensile 

force to break at 141.1 ± 4.9 N, followed by the 3-ply 22.5 PPI sample (131.8 ± 6.3 N) and then 

the 3-ply 30 PPI sample (116.4 ± 8.9 N). The trend was consistent with the results from the static 

tensile tests when the scaffolds made from 3-ply yarns showed significantly higher ultimate tensile 
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strength compared to those scaffolds braided from 2-ply yarns with the same picks per inch (p < 

0.05).  

However, exposure to 1000 fatigue cycles, caused significant losses in ultimate tensile load 

for all the samples when compared to their initial ultimate static tensile load as described 

previously. The 2-ply 15 PPI sample fell the most: nearly 40% less compared to the initial static 

test results (p < 0.0001), and the sample that fell the least was the 3-ply 30 PPI sample which only 

decreased 17% compared to the previous static tensile test result (p < 0.0001). 

 

Figure 4-12. Ultimate load of grafts after cyclic fatigue tests (n = 5 per group). ‡: p < 0.05, 2-ply 

vs. 3-ply with same PPI; **: p < 0.01; ****: p < 0.0001, groups with same ply. 

 

When comparing the three samples of scaffolds made from 2-ply yarns after exposure to 

1,000 cycles of fatiguing, the 15 PPI sample had the highest stiffness with 57.5 ± 5.6 N/mm.  This 

value fell by 17% when braided at 22.5 PPI (47.8 ± 3.5 N/mm, p = 0.0032) and by 28% when 

braided at 30 PPI (41.8  ± 3.1 N/mm, p < 0.0001). Similar changes were observed in the stiffness 

of the fatigued 3-ply yarn samples braided at 15 PPI with those fabricated at 22.5 PPI or 30 PPI (p 

< 0.05). The fatigued 3-ply 15 PPI sample had the highest stiffness at 54.7 ± 3.8 N/mm, which was 

45% higher than that of 3-ply 22.5 PPI sample (p < 0.0001) and 44% higher than the 3-ply 30 PPI 

sample (p < 0.0001).  
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These observations are totally different from the changes in ultimate tensile load before 

and after fatiguing.  All six samples gave a significantly higher stiffness result when tested after 

1,000 cycles of fatiguing (p < 0.05), with at least a 25% increase.  And among these increases the 

2-ply 30 PPI sample had the largest increase of 87% compared to the stiffness before 1,000 cycles 

of fatiguing (p < 0.0001). 

 

Figure 4-13. Stiffness of scaffolds after 1,000 cycles of fatiguing (n = 5 per group). ‡: p < 0.05, 

2-ply vs. 3-ply with same PPI; **: p < 0.01; ****: p < 0.0001, groups with same ply. 

 

A decrease in the ultimate tensile load was found in all six samples after 1,000 cycles of 

fatigue testing, which was probably caused by the progressive damage to the fibers during 

fatiguing. On the contrary, the stiffness of the braided samples increased after the 1,000 cycles of 

fatiguing, which is believed to be caused by the uncrimping of the PLA filaments. 

 

4.3.4.3 Suture retention strength 

Both the number of plied yarns and PPI level had an impact on the suture retention strength 

of the scaffolds. When the number of plied yarns increased from 2-ply to 3-ply, the suture retention 

strength of all the samples increased significantly as shown in Figure 4-14. Specifically, the suture 



   

 
 

120 

retention strength of the 15 PPI sample rose from 28.8 ± 5.4 N by 30% to 37.3 ± 2.0 N (p = 0.0080). 

The load at failure for the suture retention test of the 22.5 PPI sample increased by 25%, from 39.8 

± 4.9 N (2-ply) to 49.6 ± 2.0 N (3-ply) (p = 0.0019). Similarly, the suture retention strength for the 

3-ply 30 PPI sample was 55.4 ± 1.9 N, which was significantly higher than that for the 2-ply 30 

PPI sample (46.4 ± 2.5 N, p = 0.0043).  

Considering the effect of PPI, a higher PPI caused an improved suture retention strength. 

The results showed that the suture retention strength was greater for the 30 PPI samples relative to 

the 15 PPI and 22.5 PPI samples, regardless of the number of yarn plies. The suture retention 

strength for the 2-ply 30 PPI sample was significantly higher than that of the 2-ply 15 PPI sample 

(61%, p < 0.0001) and the 2-ply 22.5 PPI sample (17%, p = 0.0004). When making comparisons 

between the 3-ply samples, suture retention strength of the 30 PPI scaffold increased significantly 

compared to the 15 PPI scaffold (49%, p < 0.0001) but not the 22.5 PPI scaffold (12%, p = 0.1110). 

Given the observations in this study were made on 5-mm wide scaffolds, the suture retention 

strength was greater for the 22.5 PPI samples, relative to the 15 PPI samples, for both the 2-ply 

yarns (38%, p = 0.0004), and the 3-ply yarns (33%, p = 0.0001). 

 

Figure 4-14. Suture retention strength of scaffolds (n = 5 per group). ‡: p < 0.05, 2-ply vs. 3-ply 

with same PPI; ***: p < 0.001; ****: p < 0.0001, groups with same ply. 



   

 
 

121 

4.4 Discussion 

With 2-ply and 3-ply PLA yarns, I successfully fabricated grafts with multiple structures 

by different braiding parameter picks per inch (PPI) on a Steeger 17-carrier Flat Braider. As 

described above, flat braids were fabricated from 2-ply and 3-ply PLA yarns on a Steeger 17-

carrier flat braiding machine using a range of different braid densities or picks per inch (PPI). 

Certain braiding parameters, such as the number of yarns plied together, and the picks per inch, 

led to differences in width and thickness among the samples.  Based on observations derived from 

several cadaveric studies, the average width of the rotator cuff tendon is 15 - 25 mm and its average 

thickness is approximately 5 mm, which are 5 - 10 times wider and thicker than the experimental 

braids (20, 231, 232). Since the scaffolds made for this project were fabricated on a laboratory 17 

carrier Steeger flat braiding machine, the braider was not designed for industrial production. So in 

order to achieve a wider dimension that matches a human rotator cuff tendon, a larger braider with 

more carriers will be needed for scale-up. 

When comparing the total porosities of the samples, we found that the scaffolds had similar 

average total porosities, ranging from 51.5 – 60.7%, despite the differences in the number of yarns 

plied and the picks per inch, Although the total porosity was lower than for those structures made 

from freeze-dried collagen sponges (94%) or woven collagen scaffolds (81%), the total porosity 

of all the samples was within the recommend range (50-80%), indicating that the braided scaffold 

structures should be able to provide sufficient space for oxygen and nutrient infiltration, and hence 

support cell proliferation and migration (196, 235).  

With regards to the scaffold’s mechanical performance, the ultimate tensile load was also 

changed by the number of yarns being plied and the braiding parameter of picks per inch. As 

expected, the ultimate tensile load increased with a more yarns plied together at a lower PPI.  This 
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means that the 3-ply 15 PPI scaffold had the highest ultimate load (202.8 ± 1.4 N) among all 6 

samples, while the 2-ply 30 PPI scaffold had the lowest ultimate tensile load (115.4 ± 4.0 N). 

Sahoo et al. used a knitting technique to fabricate a 20 x 40 mm scaffold from PLGA yarns and it 

achieved a 56.4 N initial failure load during mechanical testing, which was lower than the braided 

samples produced during Sahoo's project with a smaller dimension (148).When compared to a 

previous study that fabricated woven scaffolds from PLA yarns (314.6 N), the braided structure 

showed a lower ultimate tensile load (236). However, comparing that the 15 mm wide woven 

scaffold was 15 mm wide with the 3 mm wide braided sample, it is clear that a higher ultimate 

tensile load was achieved with the larger braider fabricating a 15-mm wide structure regardless of 

the number of plies of PLA yarn and the PPI level. By scaling up the width of the scaffold to match 

the width of the human rotator cuff tendon (25 mm), the tensile ultimate load can be predicted to 

be in the 970 – 1720 N range. While this range is lower than the ultimate tensile load for 

commercially available synthetic scaffolds such as the X-repair (2500N), it is significantly superior 

to the ultimate tensile load for biological grafts, such as Artelon SportMesh (160 N), Allopatch 

HD (350 N), and GraftJacket Extreme (532 N), which only just meet the minimum requirement 

for a repaired rotator cuff tendon of 800 N (119, 133, 134).  

After any surgical procedure, early rehabilitation and physiotherapy are recommended in 

order to prevent joint stiffness. This requires superior mechanical properties for the implanted 

scaffold compared to the adjoining host tissue. As reported previously for human cadaver tendons 

the ultimate tensile load of the infraspinatus tendon is 2005 N compared to the subscapularis and 

supraspinatus tendons which are lower at 1724 N and 652 N respectively. It has been recommended 

that a scaffold designed for rotator cuff tendon repair needs to meet the requirement of a minimum 

ultimate tensile load of 800 N and a minimum stiffness of 200 N/mm (19, 51, 112-114).  
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From the perspective of stiffness, a braided structure has shown great resistant to 

deformation than a knitted structure. The stiffness of the braided scaffolds was also affected by the 

braided structure such as the picks per inch and the number of plied yarns. In order to achieve a 

stiffer structure, a higher number of plied yarns and a lower PPI are recommended. In this study, 

the stiffness of the braided scaffolds ranged from 20.5 N/mm to 41.9 N/mm, higher than the 

structure knitted from PLGA yarns (5.8 N/mm) (148).When scaling up the braided structure to a 

25 mm width for human clinical application, the stiffness of the commercially available biological 

grafts lies in the range of 174.3 N/mm to 356.2 N/mm, while the stiffness of the Artelon SportMesh 

is 19.6 N/mm, the Allopatch HD2 is 91.5 N/mm, and the GraftJacket Extreme is 146.6 N/mm, as 

reported in the literature (119, 133, 134).  

Both the ultimate tensile load and stiffness are structural properties, which means that they 

can be scaled up to meet human clinical requirements. By braiding with more carriers it will be 

possible to generate a 25 mm wide and 5 mm thick scaffold for mimicking the rotator cuff tendon 

dimensions. It is worth noting that the ultimate tensile load and stiffness of the scaffolds fabricated 

with 2-ply or 3-ply PLA yarns at any of the different PPI levels meet the clinical requirement for 

rotator cuff repair. The suture retention strength is a key mechanical property that affects the 

function of an implantable graft or scaffold.  It is defined as the peak load when a surgical wire or 

metallic suture is pulled out the graft or scaffold structure after being inserted at a fixed distance 

(usually 5 mm) from the edge of the graft or scaffold. During this study, the suture retention 

strength ranged from 28.8 ± 5.4 N to 55.4 ± 1.9 N. The observed value was higher with more plied 

yarns and with a higher PPI level.  This is understandable because a higher suture retention strength 

is achieved with more yarns to hold the suture, and a larger braiding angle so more yarns can 

support the force in the direction perpendicular to the direction of the applied load.  
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The braided PLA samples in this study gave a greater suture retention strength than the 

Zimmer commercial collagen device which was reported to have a suture retention strength value 

of 30.2 ± 7.9 N (237). However, none of the experimentally braided scaffolds had a suture retention 

strength higher than the commercial devices such as the Artelon SportMesh (82 N), the GraftJacket 

Extreme (229 N), or the X-Repair device(280 N).  It is believed that this was probably due to the 

thin structure of the braided PLA scaffolds compared to the commercial devices (119, 133, 134). 

 

4.5 Conclusions 

This project successfully fabricated scaffolds with 2-ply and 3-ply PLA yarns using a flat 

braiding technique with a range of different picks per inch (15, 22.5, and 30 PPI). Both the number 

of plied yarns and the PPI level affected the dimensional properties and the mechanical 

performance of the scaffolds.  In order to braid a wider and thicker scaffold, it is recommended to 

use more plied yarns. The total porosity of the braided scaffolds was in the recommended range 

for tendon tissue engineering so the scaffold is able to support nutritional exchange. The braiding 

angle was only affected by the picks per inch (PPI) braiding parameter, not by the number of yarn 

plies used for the braiding operation. A higher braiding angle was found to lead to a denser 

structure. 

Number of plied yarns used for the fabrication operation and braiding parameter picks per 

inch had a strong influence on the mechanical performance of the braided scaffolds, such as the 

ultimate tensile load and the stiffness. Due to the limited number of carriers on the flat braider used 

in the study that the width of the braided ribbon was narrower than required for the repair of a 

human rotator cuff tendon, but by using a larger industrial braiding machine with more carriers, 

the clinically required ultimate tensile load and stiffness will be met so the repair of the rotator 
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cuff tendon will be possible with both 2-ply and 3-ply PLA yarns at a range of different PPI levels. 

After 1,000 cycles of fatigue, the ultimate tensile strength of the scaffolds decreased due to the 

inherent fatigue damage to the yarns. However, at the same time, the stiffness of the scaffolds 

increased, which is most likely due to the uncrimping process of the yarns. The suture retention 

strength of the braided scaffolds did not compare with commercially available biological grafts, 

and did not meet the minimum requirement for clinical rotator cuff tendon repair. Additional 

studies to improve this feature are recommended. In order to best meet the requirement for human 

rotator cuff tendon repair, it is proposed to use a 3-ply 30 PPI scaffold for future research on this 

project. 
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CHAPTER 5 BIOLOGICAL EVALUATIONS ON THE SCAFFOLD 

5.1 Introduction 

Rotator cuff tears are one of the most common conditions affecting shoulder function and 

causing substantial pain (2, 238). Over 300,000 rotator cuff surgeries are performed annually in 

the United States. The most common technique orthopedic surgeons currently use for large to 

massive tendon tears is to bridge the gap between the torn tendon and the original anatomic 

footprint with a biological graft; however, the failure rate for these repairs remains close to 100% 

(3, 239, 240). The high retear rate is caused by weak mechanical support provided by commercial 

biological grafts and particularly by the lack of enthesis formation, since second ruptures usually 

occur at the tendon-bone insertion site (9). 

A tissue engineering approach, with the combination of scaffold, cells, and bioactive 

molecules, has the potential not only to provide sustained mechanical augmentation during the 

critical first 12 weeks but also to enhance the healing potential of torn tendons (10, 111). As 

discussed in Chapter 4, a polylactic acid (PLA) braided scaffold was fabricated with desirable 

mechanical properties, and PLA is a United States Food and Drug Administration (FDA)-approved 

material for tendon repair. However, as reported in the literature, the hydrophobicity and lack of a 

cell recognition on the surface of PLA may prevent cells from adhering onto the graft (12, 228).  

Alkaline hydrolysis of polymers is one of the surface modification methods that has been 

proposed in the past to enhance the hydrophilicity. For example, the contact angle of poly(lactic-

co-glycolic acid) (PLGA) decreased when an electrospun sample was treated with 0.1 N sodium 

hydroxide (NaOH) solution for 5 minutes (228). Collagen, the most abundant protein in mammals, 

is a common coating solution used to imitate the extracellular matrix on the graft surface and thus 

promote cell adhesion and growth (189). While studies have examined the effect of hydrolysis 
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with NaOH followed by collagen coating on PLGA scaffolds for skin and cartilage repair (189, 

241), the interactions between tendon cells and three-dimensional hydrolyzed PLA scaffolds with 

a collagen coating have not been reported.  

Tendon-derived stem cells (TDSCs) are a unique cell population isolated from tendon 

tissue in recent years, have multi-differentiation potential and a faster proliferation rate and higher 

differentiation potential compared to bone marrow-derived mesenchymal stem cells (BMSCs), 

another widely investigated cell type for rotator cuff tissue engineering (14, 15, 173). Studies have 

demonstrated that TDSCs promoted tendon healing when used as the source for cell therapy or 

platelet-rich plasma treatment, and TDSCs formed into a cell sheet and  then implanted as a graft 

enhanced tendon remodeling in the early stages of tendon healing (16-18). When the TDSCs were 

loaded on fibrin or stentless tendon tissue and implanted in tendon defect models, healing 

efficiency and collagen production were improved (177, 182). While these studies demonstrated 

the potential of TDSC to accelerate tendon healing process, no previous study has examined the 

differentiation performance of TDSC on a braided PLA graft. 

Taken together, the performance of PLA grafts seeded with TDSCs has not yet been 

investigated for tendon tissue engineering. Therefore, the objective of this study was to explore 

whether braided PLA grafts can be used for rotator cuff tissue engineering in terms of excellent 

biological performance with tendon-derived stem cells and supporting of their differentiation, with 

the following specific aims: 

1. To harvest cells from Sprague Dawley rat tendon tissues and isolate purified cell lines 

of tenocytes and tendon-derived stem cells. 



   

 
 

128 

2. To modify the braided polylactic acid graft by alkaline hydrolysis and collagen coating 

to improve the biological interaction between the synthetic graft and tendon-derived 

cells. 

3. To demonstrate the potential of the surface-modified polylactic acid graft to support 

rotator cuff tissue engineering by inducing tenogenic differentiation of the purified 

tendon-derived stem cells on the graft. 

 

5.2 Materials and Methods 

5.2.1 Cell Harvest, Separation, and Characterization 

5.2.1.1 Cell Harvest 

Tendon-derived cells were harvested from rat Achilles tendons and patellar tendons, which 

were dissected from 2- to 4-week-old Sprague Dawley rats sacrificed as part of another study. 

After rinsing with a sterile solution of 1X phosphate buffered saline (PBS) mixed with 10% 

penicillin-streptomycin solution, the tendon tissues were cut with surgical scissors into 1´1´1 mm3 

pieces. The cut and minced tendon tissues were then placed into the collagenase solution which 

was serum-free low-glucose Dulbecco's Modified Eagle’s Medium (LG-DMEM) contained 3 

mg/mL collagenase type I (Sigma-Aldrich). After being incubated in a 37°C water bath overnight, 

the collagenase solution was filtered with a 70-micron mesh cell strainer and spun down at 2000 

rpm for 5 minutes. 

 

5.2.1.2 Cell Separation 

A magnetic-activated cell sorting (MACS) technique was used to separate tenocytes and 

TDSCs from the tendon-derived cells. The principle of MACS to separate cells is by binding 
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targeted cells with surface markers to magnetic particles through an antibody interaction and 

therefore isolating the targeted cells from the rest of the cell population. In this study, the targeted 

cells were TDSCs, and the unlabeled cells were tenocytes. The cell pellets obtained from the 

previous step after cell harvest were resuspending using 1 mL rinsing buffer. To prepare the rinsing 

buffer, ethylenediaminetetraacetic acid (EDTA) was dissolved in PBS containing 2% fetal bovine 

serum (FBS, Corning Inc., Corning, NY) to a concentration of 2 mM, sterilized with a 0.22-μm 

pore size filter (Corning Inc., Corning, NY) and stored at 4°C until needed. The primary antibody 

of 10 μL mouse anti-rat IgG1 anti-aggrecan (Invitrogenä, Thermo Fisher Scientific Corporation, 

Waltham, MA) was added to the buffer and incubated at 4°C for 30 minutes. After 30 minutes, 9 

mL rinsing buffer were added and cell numbers were counted by using a hemocytometer. After 

centrifuging the suspension at 2000 rpm for 5 minutes, the cells were resuspended with a rinsing 

buffer containing anti-mouse IgG MACS MicroBeads (Miltenyi Biotec Company, Bergisch 

Gladbach, Germany) at the ratio of 20 μL microbeads and 80 μL rinsing buffer for every 107 cells 

and then incubated at 4°C for 20 minutes. During incubation, the MACS ® column was prepared 

by fitting the column onto a MACS separator and running 500 μL rinsing buffer through the 

column twice. The cell suspension was washed with 2 mL rinsing buffer per 107 cells, centrifuged 

again at 2,000 rpm for 5 minutes, and resuspended up to 108 cells in 500 μL rinsing buffer. The 

cell suspension was then passed through the column with the unlabeled cell suspension (tenocytes) 

collected in a 15 mL tube in the bottom. The column was washed with 500 μL rinsing buffer three 

times with the solution all collected in the same tube. After waiting until the rinsing buffer had 

completely passed through the column, a new 15 mL collection tube was placed at the bottom. An 

additional 1 mL rinsing buffer was added, and the MACS plunger was used to push the buffer 

through the column, and the labeled cell suspension (TDSCs) was collected in the tube.  
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Both tenocytes and TDSCs cell numbers were counted and subcultured in T75 flasks at 

37°C with 5% CO2 to allow proliferation . At the same time, 2´104 of tenocytes and tendon-derived 

stem cells were each seeded in separate chambers of an 8-chamber slide for immunofluorescence 

staining, and 5´105 cells of each cell type were seeded in two separate wells of a 12-well plate for 

polymerase chain reaction. The culture medium for tenocytes contained DMEM with 10% FBS 

and 1% penicillin-streptomycin solution, and the culture medium for TDSCs contained LG-

DMEM with 10% FBS and 1% penicillin-streptomycin solution. The culture media were changed 

every other day. 

 

5.2.1.3 Cell Characterization 

5.2.1.3.1 Immunofluorescence Staining of Cell Monolayers 

On day 1 after cell separation via MACS, immunofluorescence (IF) staining was used to 

determine the protein expression of both tenocytes and TDSCs. IF staining detected antigens in 

cells by utilizing the antibodies’ specific binding abilities; the targeted antigen is labeled with the 

primary antibody, and then the primary antibody binds to the fluorescent secondary antibody, 

which is detected by its fluorescent signal.  

The IF process started with fixation by washing the cells with 1X PBS twice, incubating 

cells with 4% paraformaldehyde (PFA) in 1X PBS for 20 minutes, and washing cells again with 

1X PBS twice. After fixation, the cells were washed three times for 5 minutes each with 200 μL 

1X PBS with 0.1% Tween-20, then for 15 minutes with 0.1% Triton X-100, and finally three time 

for 5 minutes each with 0.1% Tween-20 in 1X PBS. The blocking buffer containing 2% (w/v) 

bovine serum albumin (BSA) and 2% (v/v) goat serum was prepared fresh and added to sections 

to prevent non-specific binding of antibodies or other reagents to the cells. After a 60-minute 
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incubation with the blocking buffer, the primary antibodies were paired and diluted in the blocking 

buffer using dilutions listed in Table 5-1. Primary antibodies for tenomodulin (Tnmd) and 

aggrecan (Acan) were paired, and primary antibodies for scleraxis (Scx) and alkaline phosphatase 

(Alpl) were paired. Cells were incubated in the primary antibody solution for 1 hour, and unbound 

primary antibodies were removed by washing with 0.1% Tween-20 three times for 5 minutes each 

before adding the secondary antibody solution. All the steps were performed at room temperature. 

Table 5-1. Information for primary antibodies 

Marker Primary antibody  Dilution ratio Vendor 

Tnmd Rabbit anti-Rat anti-Tnmd IgG (H+L) 1:250 Bioss: BS-7525R 

Scx Mouse anti-Rat anti-Scx IgG2a  1:250 Santa Cruz: SC-518082 

Acan Mouse anti-Rat anti-Acan IgG1, kappa  1:100 Invitrogenä: MA3-16888 

Alpl Rabbit anti-Rat anti-Alpl IgG  1:100 Invitrogenä: MA5-24845 
 

Corresponding secondary antibodies (Table 5-2) were diluted at a ratio of 1:250 in a 10% 

blocking buffer and added to the samples to bind specific primary antibodies, using an incubation 

period of 60 minutes in the dark. The samples were kept in the dark to avoid photobleaching of 

the dyes caused by the extensive exposure to light, which may affect secondary antibody conjugate 

performance. After incubation, the samples were washed three times for 5 minutes each in 0.1% 

Tween-20. Cells were then cultured for 5 minutes with Hoechst (Invitrogen™, Thermo Fisher 

Scientific Corporation, Waltham, MA) in 1X PBS (1:1000) for cell nucleus staining and then 

washed with 1X PBS. Two drops of anti-fade mounting medium were added to each slide inhibit 

rapid photobleaching of the fluorescent dyes, and a coverslip was used to cover the slide. Samples 

were imaged under 40X magnification for cell nuclei and corresponding proteins using the DAPI 

(Ex/Em 358 nm/461 nm), GFP (Ex/Em 488 nm/515 nm), and TX Red (Ex/Em 570 nm/602 nm) 

channels on an EVOS2 Microscope (Thermo Fisher Scientific Corporation, Waltham, MA). 
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Table 5-2. Information for secondary antibodies. All dilution ratios were 1:250. 
Marker Primary antibody Vendor 

Tnmd Goat anti-Rabbit IgG(H+L),  
Alexa Fluorä 488  Invitrogenä: A-11008 

Scx Goat anti-Mouse IgG2a,  
Alexa Fluorä 488 Invitrogenä: A-21131 

Acan Goat anti-Mouse IgG1,  
Alexa Fluorä 594  Invitrogenä: A-21125 

Alpl Goat anti-Rabbit IgG(H+L),  
Alexa Fluorä 594 Invitrogenä: A-11012 

 

5.2.1.3.2 Quantitative Polymerase Chain Reaction for Cell Moonlayeres 

On Day 1 after MACS, quantitative polymerase chain reaction (qPCR, or real-time PCR) 

was also performed to measure the gene expression of the targeted DNA molecules. Generally, a 

polymerase chain reaction contains 4 steps. The first step is denaturation, in which the nucleic acid 

double chain is separated into single strands at around 95°C. Then the temperature decreases to 

around 50 - 60°C, and primers with certain sequences anneal to the original strand for the synthesis 

of a new strand. After this, the temperature increases to between 68 and 72°C to facilitate 

polymerization with the presence of DNA polymerase. Finally, the fluorescence emitted by the 

fluorescent dye, which is bound with double-stranded DNA (dsDNA), is measured (242). 

Consequently, the PCR products accumulated during the reactions are measured by tracking the 

overall fluorescence emission in the thermal cycler, and gene expression is quantified. Because 

DNA is used as the template in PCR reactions, the formation of complementary DNA (cDNA) is 

required, and this is achieved by reverse transcription of the purified messenger RNA (mRNA). 

In this study, a Total RNA Purification Micro Kit (Norgen Biotek Corporation, Thorold, 

Canada) was used to extract and purify mRNA. The cells were first lysed by the RL buffer in the 

kit. To isolate mRNA, the genomic DNA (gDNA) was removed by being bound to the gDNA 

removal column after centrifuging and discarding the column. Then the RNA was bound to the 
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purification micro-column by adding 100% ethanol and centrifuging at 13,000 rpm for 1 minute. 

After rinsing three times with the wash solution A buffer followed by centrifuging at 13,000 rpm 

for 1 minute each time, the RNA was eluted from the column by adding 30 μL elute buffer and 

centrifuging at 13,000 rpm for 2 minutes. The elution process was performed twice, producing 60 

μL solution containing purified RNA.  

The RNA concentration was measured with a spectrophotometer (NanoDrop™ One 

Microvolume UV-Vis Spectrophotometer, Thermo Fisher Scientific Corporation, Waltham, MA), 

using nuclease free water (Invitrogen™, Thermo Fisher Scientific Corporation, Waltham, MA) as 

a blank. RNA concentration was recorded as the average of three replicates per sample. To obtain 

constant RNA concentrations, nuclease free water was used to dilute all RNA samples to a final 

concentration of 40 ng/mL. 

After the RNA quantification and dilution, a High-Capacity cDNA Reverse Transcription 

(RT) Kit (Applied Biosystems™, Thermo Fisher Scientific Corporation, Waltham, MA) was used 

to prepare samples for cDNA synthesis. Every 10 μL of 40 ng/mL RNA sample was mixed with 

10 μL RT mix. The components and corresponding volumes comprising the 10 μL RT mix are 

listed in Table 5-3.  All the preparations were performed on ice.  

 

Table 5-3. Components in 10 μL reverse transcription mix 

Component Volume (μL) 

10X RT buffer 2.0 

10X RT random primers 2.0 

25X dNTP mix 0.8 

Multiscribe reverse transcriptase 1.0 

Nuclease free water 4.2 
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After the RT mix was prepared, 10 μL RT was added to 10 μL RNA sample in individual 

micro tubes and mixed well by pipetting up and down. The tubes were sealed and loaded in a 

MiniAmp™ thermal cycler (Applied Biosystems™, Thermo Fisher Scientific Corporation, 

Waltham, MA) to perform reverse transcription. The program was set to cycle the samples to 25°C 

for 10 minutes for primer annealing, then 37°C for 120 minutes for DNA polymerization, and 

85°C for 5 minutes for enzyme deactivation, followed by storage at 4°C. 

After the cDNA was synthesized, samples were mixed with specific sequence primers with 

the fluorescent dyes for PCR. The dsDNA fluorescent dye used in this study was PowerSYBR™ 

Green PCR Master Mix (Applied Biosystems™, Thermo Fisher Scientific Corporation, Waltham, 

MA). The primers were obtained from Integrated DNA Technologies, Inc. (Coralville, Iowa) with 

detailed information listed in Table 5-4. The primers were diluted with IDTE (1X TE solution, 

Integrated DNA Technologies, Inc., Coralville, Iowa) to achieve a constant concentration of 10 

mM. Every 2 μL cDNA (total 40 ng) was mixed with 10 μL SYBR™ Green, 1 μL forward primer, 

1μL of reverse primer, and 6 μL of nuclease free water, resulting in a total volume for each reaction 

solution of 20 μL. The whole process of PCR preparation was performed on ice. 
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Table 5-4. Primer sequences and conditions for polymerase chain reaction 

Gene Primer Sequence (5’-3’) Annealing temperature (°C) 

ACTB F: TGAAGTACCCCATCGAGCACG 
R: CAAACATGATCTGGGTCATCTTCTC 55 

Tnmd F: CCATGCTGGATGAGAGAGGT 
R: CTCGTCCTCCTTGGTAGCAG 55 

Scx F: TCTCCAAGATTGAGACGCTG 
R: TCTGTTTGGGCTGGGTGTTC 60 

 Sox9 F: AGAGCGTTGCTCGGAACTGT 
R: TCCTGGACCGAAACTGGTAAA 60 

Acan F: CTTGGGCAGAAGAAAGATCG 
R: GTGCTTGTAGGTGTTGGGGT 58 

Runx2 F: CCGATGGGACCGTGGTT 
R: CAGCAGAGGCATTTCGTAGCT 60 

Alpl F: TCCGTGGGTCGGATTCCT 
R: GCCGGCCCAAGAGAGAA 58 

ACTB: β-actin; Tnmd: tenomodulin; Scx: scleraxis; Sox9: SRY-Box transcription factor 

9; Acan: aggrecan; Runx2: Runt-related transcription factor 2; Alpl: alkaline phosphatase; F: 

forward; R: reverse. 

 

Table 5-5. Steps in the polymerase chain reaction 

Step Temperature (°C) Time Cycles 

1 50 2 minutes 1 

2 95 10 minutes 1 

3 
a 95 15 seconds 

40 
b 60 1 minute 

4 
a 95 15 seconds 

1 
b 60 1 minute 

Hold 4 ∞ - 
 

After the 20 μL reaction solution was added into each well of the 96-well plate, sealing 

tape was used to cover the well plate to prevent solution loss from evaporation during the thermal 

cycles, and the plate was centrifuged at 1,000 rpm for 2 minutes to mix the components. The 96-
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well plate was then loaded into a QuantStudio™ 3 Real-Time PCR System (Thermo Fisher 

Scientific Corporation, Waltham, MA). The PCR program consisted of the following steps (Table 

5-5): 1)50°C for 2 minutes, 2) denaturation at 95°C for 10 minutes, 3) 40 cycles of 95°C for 15 

seconds followed by annealing at 60°C for 1 minute, 4) 1 cycle of 95°C for 15 seconds followed 

by 60°C for 1 minute, and finally an indefinite holding period at 4°C until the plate is removed. 

The expression of targeted genes was normalized to expression of the β-actin gene. Relative gene 

expression was calculated using the 2-△△CT formula.  

 

5.2.2 Graft Modification 

5.2.2.1 Sodium Hydroxide Activation Process 

The 3-ply, 30 PPI PLA braided grafts were divided into three groups, one group did not 

receive any treatment, and the other two groups were treated with 2.0 mol/L sodium hydroxide 

(NaOH) solution for 60 minutes. The treated PLA grafts were then washed with deionized (DI) 

water three times to remove the residue of the reagents, and then all three groups of PLA grafts 

were vacuum dried at room temperature for 24 hours for the subsequent experiments. 

 

5.2.2.2 Collagen Coating Process 

After NaOH activation, the 3-ply, 30 PPI braided PLA grafts were activated with 2.0 mol/L 

NaOH for 60 minutes and then coated with 500 μg/mL type I collagen (RatCol®, Advanced 

BioMatrix, Carlsbad, CA) at 4°C for 24 hours. 
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5.2.2.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy was used to get information about 

functional groups on the sample surface. Both nontreated PLA grafts and NaOH-activated PLA 

grafts were cut into 3-cm long specimens with a hot knife. These samples were measured in 

absorbance mode between 4000 and 400 cm-1 wavenumbers on a FTIR spectrophotometer 

(Thermo Scientific NICOLET iS50FT-IR), with a resolution of 4 cm-1. A diamond crystal was 

used as part of the attenuated total reflection (ATR) attachment. The FTIR spectra were generated 

from an average of 64 scans, and they were then analyzed using OMNIC software (Thermo 

Scientific, Madison, WI, USA) with an ATR correction to remove the crystal. 

 

5.2.2.4 Time-of-Flight Secondary Ion Mass Spectrometry 

Time-of-flight secondary ion mass spectrometry (ToF SIMS) is a highly sensitive surface 

analytical technique used to obtain elemental and molecular information at a surface (243). In this 

study, ToF SIMS was performed on a TOF SIMS V (IONTOF, Inc., Chestnut Ridge, NY). Bi and 

Cs ion columns were oriented at 45° with respect to the normal sample surface. The analysis 

chamber pressure was maintained below 5.0´10-9 mbar to avoid contamination of the surface. A 

pulsed Bi3+ primary ion beam at 25 keV impact energy with less than 1 ns pulse width was used. 

An electron gun was used to prevent charge buildup on the insulting sample surfaces. The mass 

resolution on a standard Si wafer was about 8000m/△m at 29 AMU.  

 

 

 

 



   

 
 

138 

5.2.3 Graft Interaction with Cells 

5.2.3.1 Graft Preparation and Cell Seeding 

To investigate the graft interactions with tenocytes, we used non-treated PLA grafts, 

NaOH-activated PLA grafts, collagen-coated PLA grafts, collagen-coated NaOH-activated PLA 

grafts and commercial collagen based rotator cuff repair implant called “REGENETEN” (Smith + 

Nephew, London, United Kingdom). To assess the performance of TDSCs on the graft, we used 

collagen-coated NaOH-activated PLA graft and the REGENETEN commercial product. All the 

grafts were cut into 2 cm length specimens and sterilized in an Anprolene AN74i ethylene oxide 

sterilizer (Andersen Products Inc., Haw River, NC) over a period of 12 hours, followed by at least 

2 hours of aeration.  

Grafts were placed into 12-well plates with one graft per well, using three replicates for 

each group. Isolated tenocytes and TDSCs (See Section 5.2.1.2) were separately seeded at a 

density of 2´105 cells per graft by adding dropwise 20 μL cell suspension with a concentration of 

10 million cells/mL. The cells were then incubated at 37°C with 5% CO2 for 30 minutes to allow 

for cell attachment. Then the samples were transferred to new 12-well plates, and 2 mL culture 

medium was added into each well. For a positive control, tenocytes and TDSCs were each seeded 

with 2 mL culture medium at density of 2´105 per well without grafts. The culture medium for 

tenocytes contained DMEM with 10% FBS and 1% penicillin/streptomycin, and the culture 

medium for TDSCs was LG-DMEM with 10% FBS and 1% penicillin/streptomycin. All the 

culture media were changed every other day. 

  

 

 



   

 
 

139 

5.2.3.2 Cell Viability 

On Days 1, 3, 5 and 7, cell viability was monitored by the Live/Dead™ assay 

(Invitrogen™, Thermo Fisher Scientific Corporation, Waltham, MA). The Live/Dead™ assay 

contained calcein AM, a cell permeant dye as the live cell indicator, and BOBO-3 iodide as the 

dead cell indicator. The cell culture medium was replaced by diluted Live/Dead™ reagent 

(Live/Dead™: 1X PBS = 1:1), and the cells were cultured in the dark at 37°C with 5% CO2 for 15 

minutes. After a 15-minute incubation, the cells were imaged at a magnification of 4X via the GFP 

(Ex/Em 488 nm/515 nm) and TX Red (Ex/Em 570nm/602 nm) channels on EVOS2 microscope 

(Thermo Fisher Scientific Corporation, Waltham, MA). After the Live/Dead™ assay, the samples 

were washed three times with sterile 1X PBS, and then 2 mL of fresh cell culture medium was 

then added into each well.  

 

5.2.3.3 Cell Proliferation 

On Days 1, 3, 5, and 7, the cell numbers were determined by a cell metabolic activity assay 

using alamarBlue™ (Invitrogen™, Thermo Fisher Scientific Corporation, Waltham, MA). The 

regular culture media was replaced with culture medium mixed with 10% alamarBlue™ reagent, 

and the cells were cultured in the dark at 37°C with 5% CO2 for 4 hours. After the 4-hour 

incubation, due to the metabolic activity of the cells, the non-fluorescent blue resazurin in the 

alamarBlue™ reagent turned into fluorescent red resorufin. Using three replicates for each sample, 

100 μL media were transferred from each sample into a 96-well plate. Fluorescence was measured 

at 550 nm excitation and 590 nm emission wavelengths using a Tecan GENios microplate reader 

(Tecan Trading AG, Switzerland). Culture medium with 10% alamarBlue™ was used as the 
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negative control, and autoclaved culture medium with 10% alamarBlue™ used as the positive 

control. The percentage alamarBlue reduction was calculated following the equation below: 

𝑎𝑙𝑎𝑚𝑎𝑟𝐵𝑙𝑢𝑒	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	(%) 	= 	 )*'()*+,#)*$#
)*-##)*$#

	× 	100%       (Equation 5-1) 

where FLsample is the fluorescence of the sample, FLNC is the fluorescence of the negative 

control, and FLPC is the fluorescence of the positive control. After the alamarBlue™ assay, the 

samples were washed three times with 1X PBS, and 2 mL of fresh cell culture medium was added 

into each well.  

To calculate the cell numbers at each time point for each sample, specific densities (1´104, 

5´104,1´105, and 5´105 cells/well) of tenocytes or TDSCs were seeded into each well of a 24-well 

plate, with three wells for each seeding density. The alamarBlue™ assay was performed, and a 

calibration curve was generated based on the percentages alamarBlue reduction and known cell 

numbers. 

 

5.2.4 TDSCs Differentiation on Grafts 

5.2.4.1 Graft Preparation and Cell Seeding 

The 3-ply, 30 PPI PLA grafts were activated with 2.0 mol/L NaOH at room temperature 

for 1 hour and then coated with 500 μg/mL type I collagen solution at 4°C for 24 hours. No extra 

treatment was performed for the REGENTEN commercial control. Grafts were cut with a hot knife 

into 2 cm length specimens for qPCR and 1 cm length specimens for IF. All the graft samples were 

sterilized in an Anprolene AN74i ethylene oxide sterilizer (Andersen Products Inc., Haw River, 

NC) over a period of 12 hours, followed by at least 2 hours of aeration.  

The isolated TDSCs (See Section 5.2.1.2) were cultured until confluency and used for cell 

seeding. For qPCR experiments, grafts were placed into 12-well plates and seeded with 1´106 cells 
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per graft, and for IF, grafts were placed in 24-well plates and seeded with 2.5´105 cells per graft. 

After seeding, the cells were then incubated at 37°C with 5% CO2 for 30 minutes to allow for cell 

attachment. Then the samples were transferred to new 12-well or 24-well plates, and 1 mL or 2 

mL differentiation medium was added into each well. As a positive control in the qPCR 

experiments, 5´105 TDSCs were also seeded without grafts in 12-well plates. The differentiation 

medium consisted of DMEM with 10% FBS and 1% penicillin/streptomycin and was changed 

every other day. 

 

5.2.4.2 Immunofluorescence Staining of Cells on Grafts 

After a 7 days of induced differentiation, immunofluorescence staining was used to observe 

the protein expression by the cells. The same primary antibodies were used as described in Section  

5.2.1.3.1, for characterizing protein expression of cell monolayers: tenomodulin (Tnmd) and 

scleraxis (Scx) as tenogenic markers, aggrecan (Acan) as the chondrogenic marker and alkaline 

phosphatase (Alpl) as the osteogenic marker. The same steps were performed as described for IF 

of stained cell monolayers: fixation, permeabilization, blocking, primary and secondary antibody 

staining, and cell nucleus staining. Considering the three-dimensional space provided by the grafts 

for the cells, the incubation time was prolonged, as detailed below. 

The samples were washed in 1X PBS twice and then fixed with 4% PFA in 1X PBS for 20 

minutes. To permeabilize cell membranes, the samples were incubated at room temperature for 30 

minutes with Triton-100 and then washed with 0.1% Tween-20 three times for 5 minutes each. 

After that, samples were left at room temperature in the blocking buffer for 3 hours. As for IF in 

the cell monolayers, Tnmd and Acan were paired and Scx and Alpl were paired and added to the 

samples together. Tnmd and Scx were mixed with the blocking buffer using a dilution ratio of 
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1:250, while Acan and Alpl were diluted with the blocking buffer at a ratio of 1:100. All the 

samples were incubated in the primary antibody solution overnight at 4°C with parafilm and 

aluminum foil covering the plates. Before adding secondary antibodies, the samples were washed 

with 0.1% Tween-20 three times for 10 minutes each to remove the primary antibody residues. All 

secondary antibodies were diluted in 10% blocking buffer at a ratio of 1:250, added to the samples, 

and incubated overnight at 4°C to allow binding to the primary antibodies. To obtain better images 

with less noise, the samples were washed in 0.1% Tween-20 three times for 2 hours each before 

nuclear staining with Hoechst in 1X PBS (1:1000). After washing in 1X PBS three 10-minute each, 

the samples were immersed in anti-fade mounting medium to prepare them for confocal 

microscopy. 

Imaging of the cells on the grafts was performed in the Cellular and Molecular Imaging 

Facility (CMIF) at North Carolina State University using a Zeiss LSM 710 laser scanning confocal 

microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany) and ZEN 2012 SP5 software (Carl 

Zeiss MicroImaging GmbH, Jena, Germany). The Samples were carefully transferred to a 35-mm 

dish with a glass bottom (Thermo Scientific™, Thermo Fisher Scientific Corporation, Waltham, 

MA) and loaded onto the microscope. Three laser channels were used to obtain the images at a 

magnification of 40X, using excitation wavelength of 405 nm, 488 nm. And 561 nm and 

corresponding emission wavelength ranges of 4110465 nm, 493-582 nm, and 581-690 nm.  

 

5.2.4.3 Quantitative Polymerase Chain Reaction of Cells on Grafts 

On Day 7, mRNA extraction, cDNA synthesis, and qPCR reaction were performed as 

described previsouly in Section 5.2.1.3.2. As before, the expression of targeted genes was 
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normalized to expression of the β-actin gene, and relative gene expression was calculated using 

the 2-△△CT formula.  

 

5.3 Results 

5.3.1 Cell Harvest, Separation, and Characterization 

5.3.1.1 Immunofluorescence Staining of Cell Monolayers 

The immunofluorescence staining images of tenocyte (TC) and tendon-derived stem cell 

(TDSC) with different markers obtained by EVOS2 Microscope are as shown in Figure 5-1 and 

Figure 5.2. In Figure 5-1, green represents the expression of tenomodulin (Tnmd) and red shows 

the presence of aggrecan (Acan), while in Figure 5-2, the green marker stands for scleraxis (Scx) 

and red is alkaline phosphatase (Alpl). 

In Figure 5-1, all the nuclei were stained by Hoechst and appeared blue. Green staining 

was found in both tenocytes and TDSCs immunofluorescence staining images, showing that the 

tenomodulin protein was expressed on both cell membranes. Note that the red stain representing 

the presence of aggrecan protein, the chondrogenic marker, was only observed on the surface of 

the tendon-derived stem cells. Also, both Tnmd and Acan stains illustrated the spindle-shape 

outline of the cells. 
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Figure 5-1. Immunofluorescent staining of tenocytes and tendon-derived stem cells. Scale bar = 

75 μm. TC: tenocyte, TDSC: tendon-derived stem cell; Tnmd: tenomodulin; Acan: aggrecan. 

 

Following the same results as in Figure 5-1, all the nuclei were stained blue in Figure 5-2, 

while the primary antibody binding to scleraxis protein was conjugated with Goat anti-Mouse 

IgG2a. Alexa Fluorä 488 therefore showed green in the images, and the alkaline phosphatase 

protein was expressed in red. The tenogenic marker, Scx, was expressed in both tenocytes and 

tendon-derived stem cells, while only TDSCs exhibited red staining, indicating that only TDSCs 

had Alpl, a specific osteogenic marker that is found both intracellular and on the cell membrane. 
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Figure 5-2. Immunofluorescent staining of tenocytes and tendon-derived stem cells. Scale bar = 

75 μm. TC: tenocyte, TDSC: tendon-derived stem cell; Scx: scleraxis; Alpl: alkaline 

phosphatase. 

 

5.3.1.2 Quantitative Polymerase Chain Reaction of Cell Monolayers 

In order to analysis of qPCR results, β-actin was the housekeeping gene and the tenocyte 

was the calibrator. As shown in Figure 5-3, the expression of Tnmd and Scx genes in tendon-

derived stem cells was less than those expressed by the tenocytes. Different from tenogenic 

markers, the expression of chondrogenic and osteogenic markers was expressed more in TDSCs 

than in tenocytes. In particular, the TDSCs expressed more than 11-fold of Sox9 and 5.5-fold of 

Acan compared to the tenocytes, and as for the genes related to osteogenic proteins, the expression 

of Runx2 was over 100% more in TDSCs comparing to tenocytes, and about 3-fold more with the 

Alpl gene.  
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Figure 5-3. Fold changes of gene expression in tendon-derived stem cells comparing to 

tenocytes. Tnmd: tenomodulin; Scx: scleraxis; Sox9: SRY-Box transcription factor 9; Acan: 

aggrecan; Runx2: Runt-related transcription factor 2; Alpl: alkaline phosphatase. 

 

As a result of the magnetic-activated cell sorting technique, the tenocytes and tendon-

derived stem cells were successfully separated. When the findings from immunofluorescence 

staining and polymerase chain reaction are viewed together, the TDSCs showed higher expression 

of chondrogenic and osteogenic markers, both at the gene and protein levels.  

 

5.3.2 Graft Modification 

5.3.2.1 Fourier transform infrared 

The Figure 5-4 below shows the FTIR spectra of the PLA grafts treated with 2.0 mol/L 

NaOH for 60 minutes, and the non-treated PLA graft, and Table 5-6 shows the peak locations and 

the assignment of peaks for the NaOH treated and non-treated PLA grafts.  
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Figure 5-4. FTIR spectra of PLA grafts and PLA grafts with NaOH activation. NaOH-PLA: 

PLA grafts activated with 2.0 mol/L NaOH for 60 minutes. 

 

Peaks assigned to C=O stretching were found at 1747.68 cm-1 and 1747.89 cm-1 for PLA 

and NaOH-PLA, respectively, and the highest absorbance for this wavenumber represented the 

presence of the most C=O bonds in the samples compared to other chemical bonds.  

A special peak at 3352.91 cm-1 was found in NaOH-PLA group, which was in the range 

for O-H stretching vibration (3550 – 3200 cm-1) in alcohol. This was because NaOH provided 

extra hydroxide ions accelerating the hydrolysis reaction of PLA, which increased the alcohol 

group which showed a peak for O-H stretching.  

Another specific peak caused by the hydrolysis of PLA was at 1579.82 cm-1 in NaOH-PLA 

sample. Although this peak was also assigned to C=O stretching, this change was due to the 

formation of sodium carboxylate. In addition to alcohol, the other product generated by the 

hydrolysis of PLA was lactic acid. Given that the sample was in an alkaline solution with the 

presence of NaOH, sodium lactate was formed. 
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Table 5-6. FTIR spectra peak wavenumber and corresponding assignment 

Peak wavenumber (cm-1) 
Assignment 

PLA NaOH-PLA2 

3503.55 3352.91 O-H stretching 

2996.57 2996.54 
C-H stretching 

2945.71 2945.73 

1747.68 1747.89 Ester carbonyl C=O stretching 

N.A. 1579.82 Carboxylate carbonyl C=O stretching 

1452.16 1452.68 

C-H bending 1383.34 1383.56 

1357.30 1358.03 

1182.22 1182.60 
C-O stretching 

1086.14 1086.45 
 

5.3.2.2 Time-of-Flight Secondary Ion Mass Spectrometry 

Figure 5-5 is the negative ion spectra obtained from ToF SIMS. When the top two spectra 

(PLA and NaOH-PLA) are compared, no CN- (m/z = 26) and CNO- (m/z = 42) ions appeared on 

the NaOH etched PLA surface, but the collagen treated surface showed high ion counts of CN-, 

CNO-, along with other nitrogen containing species, for example at m/z = 76, which is C2N3-. 
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Figure 5-5. Negative ion spectra obtained by ToF SIMS of PLA surface before and after NaOH 

activation and collagen coating. 

 

The Figure 5-6 shows the distribution of ions on the surface of PLA grafts generated by 

ToF SIMS. A more yellowish color stands for a relatively higher intensity of corresponding ions, 

while a blackish color means a comparatively lower intensity of these ions. It was obvious from 

Figure 5-6 that PLA grafts were mostly C3H3O2- and C6H7O4- ions, and with the hydrolysis of 

PLA caused by NaOH, the intensities of these two ions decreased. At the same time, there was 

barely no CN- or CNO- ions shown in the ion mapping of PLA and NaOH-PLA. Instead, the ion 

mapping of NaOH-Col-PLA exhibited a well-distributed yellowish color for CN- and CNO-, 

which are the collagen-related ions, along with some other nitrogen containing species (C3N- and 
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C2N3-). Mapping of the CN- and CNO- ions on the NaOH-activated PLa surface indicated that the 

collagen coating was uniform. 

 

Figure 5-6. Ion mapping generated by ToF SIMS of PLA surface before and after NaOH 

activation and collagen coating. Scale bar = 100 μm. 

 

As a consequence of treating the PLA grafts surface with 2.0 mol/L NaOH for 60 minutes 

the ester bonds were broken due to the hydrolysis reactions. In addition, a uniform collagen coating 

was achieved on the PLA surface after the NaOH treatment.  

 

5.3.3 Graft Interaction with Cells 

5.3.3.1 Cell Viability 

The Live/Dead™ staining of tenocytes on the grafts is shown in Figure 5-7. On Day 1, 

there were more green dots on the Col-PLA and NaOH-Col-PLA grafts comparing to the number 

of green dots on the PLA and NaOH-PLA grafts, indicating the collagen coating promoted cell 

adhesion on the grafts with tenocytes surviving Day 1. From Day 1 through Day 7, there were 

more green dots shown on every type of graft, suggesting that there were more tenocytes growing 
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on the graft, and this was due to the proliferation of tenocytes during the 7 day period. On Day 7, 

NaOH-Col-PLA graft appeared the greatest amount of green dots with a conclusion that the PLA 

graft with NaOH activation and collagen coating provided the best support for tenocyte growth.  

 

Figure 5-7. Live/Dead™ staining of tenocytes on PLA, NaOH-PLA, Col-PLA, NaOH-Col-PLA, 

and REGENTEN grafts through 7 days. Scale bar = 650 μm. NaOH-PLA: PLA grafts with 

NaOH activation; Col-PLA: PLA grafts with collagen coating; NaOH-Col-PLA: PLA grafts with 

NaOH activation and collagen coating; REGENETEN: commercial product. 
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The viability of tendon-derived stem cells is shown in Figure 5-8. The TDSCs showed 

similar cell adhesion performance on the NaOH-activated PLA graft with collagen coating as on 

the commercial REGENETEN product. Through the 7 days of culture, the green dots on the 

NaOH-Col-PLA and commercial graft exhibited an increasing trend compared to two days 

previously. And on Day 7, there were more green dots on the modified PLA graft than on the 

Smith & Nephew graft. 

 

Figure 5-8. Live/Dead™ staining of tendon-derived stem cells on NaOH-Col-PLA and 

REGENETEN grafts through 7 days. Scale bar = 650 μm. NaOH-Col-PLA: PLA grafts with 

NaOH activation and collagen coating; REGENETEN: commercial product. 

 

5.3.3.2 Cell Proliferation 

In order to calculate the tenocytes cell number at each time point, a calibration curve was 

generated by seeding tenocytes at varied known densities per well (Figure 5-9). 

𝑎𝑙𝑎𝑚𝑎𝑟𝐵𝑙𝑢𝑒	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	(%) = 1.067𝑒 − 06	 × 	𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟 + 1.663𝑒 − 2 (Equation 5-2) 
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Figure 5-9. Calibration curve of reduction of alamarBlue versus tenocyte cell number. 

 

Using the above equation, the tenocyte numbers on PLA, NaOH-PLA, Col-PLA, NaOH-

Col-PLA, and REGENTEN grafts were calculated (Figure 5-10). On Day 1, Col-PLA (89704 ± 

21941) and NaOH-Col-PLA (82767 ± 16148) grafts showed higher cell numbers compared to 

PLA (67535 ±5617) and NaOH-PLA (55340 ± 9040) grafts, indicating that these grafts with 

collagen provided a more friendly environments for tenocytes adhesion. The reason why all the 

groups showed less cell number on Day 1 compared to the tenocytes only group, was because the 

three-dimensional structure of grafts did not provide as flat and stiff surface as the plastic well 

plate. Therefore some of the tenocytes were attached to the bottom of well plate instead of to the 

grafts. Even so, all PLA graft groups exhibited a higher cell number on Day 1 than that on the 

commercial REGENETEN product (53057 ± 6849). 

Through 7 days of culture, the tenocytes proliferated well on all of the graft samples, while 

the individual rates varied between samples depending on the type of graft and the treatment. 

Except for Day 1, there were more tenocytes attached to the NaOH-activated PLA graft than on 
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the PLA graft control without any treatment on Day 3, 5, and 7. This can be explained by a less 

hydrophobic surface achieved by the hydrolysis reaction with NaOH. When compared the cell 

numbers on the Col-PLA and the NaOH-Col-PLA grafts during the 7-day culture, a faster rate of 

proliferation was found on the grafts with NaOH activation before collagen coating. Therefore, the 

NaOH-Col-PLA sample was recommended for the application of tendon repair from the 

perspective of biological with tenocytes.  

 

Figure 5-10. Tnedon cell numbers on PLA, NaOH-PLA, Col-PLA, NaOH-Col-PLA, and 

REGENETEN grafts during 7 days of culture. NaOH-PLA: PLA grafts with NaOH activation; 

Col-PLA: PLA grafts with collagen coating; NaOH-Col-PLA: PLA grafts with NaOH activation 

and collagen coating; REGENETEN: commercial product. 

 

The performance of the tendon-derived stem cells on the NaOH-activated PLA grafts with 

collagen coating was also studied, and compared with that on commercial product. A similar 

calibration curve to the tenocytes was generated to calculate the number of TDSCs at different 

time points (Figure 5-11).  

𝑎𝑙𝑎𝑚𝑎𝑟𝐵𝑙𝑢𝑒	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	(%) = 1.093𝑒 − 06	 × 	𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟 + 1.839𝑒 − 2 (Equation 5-3) 
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Figure 5-11. Calibration curve of reduction of alamarBlue versus TDSC cell number. 

 

The seeding efficiency for TDSCs on NaOH-Col-PLA graft and Smith & Nephew 

REGENETEN graft were similar (24% vs. 22%). In spite of the fact that there were more TDSCs 

on the commercial product than on the modified PLA grafts on Day 3 (231085 ± 83626 vs. 199473 

± 39474) and Day 5 (305287 ± 59663 vs. 254526 ± 37256), the proliferation of TDSCs was faster 

from Day 5 to Day 7 on the PLA grafts with more cells on Day 7 than that on S&N graft (62% vs. 

30% for proliferation rate, 411733 ± 51355 vs. 397998 ± 67777 for cell number). The results 

showed that the TDSCs were able to adhere and proliferate well on the PLA graft with NaOH 

activation and collagen coating.  
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Figure 5-12. TDSC cell numbers on the NaOH-Col-PLA and REGENETEN grafts during the y 

days of culture. NaOH-Col-PLA: PLA grafts with NaOH activation and collagen coating; 

REGENETEN: commercial product. 

 

When the results of cell viability and proliferation of the seeded tenocytes and tendon-

derived stem cells are combined, the PLA grafts coated with collagen after being activated with 

NaOH showed excellent biological interaction with tendon cells by supporting cell adhesion and 

proliferation.  

 

5.3.4 TDSCs Differentiation on Grafts 

5.3.4.1 Immunofluorescence Staining of Cells on Grafts 

After 7-day tenogenic differentiation, the immunofluorescence staining of cells on the PLA 

grafts and the commercial product are shown in  Figures 5-13 and 5-14. In both figures, the cell 

nuclei are stained in blue. Green represents tenomodulin and scleraxis in Figures 5-13 and 5-14, 

respectively, and the red shows the expressions of aggrecan and alkaline phosphatase. 
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In Figures 5-13 and 5-14, on both modified PLA graft and Smith & Nephew REGENETEN 

graft, only green and blue staining was observed, while neither exhibited any red color. The green 

color indicated that only tenogenic markers (Tnmd and Scx) were still expressed on the cells as 

observed on Day 7 after inducing cell differentiation, while neither Acan or Alpl proteins still 

expressed on the cells. 

 

Figure 5-13. Immunofluorescence staining of tendon-derived stem cells induced with tenogenic 

differentiation on NaOH-Col-PLA and REGENTEN grafts on Day 7. Scale bar = 20 μm. NaOH-

Col-PLA: PLA grafts with NaOH activation and collagen coating; REGENETEN: commercial 

product; Tnmd: tenomodulin; Acan: aggrecan. 
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Figure 5-14. Immunofluorescence staining of tendon-derived stem cells induced with tenogenic 

differentiation on NaOH-Col-PLA and REGENETEN grafts on Day 7. Scale bar = 20 μm. 

NaOH-Col-PLA: PLA grafts with NaOH activation and collagen coating; REGENETEN: 

commercial product; Scx: scleraxis; Alpl: alkaline phosphatase. 

 

5.3.4.2 Quantitative Polymerase Chain Reaction of Cells on Grafts 

When analyzing the PCR results, β-actin was used as the housekeeping gene, and the 

undifferentiated TDSCs were used as the calibrator group. The fold changes, as shown in Figure 

5-15, the expressions of the tenogenic gene, Tnmd and Scx, increased during the 7 days of 

differentiation. For Tnmd, a 10.7 fold increase was found on the NaOH-Col-PLA graft and an 8.5-

fold change on the REGENETEN graft, and for Scx, 280% and 60% enhancements were obtained, 

respectively. on the other hand, the expression of chondrogenic and osteogenic markers were all 

reduced compared to the undifferentiated status, and the Sox9 was as low as 0.3-fold on the NaOH-

Col-PLA grafts.  
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Figure 5-15. Fold changes of gene expression in differentiated TDSCs seeded on the NaOH-Col-

PLA and REGENETEN grafts compared to the undifferentiated TDSCs. Tnmd: tenomodulin; 

Scx: scleraxis; Sox9: SRY-Box transcription factor 9; Acan: aggrecan; Runx2: Runt-related 

transcription factor 2; Alpl: alkaline phosphatase. 

 

Therefore, summarizing the results, it is clear that the TDSCs were able to differentiated 

toward tenocytes on the PLA grafts with NaOH activation and collagen coating. 

 

5.4 Discussion 

In this chapter, we are the first to describe the process of harvesting and separating tenocyte 

and tendon-derived stem cells (TDSCs) from 2- to 4-week old Sprague-Dawley rat tendon tissues. 

We also explain the procedures made to modify the braided polylactic acid grafts by alkaline 

hydrolysis and collagen coating to improve adhesion and proliferation of the tendon-derived cells. 

In addition, we have induced, observed and evaluated the tenogenic differentiation of TDSC on a 

PLA graft. 

TDSCs, also known as tendon stem/progenitor cells (TSPCs), were first identified by Bi et 

al. in 2007 from human hamstring tendon samples and mouse patellar tendons tissues with self-
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renewal ability, clonogenicity, and multi-differentiation potential (14). And later on, in 2010, Rui 

et al. successfully isolated TDSCs from rat patellar tendons and showed they exhibited universal 

stem cell characteristics with tendon- and chondrogenic-related markers, suggesting the possibility 

of using TDSCs for tendon tissue engineering (15).  

In this study, the TDSCs were harvested from the Achilles and patellar tendons of 2-4 week 

old Sprague-Dawley rats following the protocol provided by PP Lui from the Chinese University 

of Hong Kong. A mixture of tenocytes and tendon-derived stem cells was observed from the 

immunofluorescence staining images. Instead of using traditional flow cytometry, the less time 

consuming technique of magnetic-activated cell sorting (MACS) was used to separate the 

tenocytes and TDSCs.  

From Figures 5-1 and 5-2, tendon-related markers (tenodulin and scleraxis) were found on 

both tenocytes and TDSCs, while only TDSCs showed positive immunofluorescence staining with 

chondrogenic and osteogenic primary antibodies (aggrecan and alkaline phosphatase), which were 

consistent with the published results that aggrecan has previously been observed as a chondrogenic 

gene. TDSC and alkaline phosphatase was noticed in the Alizerin Red staining of TDSC (14, 15).  

At the gene expression level, compared to tenocytes, TDSC showed relatively higher 

expression in Sox9, Acan, Runx2, and Alpl, among which the former two were chondrogenic 

genes and the other two suggested the osteogenic differentiation capacity. 

To obtain a cell-friendly surface, alkaline hydrolysis and a collagen coating were used to 

modify the surface of PLA graft. The surface was treated with 2.0 mol/L NaOH followed by a  500 

μg/mL type I collagen coating. From the results of FTIR (Figure 5-4 and Table 5-6) and ToF SIMS 

(Figures 5-5 and 5-6), an effective activation of PLA graft and uniform coating were achieved. 

And in order to evaluate the efficacy of the grafts toward tendon repair, tenocytes were cultured 
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on the grafts with various surface modifications. The cell viability and proliferation assays found 

that tenocytes adhered and proliferated more rapidly on the NaOH-Col-PLA grafts than Col-PLA 

sample (Figures 5-7 and 5-10). One explanation for this was the generation of carboxyl and 

hydroxyl groups during the NaOH hydrolysis of the PLA. In addition, the subsequent collagen 

coating further improved cell adhesion by providing cell recognition sites. Similar findings were 

reported by Gao et al. and Park et al. They seeded vascular smooth muscle cells and chondrocytes 

on PGA and PLGA grafts respectively, and improved cell seeding efficiency was found in both 

synthetic grafts hydrolyzed with 1 N NaOH (241, 244). It is believed that the hydrolysis process 

introduced more carboxyl and hydroxyl groups that promoted the hydrophilicity of the polymer 

surface (245). 

Besides the interaction between the grafts and tenocytes, TDSCs were also seeded on the 

NaOH-treated PLA graft with collagen coating. Comparable adhesion and proliferation behavior 

was achieved on the modified graft as well as on the commercial biological graft for rotator cuff 

tendon repair (Figures 5-8 and 5-12). In addition, this chapter also studied the TDSC’s 

differentiation capacity on the PLA grafts. Successful tenogenic differentiation was induced, as 

observed from the changes found in gene and protein expression. Positive staining of Tnmd and 

Scx were observed after 7 days of culture (Figures 5-13 and 5-14), and this findings was the same 

as reported by Tao et al. who found that their cells showed tenocyte-associated protein markers 

Tnmd and Scx after inducing tenogenic differentiation (246). Not surprisingly, upregulated 

expression of these two genes was observed in Figure 5-15. These results were consistent with the 

findings discovered by Guo et al., who cultured TDSCs on culture dishes and found increases in 

Tnmd and Scx gene expression (247).  
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Instead, aggrecan was absent in the immunofluorescence staining after 7 days, with the 

expression level decreased along with downregulation of Sox9, another chondrogenic-related 

genes used in the study (Figures 5-13, 5-14 and 5-15). Aggrecan is an essential component for the 

extracellular matrix of cartilage tissues, and is seen as a sign of chondrogenic differentiation. 

Similar significant declines in tenocyte monolayer cultures were previously observed by Stoll et 

al (248, 249). And similar to Acan, the expression of alkaline phosphatase was also decreased 

compared to its undifferentiation status. The upregulated expression of Alpl in TDSC was only 

found when the TDSCs induced osteogenic differentiation into osteocytes (250-252).  

There are several limitations in this study. First, the capability of self-renewal and 

clonogenicity of tendon-derived stem cells was not examined, as these two attributes are also 

characteristics of stem cells. Second, there was only one alkaline hydrolysis and collagen coating 

condition used in this research, future investigations to optimize this condition is recommended. 

In addition, as mentioned and demonstrated previously that TDSCs have multi-differentiation 

potential while only differentiation towards tenocytes were induced in this study, chondrogenic 

and osteogenic differentiations to further prove the possibility of using a TDSC-seeded PLA graft 

for rotator cuff tissue engineering is required. Also, an in vivo evaluation in an animal model is 

needed to demonstrate clinical feasibility. 

 

5.5 Conclusions 

In this chapter, a unique cell line of tendon-derived stem cells (TDSCs) was successfully 

harvested from Sprague-Dawley rat tendon tissues, separated from being mixed with tenocytes via 

the magnetic-activated cell sorting method. The results from immunofluorescence staining and 

polymerase chain reaction provde that the cells had multi-differentiation potential because this cell 
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line was able to express all tenogenic, chondrogenic, and osteogenic markers at both the protein 

and gene levels. 

The braided PLA grafts that are described in a previous chapter were activated by a 

hydrolysis reaction with 2.0 mol/L sodium hydroxide and uniformly coated with type I collagen 

solution to decrease the hydrophobicity and provide more cell recognition sites. Compared to non-

treated PLA grafts, NaOH activated PLA control grafts, and collagen coated PLA control grafts, 

significantly improvements in cell adhesion and proliferation were observed on NaOH activated 

and collagen coated PLA grafts. At the same time, the viability of the tendon-derived stem cells 

was comparable to that on the commercial biological graft REGENETEN supplied by the company 

Smith & Nephew. 

In addition, effective tenogenic differentiation of the TDSCs was induced on the NaOH 

activated and collagen coated PLA graft with evidence of the expression of tendon-related markers 

while chondrogenic and osteogenic genes and proteins were downregulated.  

In conclusion that NaOH activated PLA graft with collagen coating has the potential to be 

used as a scaffold for the repair of a torn rotator cuff tendon.  
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CHAPTER 6 CONCLUSIONS AND FUTURE PLANS 

6.1 Conclusions 

The primary objective of this study was to develop a biocompatible scaffold with 

appropriate resistance to degradation and superior mechanical properties for rotator cuff tendon 

repair.  The scaffold needed to support tenogenic differentiation of tendon-derived stem cells that 

were harvested from rat Achilles tendon and patellar tendon tissues. Several specific objectives 

were achieved as described below: 

(1) A more stable collagen structure with improved mechanical properties and a lower swelling 

ratio was achieved using a higher crosslinking temperature, greater genipin concentration, 

and prolonged crosslinking time. From the results of the 6-week enzymatic degradation 

study reported in Chapter 3, the PLA yarns had superior resistance to degradation 

compared to the crosslinked collagen yarns. In Chapter 3, the in vitro biological evaluation 

of tenocytes confirmed that collagen-coated PLA yarns supported tenocyte adhesion on 

Day 1 and promoted active cell proliferation through 7 days of incubation. This 

performance is comparable to that of collagen yarns, which suggests that collagen-coated 

PLA yarns are suitable for rotator cuff tendon repair. 

(2) Both 2-ply and 3-ply PLA yarns have been successfully fabricated into a narrow ribbon 

scaffold using a flat braiding technique with a range of picks per inch (PPI) values. The 

results in Chapter 4 confirmed that both the number of plied yarns and PPI level affected 

the physical and mechanical properties of the scaffold. By applying the same approach to 

a larger braiding machine with more yarn feeds, the width of the ribbon scaffolds can be 

scaled up to match the dimensions and tensile properties of human tendon tissue. Based on 
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this study, we infer that scaffolds braided with 3-ply PLA yarns at 30 PPI will make 

excellent candidates for use in rotator cuff tendon repair.  

(3) Mature tenocytes and tendon-derived stem cells (TDSCs) were successfully separated via 

a magnetic-activated cell sorting technique after being harvested from rat Achilles tendon 

and patellar tendon tissues. In Chapter 5, the FTIR results confirmed that valid activation 

was achieved after immersing the PLA scaffolds in an alkaline solution, and TOF-SIMS 

images were used to confirm the uniformity of the surface coating generated on the NaOH-

activated PLA scaffolds. The in vitro cell culture results demonstrated that both the alkaline 

activation and the collagen coating were necessary to improve the scaffold's biological 

performance. The results confirmed that the most positive outcome was achieved when 

these two treatments were combined. Similar TDSCs adhesion and proliferation 

performance on the NaOH-activated collagen-coated PLA scaffolds and commercial grafts 

gave additional support for the use of the modified PLA scaffold for rotator cuff tendon 

repair. With the evidence from immunofluorescence staining and qPCR, tenogenic 

differentiation of the TDSCs was successfully induced on the scaffolds, suggesting the 

potential for seeding TDSCs on surface-modified PLA scaffolds as an attractive strategy 

for rotator cuff tissue engineering. 

 

6.2 Future Recommendations 

While the two primary objectives of this study were achieved and i) scaffolds were 

fabricated from PLA yarns with the appropriate physical and mechanical properties, and ii) surface 

modification of the scaffolds showed excellent in vitro biological performance - several limitations 

need to be addressed, and further investigations are recommended. 
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First, the degree of crosslinking was low compared to other reported studies, and so 

methods to improve the crosslinking efficiency are recommended. Various biological components 

(such as matrix metalloproteinases) are present in the shoulder joint that can accelerate the 

degradation process. In this study only collagenase I was used to mimic the human environment. 

Considering that the rotator cuff takes 6-12 months to heal, a longer-term study should be 

undertaken on the yarns and scaffolds to better understand the degradation profile.  

Second, while we were able to fabricate 3-mm wide scaffold 3 mm, the width of the human 

rotator cuff tendon is 15-25 mm. A larger braiding machine with more carriers is required to 

fabricate the appropriate width of scaffold to meet the dimensional requirements of an engineered 

human tendon tissue. From the perspective of thickness and suture retention strength, a 

biocompatible adhesive may be used to stick several scaffold layers together and improve the 

ability of the structure to hold the sutures without raveling.  

Third, due to the unique structure and properties of the rotator cuff enthesis, a multi-phase 

scaffold is recommended for rotator cuff tendon repair. One end of the scaffold needs to integrate 

with the tendon tissue, while the other end needs to attach to bone. A further study to understand 

the interactions between the parameters and mechanical properties of the two phases of the scaffold 

will optimize the braiding parameters for each phase. To better mimic the surface chemistry of 

each phase, different surface modification treatments to the scaffolds will be needed to support 

cell adhesion and proliferation. 

Forth, in previous studies the tendon-derived stem cells have demonstrated multi-

differentiation potential. While in this study only tenogenic differentiation was induced on the 

PLA scaffolds, differentiation of TDSCs towards chondrocytic and osteoblastic lineages will be 

necessary for engineering a multi-phase scaffold. 
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Finally, an in vivo animal study is required to fully understand the performance of the multi-

phase braided scaffold for rotator cuff tissue engineering. Evaluating the in vivo performance in 

an appropriate animal model(s) will be necessary before undertaking a human clinical trial.   



   

 
 

168 

REFERENCES 

1. A. H. Gomoll, J. N. Katz, J. J. Warner, P. J. Millett, Rotator cuff disorders: recognition and 
management among patients with shoulder pain. Arthritis & Rheumatism. 50, 3751-3761 (2004). 

2. Z. Cai, Y. Zhang, S. Liu, X. Liu, Celecoxib, Beyond Anti-inflammation, Alleviates Tendon-
Derived Stem Cell Senescence in Degenerative Rotator Cuff Tendinopathy. Am. J. Sports Med., 
03635465221098133 (2022). 

3. A. Green, Chronic massive rotator cuff tears: evaluation and management. JAAOS-Journal of 
the American Academy of Orthopaedic Surgeons. 11, 321-331 (2003). 

4. M. E. Vidt et al., The effects of a rotator cuff tear on activities of daily living in older adults: a 
kinematic analysis. J. Biomech. 49, 611-617 (2016). 

5. Y. Xie, An advanced collagen yarn based textile patch for rotator cuff tendon repair (North 
Carolina State University, , 2018). 

6. Rotator Cuff Tears - OrthoInfo - AAOS. 2022. 

7. Does Age Affect Surgically Repaired Rotator Cuffs? 2022. 

8. H. M. Kim et al., The role of transforming growth factor beta isoforms in tendon-to-bone 
healing. Connect. Tissue Res. 52, 87-98 (2011). 

9. S. S. Novakova et al., Tissue‐engineered tendon constructs for rotator cuff repair in sheep. 
Journal of Orthopaedic Research®. 36, 289-299 (2018). 

10. U. G. Longo, A. Lamberti, N. Maffulli, V. Denaro, Tissue engineered biological 
augmentation for tendon healing: a systematic review. Br. Med. Bull. 98, 31-59 (2011). 

11. J. M. Bliley, K. G. Marra, in Stem Cell Biology and Tissue Engineering in Dental Sciences 
(Elsevier, , 2015), pp. 149-161. 

12. H. H. Lu et al., Anterior cruciate ligament regeneration using braided biodegradable 
scaffolds: in vitro optimization studies. Biomaterials. 26, 4805-4816 (2005). 

13. J. Kastelic, A. Galeski, E. Baer, The multicomposite structure of tendon. Connect. Tissue 
Res. 6, 11-23 (1978). 

14. Y. Bi et al., Identification of tendon stem/progenitor cells and the role of the extracellular 
matrix in their niche. Nat. Med. 13, 1219-1227 (2007). 

15. Y. Rui et al., Isolation and characterization of multipotent rat tendon-derived stem cells. 
Tissue Engineering Part A. 16, 1549-1558 (2010). 



   

 
 

169 

16. C. Tsai, T. Huang, H. Ma, E. Chiang, S. Hung, Isolation of mesenchymal stem cells from 
shoulder rotator cuff: a potential source for muscle and tendon repair. Cell Transplant. 22, 413-
422 (2013). 

17. L. Chen et al., Tendon derived stem cells promote platelet-rich plasma healing in 
collagenase-induced rat achilles tendinopathy. Cellular Physiology and Biochemistry. 34, 2153-
2168 (2014). 

18. I. Komatsu, J. H. Wang, K. Iwasaki, T. Shimizu, T. Okano, The effect of tendon 
stem/progenitor cell (TSC) sheet on the early tendon healing in a rat Achilles tendon injury 
model. Acta Biomaterialia. 42, 136-146 (2016). 

19. A. Ratcliffe et al., Scaffolds for tendon and ligament repair and regeneration. Ann. Biomed. 
Eng. 43, 819-831 (2015). 

20. M. Vosloo, N. Keough, M. A. De Beer, The clinical anatomy of the insertion of the rotator 
cuff tendons. European Journal of Orthopaedic Surgery & Traumatology. 27, 359-366 (2017). 

21. Sims: A Look At What Aroldis Chapman May Be Facing With Rotator Cuff Strain. 2022. 

22. C. T. Thorpe, H. L. Birch, P. D. Clegg, H. R. Screen, in Tendon regeneration (Elsevier, , 
2015), pp. 3-39. 

23. P. Kannus, Structure of the tendon connective tissue. Scand. J. Med. Sci. Sports. 10, 312-320 
(2000). 

24. C. M. McNeilly, A. J. Banes, M. Benjamin, J. Ralphs, Tendon cells in vivo form a three 
dimensional network of cell processes linked by gap junctions. J. Anat. 189, 593 (1996). 

25. A. J. Lomas et al., The past, present and future in scaffold-based tendon treatments. Adv. 
Drug Deliv. Rev. 84, 257-277 (2015). 

26. E. G. Canty, K. E. Kadler, Procollagen trafficking, processing and fibrillogenesis. J. Cell. 
Sci. 118, 1341-1353 (2005). 

27. A. K. Harvey et al., Functional imaging of tendon. Ann.Brit.Machine Vision Assoc. 2009, 1-
11 (2009). 

28. C. T. Thorpe, H. L. Birch, P. D. Clegg, H. R. Screen, The role of the non‐collagenous matrix 
in tendon function. Int. J. Exp. Pathol. 94, 248-259 (2013). 

29. M. Kjaer, Role of extracellular matrix in adaptation of tendon and skeletal muscle to 
mechanical loading. Physiol. Rev. 84, 649-698 (2004). 

30. G. Riley, The pathogenesis of tendinopathy. A molecular perspective. Rheumatology. 43, 
131-142 (2004). 



   

 
 

170 

31. S. L. Adams, Collagen gene expression. Am. J. Respir. Cell Mol. Biol. 1, 161-168 (1989). 

32. C. T. Thorpe, H. R. Screen, Tendon structure and composition. Metabolic Influences on Risk 
for Tendon Disorders., 3-10 (2016). 

33. C. C. Banos, A. H. Thomas, C. K. Kuo, Collagen fibrillogenesis in tendon development: 
current models and regulation of fibril assembly. Birth Defects Research Part C: Embryo Today: 
Reviews. 84, 228-244 (2008). 

34. P. E. Matuszewski et al., Regional variation in human supraspinatus tendon proteoglycans: 
decorin, biglycan, and aggrecan. Connect. Tissue Res. 53, 343-348 (2012). 

35. M. C. Berenson, F. T. Blevins, A. H. Plaas, K. G. Vogel, Proteoglycans of human rotator cuff 
tendons. Journal of Orthopaedic Research. 14, 518-525 (1996). 

36. J. H. Yoon, J. Halper, Tendon proteoglycans: biochemistry and function. J Musculoskelet 
Neuronal Interact. 5, 22-34 (2005). 

37. M. Benjamin, J. R. Ralphs, Invited Review Tendons and ligaments-an overview. Histol. 
Histopathol. 12, 1135-1144 (1997). 

38. J. F. Lohr, H. K. Uhthoff, The microvascular pattern of the supraspinatus tendon. Clin. 
Orthop., 35-38 (1990). 

39. R. H. Rothman, W. W. Parke, The Vascular Anatomy of the Rotator Cuff*,†(Nicolas Andry 
Award for 1964). Clinical Orthopaedics and Related Research®. 41, 176-188 (1965). 

40. L. Baldino, S. Cardea, N. Maffulli, E. Reverchon, Regeneration techniques for bone-to-
tendon and muscle-to-tendon interfaces reconstruction. Br. Med. Bull. 117, 25-37 (2016). 

41. J. Huegel, A. A. Williams, L. J. Soslowsky, Rotator cuff biology and biomechanics: a review 
of normal and pathological conditions. Curr. Rheumatol. Rep. 17, 1-9 (2015). 

42. S. Thomopoulos, G. R. Williams, J. A. Gimbel, M. Favata, L. J. Soslowsky, Variation of 
biomechanical, structural, and compositional properties along the tendon to bone insertion site. 
Journal of Orthopaedic Research. 21, 413-419 (2003). 

43. A. Prabhath, V. N. Vernekar, E. Sanchez, C. T. Laurencin, Growth factor delivery strategies 
for rotator cuff repair and regeneration. Int. J. Pharm. 544, 358-371 (2018). 

44. M. M. Gomberawalla, J. K. Sekiya, Rotator cuff tear and glenohumeral instability. Clinical 
Orthopaedics and Related Research®. 472, 2448-2456 (2014). 

45. H. Thomazeau, J. M. Duval, P. Darnault, T. Dreano, Anatomical relationships and scapular 
attachments of the supraspinatus muscle. Surgical and Radiologic Anatomy. 18, 221-225 (1996). 



   

 
 

171 

46. K. Aguirre, A. Mudreac, J. Kiel, in StatPearls [Internet] (StatPearls Publishing, , 2021). 

47. P. Juneja, J. B. Hubbard, in StatPearls [Internet] (StatPearls Publishing, , 2021). 

48. D. S. Morais, J. Torres, R. M. Guedes, M. A. Lopes, Current approaches and future trends to 
promote tendon repair. Ann. Biomed. Eng. 43, 2025-2035 (2015). 

49. L. V. Gulotta, S. A. Rodeo, Growth factors for rotator cuff repair. Clin. Sports Med. 28, 13-
23 (2009). 

50. F. Veronesi et al., The clinical strategies for tendon repair with biomaterials: a review on 
rotator cuff and Achilles tendons. Journal of Biomedical Materials Research Part B: Applied 
Biomaterials. 108, 1826-1843 (2020). 

51. E. T. Ricchetti, A. Aurora, J. P. Iannotti, K. A. Derwin, Scaffold devices for rotator cuff 
repair. Journal of Shoulder and Elbow Surgery. 21, 251-265 (2012). 

52. G. P. Riley et al., Tendon degeneration and chronic shoulder pain: changes in the collagen 
composition of the human rotator cuff tendons in rotator cuff tendinitis. Ann. Rheum. Dis. 53, 
359-366 (1994). 

53. Rotator cuff injury - Symptoms and causes. 2022. 

54. K. Lindley, G. L. Jones, Outcomes of arthroscopic versus open rotator cuff repair: a 
systematic review of the literature. Am J Orthop (Belle Mead NJ). 39, 592-600 (2010). 

55. K. Yamanaka, T. Matsumoto, The joint side tear of the rotator cuff. A followup study by 
arthrography. Clin. Orthop., 68-73 (1994). 

56. H. Ellman, Diagnosis and treatment of incomplete rotator cuff tears. Clin. Orthop., 64-74 
(1990). 

57. H. Fukuda, The management of partial-thickness tears of the rotator cuff. The Journal of 
Bone and Joint Surgery.British Volume. 85, 3-11 (2003). 

58. C. Ruotolo, J. E. Fow, W. M. Nottage, The supraspinatus footprint: an anatomic study of the 
supraspinatus insertion. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 20, 246-
249 (2004). 

59. Physical Therapist's Guide to Rotator Cuff Tear. 2022(2020). 

60. P. Habermeyer, P. Magosch, S. Lichtenberg, Classifications of osteoarthritis of the shoulder 
(Springer, , 2006). 

61. R. H. Cofield, Subscapular muscle transposition for repair of chronic rotator cuff tears. Surg. 
Gynecol. Obstet. 154, 667-672 (1982). 



   

 
 

172 

62. P. Collin, N. Matsumura, A. Lädermann, P. J. Denard, G. Walch, Relationship between 
massive chronic rotator cuff tear pattern and loss of active shoulder range of motion. Journal of 
Shoulder and Elbow Surgery. 23, 1195-1202 (2014). 

63. C. Gerber, B. Fuchs, J. Hodler, The results of repair of massive tears of the rotator cuff. Jbjs. 
82, 505 (2000). 

64. V. Pandey, W. J. Willems, Rotator cuff tear: A detailed update. Asia-Pacific Journal of 
Sports Medicine, Arthroscopy, Rehabilitation and Technology. 2, 1-14 (2015). 

65. L. U. Bigliani, J. B. Ticker, E. L. Flatow, L. J. Soslowsky, V. C. Mow, The relationship of 
acromial architecture to rotator cuff disease. Clin. Sports Med. 10, 823-838 (1991). 

66. R. E. Epstein, M. E. Schweitzer, B. G. Frieman, J. M. Fenlin Jr, D. G. Mitchell, Hooked 
acromion: prevalence on MR images of painful shoulders. Radiology. 187, 479-481 (1993). 

67. G. P. Nicholson, D. A. Goodman, E. L. Flatow, L. U. Bigliani, The acromion: morphologic 
condition and age-related changes. A study of 420 scapulas. Journal of Shoulder and Elbow 
Surgery. 5, 1-11 (1996). 

68. J. C. Wang, G. Horner, E. D. Brown, M. S. Shapiro, The relationship between acromial 
morphology and conservative treatment of patients with impingement syndrome. Orthopedics. 
23, 557-559 (2000). 

69. T. Hashimoto, K. Nobuhara, T. Hamada, Pathologic evidence of degeneration as a primary 
cause of rotator cuff tear. Clinical Orthopaedics and Related Research®. 415, 111-120 (2003). 

70. S. Tempelhof, S. Rupp, R. Seil, Age-related prevalence of rotator cuff tears in asymptomatic 
shoulders. Journal of Shoulder and Elbow Surgery. 8, 296-299 (1999). 

71. K. Yamaguchi et al., The demographic and morphological features of rotator cuff disease: a 
comparison of asymptomatic and symptomatic shoulders. Jbjs. 88, 1699-1704 (2006). 

72. J. F. Plate et al., Advanced age diminishes tendon-to-bone healing in a rat model of rotator 
cuff repair. Am. J. Sports Med. 42, 859-868 (2014). 

73. D. Goutallier, J. Postel, J. Bernageau, L. Lavau, M. Voisin, Fatty muscle degeneration in cuff 
ruptures. Pre-and postoperative evaluation by CT scan. Clin. Orthop., 78-83 (1994). 

74. J. E. Budoff, R. P. Nirschl, O. A. Ilahi, D. M. Rodin, Internal impingement in the etiology of 
rotator cuff tendinosis revisited. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 
19, 810-814 (2003). 

75. J. R. Rudzki et al., Contrast-enhanced ultrasound characterization of the vascularity of the 
rotator cuff tendon: age-and activity-related changes in the intact asymptomatic rotator cuff. 
Journal of Shoulder and Elbow Surgery. 17, S96-S100 (2008). 



   

 
 

173 

76. J. Yuan et al., Overexpression of antioxidant enzyme peroxiredoxin 5 protects human tendon 
cells against apoptosis and loss of cellular function during oxidative stress. Biochimica Et 
Biophysica Acta (BBA)-Molecular Cell Research. 1693, 37-45 (2004). 

77. J. Yuan, G. A. Murrell, A. Wei, M. Wang, Apoptosis in rotator cuff tendonopathy. Journal of 
Orthopaedic Research. 20, 1372-1379 (2002). 

78. J. T. Aoyama et al., MR imaging of the shoulder in youth baseball players: anatomy, 
pathophysiology, and treatment. Clin. Imaging. 57, 99-109 (2019). 

79. M. Novi, A. Kumar, P. Paladini, G. Porcellini, G. Merolla, Irreparable rotator cuff tears: 
challenges and solutions. Orthopedic Research and Reviews. 10, 93 (2018). 

80. A. J. Sheean, R. U. Hartzler, S. S. Burkhart, Rotator cuff repair: single row repair versus 
double row repair and superior capsular reconstruction. Sports Medicine and Arthroscopy 
Review. 26, 171-175 (2018). 

81. A. Kirkley, S. Griffin, K. Dainty, Scoring systems for the functional assessment of the 
shoulder. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 19, 1109-1120 (2003). 

82. H. C. Amstutz, S. H. Al, I. C. Clarke, UCLA anatomic total shoulder arthroplasty. Clin. 
Orthop., 7-20 (1981). 

83. R. R. Richards et al., A standardized method for the assessment of shoulder function. Journal 
of Shoulder and Elbow Surgery. 3, 347-352 (1994). 

84. A. A. Romeo, B. R. Bach JR, K. L. O'Halloran, Scoring systems for shoulder conditions. Am. 
J. Sports Med. 24, 472-476 (1996). 

85. T. S. Roddey, S. L. Olson, K. F. Cook, G. M. Gartsman, W. Hanten, Comparison of the 
University of California–Los Angeles shoulder scale and the simple shoulder test with the 
shoulder pain and disability index: single-administration reliability and validity. Phys. Ther. 80, 
759-768 (2000). 

86. C. R. Constant, A. H. Murley, A clinical method of functional assessment of the shoulder. 
Clin. Orthop., 160-164 (1987). 

87. I. M. Parsons Iv, M. Apreleva, F. H. Fu, S. L. Woo, The effect of rotator cuff tears on 
reaction forces at the glenohumeral joint. Journal of Orthopaedic Research. 20, 439-446 (2002). 

88. P. Sharma, N. Maffulli, Tendon injury and tendinopathy: healing and repair. Jbjs. 87, 187-
202 (2005). 

89. P. G. Murphy, B. J. Loitz, C. B. Frank, D. A. Hart, Influence of exogenous growth factors on 
the synthesis and secretion of collagen types I and III by explants of normal and healing rabbit 
ligaments. Biochemistry and Cell Biology. 72, 403-409 (1994). 



   

 
 

174 

90. B. W. Oakes, Tissue healing and repair: tendons and ligaments. Rehabilitation of Sports 
Injuries: Scientific Basis., 28-98 (2003). 

91. S. Abrahamsson, G. Lundborg, L. S. Lohmander, Recombinant human insulin‐like growth 
factor‐I stimulates in vitro matrix synthesis and cell proliferation in rabbit flexor tendon. Journal 
of Orthopaedic Research. 9, 495-502 (1991). 

92. R. Thorsness, A. Romeo, Massive rotator cuff tears: trends in surgical management. 
Orthopedics. 39, 145-151 (2016). 

93. P. O. Zingg et al., Clinical and structural outcomes of nonoperative management of massive 
rotator cuff tears. Jbjs. 89, 1928-1934 (2007). 

94. J. E. Voos, C. D. Barnthouse, A. R. Scott, Arthroscopic rotator cuff repair: techniques in 
2012. Clin. Sports Med. 31, 633-644 (2012). 

95. J. J. Iyengar et al., Current trends in rotator cuff repair: surgical technique, setting, and cost. 
Arthroscopy: The Journal of Arthroscopic & Related Surgery. 30, 284-288 (2014). 

96. W. R. Dunn et al., Variation in orthopaedic surgeons' perceptions about the indications for 
rotator cuff surgery. Jbjs. 87, 1978-1984 (2005). 

97. A. C. Colvin, N. Egorova, A. K. Harrison, A. Moskowitz, E. L. Flatow, National trends in 
rotator cuff repair. The Journal of Bone and Joint Surgery.American Volume. 94, 227 (2012). 

98. N. S. Ghodadra, M. T. Provencher, N. N. Verma, K. E. Wilk, A. A. Romeo, Open, mini-
open, and all-arthroscopic rotator cuff repair surgery: indications and implications for 
rehabilitation. Journal of Orthopaedic & Sports Physical Therapy. 39, 81-A6 (2009). 

99. G. Yang, B. B. Rothrauff, R. S. Tuan, Tendon and ligament regeneration and repair: clinical 
relevance and developmental paradigm. Birth Defects Research Part C: Embryo Today: 
Reviews. 99, 203-222 (2013). 

100. E. A. Codman, Complete rupture of the supraspinatus tendon; operative treatment with 
report of two successful cases. The Boston Medical and Surgical Journal. 164, 708-710 (1911). 

101. Rotator Cuff Tears: Surgical Treatment Options - OrthoInfo - AAOS. 2022. 

102. H. J. Levy, J. W. Uribe, L. G. Delaney, Arthroscopic assisted rotator cuff repair: 
preliminary results. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 6, 55-60 
(1990). 

103. J. Bishop et al., Cuff integrity after arthroscopic versus open rotator cuff repair: a 
prospective study. Journal of Shoulder and Elbow Surgery. 15, 290-299 (2006). 



   

 
 

175 

104. K. Morse et al., Arthroscopic versus mini-open rotator cuff repair: a comprehensive review 
and meta-analysis. Am. J. Sports Med. 36, 1824-1828 (2008). 

105. L. Osti, R. Papalia, M. Paganelli, E. Denaro, N. Maffulli, Arthroscopic vs mini-open rotator 
cuff repair. A quality of life impairment study. Int. Orthop. 34, 389-394 (2010). 

106. E. L. Severud, C. Ruotolo, D. D. Abbott, W. M. Nottage, All-arthroscopic versus mini-open 
rotator cuff repair: a long-term retrospective outcome comparison. Arthroscopy: The Journal of 
Arthroscopic & Related Surgery. 19, 234-238 (2003). 

107. G. Deprés-Tremblay et al., Rotator cuff repair: a review of surgical techniques, animal 
models, and new technologies under development. Journal of Shoulder and Elbow Surgery. 25, 
2078-2085 (2016). 

108. K. M. Roth, R. J. Warth, J. T. Lee, P. J. Millett, N. S. ElAttrache, Arthroscopic single-row 
versus double-row repair for full-thickness posterosuperior rotator cuff tears: a critical analysis 
review. JBJS Reviews. 2(2014). 

109. D. H. Kim et al., Biomechanical comparison of a single-row versus double-row suture 
anchor technique for rotator cuff repair. Am. J. Sports Med. 34, 407-414 (2006). 

110. A. D. Mazzocca, P. J. Millett, C. A. Guanche, S. A. Santangelo, R. A. Arciero, Arthroscopic 
single-row versus double-row suture anchor rotator cuff repair. Am. J. Sports Med. 33, 1861-
1868 (2005). 

111. K. A. Derwin, S. F. Badylak, S. P. Steinmann, J. P. Iannotti, Extracellular matrix scaffold 
devices for rotator cuff repair. Journal of Shoulder and Elbow Surgery. 19, 467-476 (2010). 

112. A. Halder, M. E. Zobitz, F. Schultz, K. N. An, Structural properties of the subscapularis 
tendon. Journal of Orthopaedic Research. 18, 829-834 (2000). 

113. E. Itoi et al., Tensile properties of the supraspinatus tendon. Journal of Orthopaedic 
Research. 13, 578-584 (1995). 

114. S. P. Lake, K. S. Miller, D. M. Elliott, L. J. Soslowsky, Effect of fiber distribution and 
realignment on the nonlinear and inhomogeneous mechanical properties of human supraspinatus 
tendon under longitudinal tensile loading. Journal of Orthopaedic Research. 27, 1596-1602 
(2009). 

115. A. G. Schneeberger, A. von Roll, F. Kalberer, H. A. Jacob, C. Gerber, Mechanical strength 
of arthroscopic rotator cuff repair techniques: an in vitro study. Jbjs. 84, 2152-2160 (2002). 

116. R. A. McCormack, M. Shreve, E. J. Strauss, Biologic augmentation in rotator cuff repair: 
should we do it, who should get it, and has it worked? Bulletin of the NYU Hospital for Joint 
Diseases. 72, 89 (2014). 



   

 
 

176 

117. R. Dopirak, J. Bond, S. Snyder, Arthroscopic total rotator cuff replacement with an acellular 
human dermal allograft matrix. International Journal of Shoulder Surgery. 1(2007). 

118. A. Modi, H. P. Singh, R. Pandey, A. Armstrong, Management of irreparable rotator cuff 
tears with the GraftJacket allograft as an interpositional graft. Shoulder & Elbow. 5, 188-194 
(2013). 

119. F. A. Barber, M. A. Herbert, M. H. Boothby, Ultimate tensile failure loads of a human 
dermal allograft rotator cuff augmentation. Arthroscopy: The Journal of Arthroscopic & Related 
Surgery. 24, 20-24 (2008). 

120. Use of graft jacket as an augmentation for massive rotator cuff tears, (Elsevier, , 2007). 

121. N. Sharma, A. El Refaiy, T. F. Sibly, Short-term results of rotator cuff repair using 
GraftJacket as an interpositional tissue-matched thickness graft. Journal of Orthopaedics. 15, 
732-735 (2018). 

122. I. Wong, J. Burns, S. Snyder, Arthroscopic GraftJacket repair of rotator cuff tears. Journal 
of Shoulder and Elbow Surgery. 19, 104-109 (2010). 

123. M. H. Metcalf, F. H. Savoie III, B. Kellum, Surgical technique for xenograft (SIS) 
augmentation of rotator-cuff repairs. Operative Techniques in Orthopaedics. 12, 204-208 (2002). 

124. J. E. Valentin, J. S. Badylak, G. P. McCabe, S. F. Badylak, Extracellular matrix bioscaffolds 
for orthopaedic applications: a comparative histologic study. Jbjs. 88, 2673-2686 (2006). 

125. T. Visuri, O. Kiviluoto, M. Eskelin, Carbon fiber for repair of the rotator cuff: a 4-year 
follow-up of 14 cases. Acta Orthop. Scand. 62, 356-359 (1991). 

126. A. A. Amis, S. A. Kempson, J. R. Campbell, J. H. Miller, Anterior cruciate ligament 
replacement. Biocompatibility and biomechanics of polyester and carbon fibre in rabbits. The 
Journal of Bone and Joint Surgery.British Volume. 70, 628-634 (1988). 

127. E. Audenaert, J. Van Nuffel, A. Schepens, M. Verhelst, R. Verdonk, Reconstruction of 
massive rotator cuff lesions with a synthetic interposition graft: a prospective study of 41 
patients. Knee Surgery, Sports Traumatology, Arthroscopy. 14, 360-364 (2006). 

128. J. Ozaki, S. Fujimoto, K. Masuhara, S. Tamai, S. Yoshimoto, Reconstruction of chronic 
massive rotator cuff tears with synthetic materials. Clin. Orthop., 173-183 (1986). 

129. A. N. Nada, U. K. Debnath, D. A. Robinson, C. Jordan, Treatment of massive rotator-cuff 
tears with a polyester ligament (Dacron) augmentation: clinical outcome. The Journal of Bone 
and Joint Surgery.British Volume. 92, 1397-1402 (2010). 

130. A. Kimura, M. Aoki, S. Fukushima, S. Ishii, K. Yamakoshi, Reconstruction of a defect of 
the rotator cuff with polytetrafluoroethylene felt graft: recovery of tensile strength and 



   

 
 

177 

histocompatibility in an animal model. The Journal of Bone and Joint Surgery.British Volume. 
85, 282-287 (2003). 

131. O. Hakimi, R. Murphy, U. Stachewicz, S. Hislop, A. J. Carr, An electrospun polydioxanone 
patch for the localisation of biological therapies during tendon repair. Eur Cell Mater. 24, 344-
357 (2012). 

132. B. A. Lenart et al., Treatment of massive and recurrent rotator cuff tears augmented with a 
poly-l-lactide graft, a preliminary study. Journal of Shoulder and Elbow Surgery. 24, 915-921 
(2015). 

133. E. E. Ely, N. M. Figueroa, G. J. Gilot, Biomechanical analysis of rotator cuff repairs with 
extracellular matrix graft augmentation. Orthopedics. 37, 608-614 (2014). 

134. K. P. Shea, E. Obopilwe, J. W. Sperling, J. P. Iannotti, A biomechanical analysis of gap 
formation and failure mechanics of a xenograft-reinforced rotator cuff repair in a cadaveric 
model. Journal of Shoulder and Elbow Surgery. 21, 1072-1079 (2012). 

135. N. A. Mall, M. J. Tanaka, L. S. Choi, G. A. Paletta Jr, Factors affecting rotator cuff healing. 
Jbjs. 96, 778-788 (2014). 

136. N. S. Cho, Y. G. Rhee, The factors affecting the clinical outcome and integrity of 
arthroscopically repaired rotator cuff tears of the shoulder. Clinics in Orthopedic Surgery. 1, 96-
104 (2009). 

137. T. Mihata et al., Functional and structural outcomes of single-row versus double-row versus 
combined double-row and suture-bridge repair for rotator cuff tears. Am. J. Sports Med. 39, 
2091-2098 (2011). 

138. C. Charousset, L. Bellaïche, K. Kalra, D. Petrover, Arthroscopic repair of full-thickness 
rotator cuff tears: is there tendon healing in patients aged 65 years or older? Arthroscopy: The 
Journal of Arthroscopic & Related Surgery. 26, 302-309 (2010). 

139. S. J. Nho et al., Prospective analysis of arthroscopic rotator cuff repair: subgroup analysis. 
Journal of Shoulder and Elbow Surgery. 18, 697-704 (2009). 

140. R. Z. Tashjian et al., Factors affecting healing rates after arthroscopic double-row rotator 
cuff repair. Am. J. Sports Med. 38, 2435-2442 (2010). 

141. R. A. Pedowitz et al., Optimizing the Management of Rotator Cuff Problems. J. Bone Joint 
Surg. Am. 94, 163-167 (2012). 

142. L. Osti, M. Buda, A. Del Buono, Fatty infiltration of the shoulder: diagnosis and 
reversibility. Muscles, Ligaments and Tendons Journal. 3, 351 (2013). 



   

 
 

178 

143. P. Flurin et al., Cuff integrity after arthroscopic rotator cuff repair: correlation with clinical 
results in 576 cases. Arthroscopy: The Journal of Arthroscopic & Related Surgery. 23, 340-346 
(2007). 

144. M. Abate, C. Schiavone, V. Salini, Sonographic evaluation of the shoulder in asymptomatic 
elderly subjects with diabetes. BMC Musculoskeletal Disorders. 11, 1-7 (2010). 

145. A. Chainani, D. Little, Current status of tissue-engineered scaffolds for rotator cuff repair. 
Techniques in Orthopaedics (Rockville, Md.). 31, 91 (2016). 

146. Y. Liu, H. S. Ramanath, D. Wang, Tendon tissue engineering using scaffold enhancing 
strategies. Trends Biotechnol. 26, 201-209 (2008). 

147. D. P. Beason et al., Fiber-aligned polymer scaffolds for rotator cuff repair in a rat model. 
Journal of Shoulder and Elbow Surgery. 21, 245-250 (2012). 

148. S. Sahoo, H. Ouyang, J. C. Goh, T. E. Tay, S. L. Toh, Characterization of a novel polymeric 
scaffold for potential application in tendon/ligament tissue engineering. Tissue Eng. 12, 91-99 
(2006). 

149. T. K. Lim, E. Dorthé, A. Williams, D. D D'Lima, Nanofiber Scaffolds by Electrospinning 
for Rotator Cuff Tissue Engineering. Chonnam Medical Journal. 57, 13 (2021). 

150. J. Xie et al., “Aligned-to-random” nanofiber scaffolds for mimicking the structure of the 
tendon-to-bone insertion site. Nanoscale. 2, 923-926 (2010). 

151. M. Nguyen-Truong, Y. V. Li, Z. Wang, Mechanical considerations of electrospun scaffolds 
for myocardial tissue and regenerative engineering. Bioengineering. 7, 122 (2020). 

152. E. D. Taylor, L. S. Nair, S. P. Nukavarapu, S. McLaughlin, C. T. Laurencin, AAOS 
supplement selected scientific exhibits: novel nanostructured scaffolds as therapeutic 
replacement options for rotator cuff disease. The Journal of Bone and Joint Surgery.American 
Volume. 92, 170 (2010). 

153. J. A. Cooper, H. H. Lu, F. K. Ko, J. W. Freeman, C. T. Laurencin, Fiber-based tissue-
engineered scaffold for ligament replacement: design considerations and in vitro evaluation. 
Biomaterials. 26, 1523-1532 (2005). 

154. C. P. Laurent, D. Durville, D. Mainard, J. Ganghoffer, R. Rahouadj, A multilayer braided 
scaffold for Anterior Cruciate Ligament: Mechanical modeling at the fiber scale. Journal of the 
Mechanical Behavior of Biomedical Materials. 12, 184-196 (2012). 

155. B. B. Rothrauff, K. Shimomura, R. Gottardi, P. G. Alexander, R. S. Tuan, Anatomical 
region-dependent enhancement of 3-dimensional chondrogenic differentiation of human 
mesenchymal stem cells by soluble meniscus extracellular matrix. Acta Biomaterialia. 49, 140-
151 (2017). 



   

 
 

179 

156. J. W. Freeman, M. D. Woods, C. T. Laurencin, Tissue engineering of the anterior cruciate 
ligament using a braid–twist scaffold design. J. Biomech. 40, 2029-2036 (2007). 

157. J. W. Freeman, M. D. Woods, D. A. Cromer, L. D. Wright, C. T. Laurencin, Tissue 
engineering of the anterior cruciate ligament: The viscoelastic behavior and cell viability of a 
novel braid–twist scaffold. Journal of Biomaterials Science, Polymer Edition. 20, 1709-1728 
(2009). 

158. S. Madhavarapu et al., Design and characterization of three-dimensional twist-braid 
scaffolds for anterior cruciate ligament regeneration. Technology. 5, 98-106 (2017). 

159. J. Tilley, S. Chaudhury, O. Hakimi, A. J. Carr, J. T. Czernuszka, Tenocyte proliferation on 
collagen scaffolds protects against degradation and improves scaffold properties. J. Mater. Sci. 
Mater. Med. 23, 823-833 (2012). 

160. D. Cao et al., In vitro tendon engineering with avian tenocytes and polyglycolic acids: a 
preliminary report. Tissue Eng. 12, 1369-1377 (2006). 

161. B. P. Roßbach et al., Rotator cuff repair with autologous tenocytes and biodegradable 
collagen scaffold: a histological and biomechanical study in sheep. Am. J. Sports Med. 48, 450-
459 (2020). 

162. B. Gantenbein, N. Gadhari, S. C. Chan, S. Kohl, S. S. Ahmad, Mesenchymal stem cells and 
collagen patches for anterior cruciate ligament repair. World Journal of Stem Cells. 7, 521 
(2015). 

163. P. Trivedi, P. Hematti, Derivation and immunological characterization of mesenchymal 
stromal cells from human embryonic stem cells. Exp. Hematol. 36, 350-359 (2008). 

164. D. R. Kwon, G. Park, Adult mesenchymal stem cells for the treatment in patients with 
rotator cuff disease: present and future direction. Annals of Translational Medicine. 6(2018). 

165. S. Yokoya et al., Rotator cuff regeneration using a bioabsorbable material with bone 
marrow–derived mesenchymal stem cells in a rabbit model. Am. J. Sports Med. 40, 1259-1268 
(2012). 

166. C. J. Caniglia, M. C. Schramme, R. K. Smith, The effect of intralesional injection of bone 
marrow derived mesenchymal stem cells and bone marrow supernatant on collagen fibril size in 
a surgical model of equine superficial digital flexor tendonitis. Equine Vet. J. 44, 587-593 
(2012). 

167. E. E. Godwin, N. J. Young, J. Dudhia, I. C. Beamish, R. Smith, Implantation of bone 
marrow‐derived mesenchymal stem cells demonstrates improved outcome in horses with 
overstrain injury of the superficial digital flexor tendon. Equine Vet. J. 44, 25-32 (2012). 



   

 
 

180 

168. A. Shojaee, A. Parham, Strategies of tenogenic differentiation of equine stem cells for 
tendon repair: current status and challenges. Stem Cell Research & Therapy. 10, 1-13 (2019). 

169. A. B. Lovati et al., Characterization and differentiation of equine tendon-derived progenitor 
cells. J. Biol. Regul. Homeost. Agents. 25, 75 (2011). 

170. Z. Yin et al., The regulation of tendon stem cell differentiation by the alignment of 
nanofibers. Biomaterials. 31, 2163-2175 (2010). 

171. J. Zhang, J. H. Wang, Characterization of differential properties of rabbit tendon stem cells 
and tenocytes. BMC Musculoskeletal Disorders. 11, 1-11 (2010). 

172. N. Kunkel et al., Comparing the osteogenic potential of bone marrow and tendon‐derived 
stromal cells to repair a critical‐sized defect in the rat femur. Journal of Tissue Engineering and 
Regenerative Medicine. 11, 2014-2023 (2017). 

173. Q. Tan, P. P. Y. Lui, Y. F. Rui, Y. M. Wong, Comparison of potentials of stem cells 
isolated from tendon and bone marrow for musculoskeletal tissue engineering. Tissue 
Engineering Part A. 18, 840-851 (2012). 

174. F. Qi et al., From the perspective of embryonic tendon development: various cells applied 
to tendon tissue engineering. Annals of Translational Medicine. 8(2020). 

175. X. Zhang et al., The effects of different crossing-linking conditions of genipin on type I 
collagen scaffolds: an in vitro evaluation. Cell Tissue Banking. 15, 531-541 (2014). 

176. Y. F. Wu, C. Chen, J. B. Tang, W. F. Mao, Growth and stem cell characteristics of tendon-
derived cells with different initial seeding densities: an in vitro study in mouse flexor tendon 
cells. Stem Cells and Development. 29, 1016-1025 (2020). 

177. M. Ni et al., Engineered scaffold-free tendon tissue produced by tendon-derived stem cells. 
Biomaterials. 34, 2024-2037 (2013). 

178. P. P. Y. Lui, O. T. Wong, Y. W. Lee, Application of tendon-derived stem cell sheet for the 
promotion of graft healing in anterior cruciate ligament reconstruction. Am. J. Sports Med. 42, 
681-689 (2014). 

179. P. P. Y. Lui, O. T. Wong, Y. W. Lee, Transplantation of tendon-derived stem cells pre-
treated with connective tissue growth factor and ascorbic acid in vitro promoted better tendon 
repair in a patellar tendon window injury rat model. Cytotherapy. 18, 99-112 (2016). 

180. Z. Yin et al., The effect of decellularized matrices on human tendon stem/progenitor cell 
differentiation and tendon repair. Acta Biomaterialia. 9, 9317-9329 (2013). 

181. W. Shen et al., Allogenous tendon stem/progenitor cells in silk scaffold for functional 
shoulder repair. Cell Transplant. 21, 943-958 (2012). 



   

 
 

181 

182. M. Ni et al., Tendon‐derived stem cells (TDSCs) promote tendon repair in a rat patellar 
tendon window defect model. Journal of Orthopaedic Research. 30, 613-619 (2012). 

183. Y. Xu et al., The effect of mechanical stimulation on the maturation of TDSCs-poly (L-
lactide-co-e-caprolactone)/collagen scaffold constructs for tendon tissue engineering. 
Biomaterials. 35, 2760-2772 (2014). 

184. C. C. Würgler-Hauri, L. M. Dourte, T. C. Baradet, G. R. Williams, L. J. Soslowsky, 
Temporal expression of 8 growth factors in tendon-to-bone healing in a rat supraspinatus model. 
Journal of Shoulder and Elbow Surgery. 16, S198-S203 (2007). 

185. C. K. Hee et al., Augmentation of a rotator cuff suture repair using rhPDGF-BB and a type I 
bovine collagen matrix in an ovine model. Am. J. Sports Med. 39, 1630-1640 (2011). 

186. Y. Lopiz et al., Repair of rotator cuff injuries using different composites. Revista Española 
De Cirugía Ortopédica Y Traumatología (English Edition). 61, 51-62 (2017). 

187. R. Yonemitsu et al., Fibroblast growth factor 2 enhances tendon-to-bone healing in a rat 
rotator cuff repair of chronic tears. Am. J. Sports Med. 47, 1701-1712 (2019). 

188. R. Tonndorf, D. Aibibu, C. Cherif, Collagen multifilament spinning. Materials Science and 
Engineering: C. 106, 110105 (2020). 

189. X. Yu et al., Modification of collagen for biomedical applications: a review of physical and 
chemical methods. Current Organic Chemistry. 20, 1797-1812 (2016). 

190. Y. P. Kato et al., Mechanical properties of collagen fibres: a comparison of reconstituted 
and rat tail tendon fibres. Biomaterials. 10, 38-42 (1989). 

191. J. A. Matthews, G. E. Wnek, D. G. Simpson, G. L. Bowlin, Electrospinning of collagen 
nanofibers. Biomacromolecules. 3, 232-238 (2002). 

192. F. A. Denis, A. Pallandre, B. Nysten, A. M. Jonas, C. C. Dupont‐Gillain, Alignment and 
assembly of adsorbed collagen molecules induced by anisotropic chemical nanopatterns. Small. 
1, 984-991 (2005). 

193. C. Guo, L. J. Kaufman, Flow and magnetic field induced collagen alignment. Biomaterials. 
28, 1105-1114 (2007). 

194. P. Lee, R. Lin, J. Moon, L. P. Lee, Microfluidic alignment of collagen fibers for in vitro cell 
culture. Biomed. Microdevices. 8, 35-41 (2006). 

195. X. Cheng et al., An electrochemical fabrication process for the assembly of anisotropically 
oriented collagen bundles. Biomaterials. 29, 3278-3288 (2008). 



   

 
 

182 

196. M. Younesi, A. Islam, V. Kishore, J. M. Anderson, O. Akkus, Tenogenic induction of 
human MSCs by anisotropically aligned collagen biotextiles. Advanced Functional Materials. 
24, 5762-5770 (2014). 

197. V. Kishore, W. Bullock, X. Sun, W. S. Van Dyke, O. Akkus, Tenogenic differentiation of 
human MSCs induced by the topography of electrochemically aligned collagen threads. 
Biomaterials. 33, 2137-2144 (2012). 

198. F. Zhang et al., Engineering small-caliber vascular grafts from collagen filaments and 
nanofibers with comparable mechanical properties to native vessels. Biofabrication. 11, 035020 
(2019). 

199. Y. Hu et al., Synergistic effect of carbodiimide and dehydrothermal crosslinking on 
acellular dermal matrix. Int. J. Biol. Macromol. 55, 221-230 (2013). 

200. M. G. Haugh, M. J. Jaasma, F. J. O'Brien, The effect of dehydrothermal treatment on the 
mechanical and structural properties of collagen‐GAG scaffolds. Journal of Biomedical 
Materials Research Part A: An Official Journal of the Society for Biomaterials, the Japanese 
Society for Biomaterials, and the Australian Society for Biomaterials and the Korean Society for 
Biomaterials. 89, 363-369 (2009). 

201. P. Fratzl, in Collagen (Springer, , 2008), pp. 1-13. 

202. S. Hayes et al., The effect of riboflavin/UVA collagen cross-linking therapy on the structure 
and hydrodynamic behaviour of the ungulate and rabbit corneal stroma. PloS One. 8, e52860 
(2013). 

203. M. Wihodo, C. I. Moraru, Physical and chemical methods used to enhance the structure and 
mechanical properties of protein films: A review. J. Food Eng. 114, 292-302 (2013). 

204. F. Taraballi et al., Amino and carboxyl plasma functionalization of collagen films for tissue 
engineering applications. J. Colloid Interface Sci. 394, 590-597 (2013). 

205. M. G. Haugh, C. M. Murphy, R. C. McKiernan, C. Altenbuchner, F. J. O'Brien, 
Crosslinking and mechanical properties significantly influence cell attachment, proliferation, and 
migration within collagen glycosaminoglycan scaffolds. Tissue Engineering Part A. 17, 1201-
1208 (2011). 

206. Y. Xu et al., In vitro cytocompatibility evaluation of alginate dialdehyde for biological 
tissue fixation. Carbohydr. Polym. 92, 448-454 (2013). 

207. J. Ahn et al., Crosslinked collagen hydrogels as corneal implants: effects of sterically bulky 
vs. non-bulky carbodiimides as crosslinkers. Acta Biomaterialia. 9, 7796-7805 (2013). 



   

 
 

183 

208. K. G. Cornwell, P. Lei, S. T. Andreadis, G. D. Pins, Crosslinking of discrete self‐assembled 
collagen threads: Effects on mechanical strength and cell–matrix interactions. Journal of 
Biomedical Materials Research Part A. 80, 362-371 (2007). 

209. C. Yang, Enhanced physicochemical properties of collagen by using EDC/NHS-
crosslinking. Bull. Mater. Sci. 35, 913-918 (2012). 

210. C. Wang, T. T. Lau, W. L. Loh, K. Su, D. Wang, Cytocompatibility study of a natural 
biomaterial crosslinker—Genipin with therapeutic model cells. Journal of Biomedical Materials 
Research Part B: Applied Biomaterials. 97, 58-65 (2011). 

211. M. Mekhail et al., Genipin-cross-linked electrospun collagen fibers. Journal of Biomaterials 
Science, Polymer Edition. 22, 2241-2259 (2011). 

212. L. Bi et al., Effects of different cross-linking conditions on the properties of genipin-cross-
linked chitosan/collagen scaffolds for cartilage tissue engineering. J. Mater. Sci. Mater. Med. 22, 
51-62 (2011). 

213. D. Aibibu, M. Hild, M. Wöltje, C. Cherif, Textile cell-free scaffolds for in situ tissue 
engineering applications. J. Mater. Sci. Mater. Med. 27, 1-20 (2016). 

214. Y. Xu et al., In vitro enzymatic degradation of a biological tissue fixed by alginate 
dialdehyde. Carbohydr. Polym. 95, 148-154 (2013). 

215. J. V. Cauich-Rodriguez, S. Deb, R. Smith, Effect of cross-linking agents on the dynamic 
mechanical properties of hydrogel blends of poly (acrylic acid)-poly (vinyl alcohol-vinyl 
acetate). Biomaterials. 17, 2259-2264 (1996). 

216. K. Výborný et al., Genipin and EDC crosslinking of extracellular matrix hydrogel derived 
from human umbilical cord for neural tissue repair. Scientific Reports. 9, 1-15 (2019). 

217. J. Chen, Preclinical Evaluation of a Biodegradable Knitted Heart Cap for the Delivery of 
Cardiosphere-Derived Cells to Induce Reverse Remodeling of a Failing Left Ventricle (North 
Carolina State University, , 2020). 

218. Q. Li et al., Genipin-crosslinked electrospun chitosan nanofibers: Determination of 
crosslinking conditions and evaluation of cytocompatibility. Carbohydr. Polym. 130, 166-174 
(2015). 

219. M. F. Butler, Y. Ng, P. D. Pudney, Mechanism and kinetics of the crosslinking reaction 
between biopolymers containing primary amine groups and genipin. Journal of Polymer Science 
Part A: Polymer Chemistry. 41, 3941-3953 (2003). 

220. J. S. Yoo, Y. J. Kim, S. H. Kim, S. H. Choi, Study on genipin: a new alternative natural 
crosslinking agent for fixing heterograft tissue. The Korean Journal of Thoracic and 
Cardiovascular Surgery. 44, 197 (2011). 



   

 
 

184 

221. H. Sung, Y. Chang, I. Liang, W. Chang, Y. Chen, Fixation of biological tissues with a 
naturally occurring crosslinking agent: fixation rate and effects of pH, temperature, and initial 
fixative concentration. J. Biomed. Mater. Res. 52, 77-87 (2000). 

222. Y. Xie, J. Chen, H. Celik, O. Akkus, M. W. King, Evaluation of an electrochemically 
aligned collagen yarn for textile scaffold fabrication. Biomedical Materials. 16, 025001 (2021). 

223. R. Salsas-Escat, C. M. Stultz, The molecular mechanics of collagen degradation: 
implications for human disease. Exp. Mech. 49, 65-77 (2009). 

224. T. Panyachanakul et al., Development of biodegradation process for Poly (DL-lactic acid) 
degradation by crude enzyme produced by Actinomadura keratinilytica strain T16-1. Ejb. 40, 52-
57 (2019). 

225. M. Schaechter, Encyclopedia of microbiology (Academic Press, , 2009). 

226. J. A. Uquillas, V. Kishore, O. Akkus, Genipin crosslinking elevates the strength of 
electrochemically aligned collagen to the level of tendons. Journal of the Mechanical Behavior 
of Biomedical Materials. 15, 176-189 (2012). 

227. A. J. Bavariya et al., Evaluation of biocompatibility and degradation of chitosan nanofiber 
membrane crosslinked with genipin. Journal of Biomedical Materials Research Part B: Applied 
Biomaterials. 102, 1084-1092 (2014). 

228. A. R. Sadeghi et al., Surface modification of electrospun PLGA scaffold with collagen for 
bioengineered skin substitutes. Materials Science and Engineering: C. 66, 130-137 (2016). 

229. C. Li et al., Modeling of braiding parameter impact on pore size and porosity in a tubular 
braiding fabric. E-Polymers. 17, 221-226 (2017). 

230. S. Omeroglu, The effect of braiding parameters on the mechanical properties of braided 
ropes. Fibres and Textiles in Eastern Europe. 14, 53 (2006). 

231. A. S. Curtis, K. M. Burbank, J. J. Tierney, A. D. Scheller, A. R. Curran, The insertional 
footprint of the rotator cuff: an anatomic study. Arthroscopy: The Journal of Arthroscopic & 
Related Surgery. 22, 603-609. e1 (2006). 

232. T. Mochizuki et al., Humeral insertion of the supraspinatus and infraspinatus: new 
anatomical findings regarding the footprint of the rotator cuff. Jbjs. 90, 962-969 (2008). 

233. B. Dhandayuthapani, Y. Yoshida, T. Maekawa, D. S. Kumar, Polymeric scaffolds in tissue 
engineering application: a review. International Journal of Polymer Science. 2011(2011). 

234. D. Garlotta, A literature review of poly (lactic acid). Journal of Polymers and the 
Environment. 9, 63-84 (2001). 



   

 
 

185 

235. M. Beldjilali-Labro et al., Biomaterials in tendon and skeletal muscle tissue engineering: 
current trends and challenges. Materials. 11, 1116 (2018). 

236. Y. Xie, F. Zhang, O. Akkus, M. W. King, A collagen/PLA hybrid scaffold supports tendon‐
derived cell growth for tendon repair and regeneration. Journal of Biomedical Materials 
Research Part B: Applied Biomaterials.(2022). 

237. S. Chaudhury, C. Holland, M. S. Thompson, F. Vollrath, A. J. Carr, Tensile and shear 
mechanical properties of rotator cuff repair patches. Journal of Shoulder and Elbow Surgery. 21, 
1168-1176 (2012). 

238. M. R. Lewington et al., Graft utilization in the bridging reconstruction of irreparable rotator 
cuff tears: a systematic review. Am. J. Sports Med. 45, 3149-3157 (2017). 

239. J. P. Iannotti et al., Time to failure after rotator cuff repair: a prospective imaging study. 
Jbjs. 95, 965-971 (2013). 

240. P. Lubiatowski et al., Clinical and biomechanical performance of patients with failed rotator 
cuff repair. Int. Orthop. 37, 2395-2401 (2013). 

241. G. E. Park, M. A. Pattison, K. Park, T. J. Webster, Accelerated chondrocyte functions on 
NaOH-treated PLGA scaffolds. Biomaterials. 26, 3075-3082 (2005). 

242. M. Pfaffl, in Rapid Cycle Real-Time PCR, S. Meuer, C. Wittwer, K. Nakagawara, Eds. 
(Springer Berlin Heidelberg, Berlin, Heidelberg, 2001), pp. 281-291. 

243. A. M. Belu, D. J. Graham, D. G. Castner, Time-of-flight secondary ion mass spectrometry: 
techniques and applications for the characterization of biomaterial surfaces. Biomaterials. 24, 
3635-3653 (2003). 

244. J. Gao, L. Niklason, R. Langer, Surface hydrolysis of poly(glycolic acid) meshes increases 
the seeding density of vascular smooth muscle cells. Journal of Biomedical Materials Research. 
6, 417-424 (1998). 

245. F. Wen, S. Chang, Y. C. Toh, S. H. Teoh, H. Yu, Development of poly (lactic-co-glycolic 
acid)-collagen scaffolds for tissue engineering. Materials Science &amp; Engineering C. 27, 
285-292 (2007). 

246. X. Tao, J. Liu, L. Chen, Y. Zhou, K. Tang, EGR1 Induces Tenogenic Differentiation of 
Tendon Stem Cells and Promotes Rabbit Rotator Cuff Repair. Cellular Physiology and 
Biochemistry. 35, 699-709 (2015). 

247. J. Guo, K. Chan, J. Zhang, G. Li, Tendon-derived stem cells undergo spontaneous tenogenic 
differentiation. Experimental Cell Research. 341, 1-7 (2016). 



   

 
 

186 

248. J. K. Hodax et al., Aggrecan is required for chondrocyte differentiation in ATDC5 
chondroprogenitor cells. PLoS ONE. 14, e0218399 (2019). 

249. C. Stoll et al., Extracellular matrix expression of human tenocytes in three-dimensional air-
liquid and PLGA cultures compared with tendon tissue: Implications for tendon tissue 
engineering. Journal of Orthopaedic Research. 28, 1170-1177 (2010). 

250. C. Liu et al., Matrix stiffness regulates the differentiation of tendon-derived stem cells 
through FAK-ERK1/2 activation. Experimental Cell Research. 373, 62-70 (2018). 

251. H. Jiang et al., Leptin accelerates the pathogenesis of heterotopic ossification in rat tendon 
tissues via mTORC1 signaling. Journal of Cellular Physiology. 233, 1017-1028 (2018). 

252. Y. F. Rui et al., Mechanical loading increased BMP-2 expression which promoted 
osteogenic differentiation of tendon-derived stem cells. Journal of Orthopaedic Research. 29, 
390-396 (2011). 

253. R. E. Hughes et al., Force analysis of rotator cuff muscles. Clinical Orthopaedics and 
Related Research. 330, 75-83 (1996). 

254. ASTM Standard F2450-10. Standard guide for assessing microstructure of polymeric 
scaffolds for use in tissue-engineered medical products. Book ASTM Standards. 13, 1–0 (2010). 

255. Y. Kyosev. Braiding technology for textiles: Principles, design and processes. Elsevier 
(2014). 

256. Rotator cuff. Retrieved from https://mybwdoc.com/blog/rotator-cuff/ (2018). 

 

 


