
ABSTRACT 

RAMAKRISHNA, HARSHINI. Biodegradable Biphasic Scaffolds using Braiding Technology 
and Surface Treatments for Regeneration of Tendon-Bone Junction Tissue. (Under the direction 
of Dr. Martin W. King). 
 

A musculoskeletal interface, such as a tendon bone junction, is a complex tissue site, 

which connects two tissues with widely different mechanical properties. The interface therefore 

transfers stress from soft flexible tendon tissue to hard mineralized bone, and in doing so, it plays 

an important role in generating movement and maintaining the stability of joints. Such an 

interface is prone to injury since it connects two very dissimilar types of tissues.  

Many studies have successfully engineered tendon and bone tissues separately, but this 

has not led to the repair and reattachment of torn or severed interfacial tissues clinically. Hence 

the development of a tendon/bone interfacial scaffold is one of the most immediate challenges in 

the field of tissue engineering and regenerative medicine. The ultimate goal of this study was to 

develop a biodegradable biphasic scaffold for tendon-bone junction regeneration using textile 

technologies and surface treatments. Braiding and knitting technologies were used to develop six 

different bilayer tubular scaffolds using biodegradable yarns with three different fiber cross 

sections, namely round, grooved (4DG) and trilobal. A double layer structure was developed 

such that the outer layer was more porous to allow cell penetration and inner layer was less 

porous to prevent leaking of cells. The scaffolds were evaluated in terms of physical and 

mechanical properties. Murine TGF-β Type II receptor expressing cells were cultured on the 

scaffolds to evaluate the design of the scaffolds. The surface of the scaffolds was then activated 

using plasma followed by immobilization of collagen using genipin as a spacer molecule. In 

order to form a structural gradient, hydroxyapatite was coated on one end of the scaffolds to 

mimic the bone region. The biological performance of the surface modified scaffolds was 



evaluated by culturing tenocytes on the scaffolds to identify the two preferred candidates out of 

the six different prototypes. The two preferred scaffolds were cultured with mesenchymal stem 

cells under static and dynamic uniaxial cyclic stretch conditions. The biological properties such 

as cell viability, proliferation, attachment and gene expression of tenogenic, osteogenic and 

chondrogenic markers were evaluated. In addition, the cell attachment on fibers with different 

cross-sectional shapes was visualized using light microscopy and scanning electron microscopy. 

This innovative braided structure showed a lot of potential to be used as a scaffold for 

regeneration of tendon bone junction tissue. The incorporation of collagen and a hydroxyapatite 

coating promoted bioactivation, improved biocompatibility and differentiation of the 

mesenchymal stem cells into tendon and bone cells. Furthermore, the different cross-sectional 

shapes of the fibers, such as trilobal and grooved (4DG), provided an increase in surface area and 

provided guidance for cell attachment and migration. An unexpected finding was that the fiber 

cross-sectional shape also affected the differentiation of the stem cells. So this study is the first to 

report the influence of fiber cross sectional shape on cell differentiation and this research is one 

of the few studies which includes different cross-sectional fibers in developing a tissue 

engineering scaffold. 
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CHAPTER 1 - INTRODUCTION 

1.1. Background and Significance 

Tendons are attached to bone through an insertion site known as an enthesis which is also 

known as an osteotendinous junction. The enthesis connects two vastly different, highly ordered 

hierarchical tissues across a millimeter-wide junction region. So it is biomechanically, 

compositionally and structurally a complex junction. Due to its unique gradient properties, the 

enthesis is prone to injuries and failures. Unfortunately, the damaged interface cannot be repaired 

using a routine surgical procedure due to the instability of the grafts to restore structural and 

functional characteristics at a specific insertion site. Tissue engineering is an alternative approach 

which replaces the diseased tissue with a biological substitute that is designed and constructed 

specially for each patient [3]. Generally, there are two tissue engineering strategies to repair and 

regenerate a tendon to bone interface. First is the non-scaffold-based approach by using cell 

therapy and the use of either biological or mechanical cues [50-61]. Though many non-scaffold 

techniques show positive results, due to the complexity of the tendon bone junction, no single 

technique by itself is effective. The second approach is the scaffold-based method. Current 

scaffold-based methods focus on creating a multilayer scaffold using different biomaterials, 

fabrication techniques and seeding multiple cell types onto the stratified tissue composite [44-49, 

63-70]. It has several limitations. Cost is a major concern, and there are practical challenges for 

clinical use since it involves isolating mature fibroblasts, chondrocytes and osteoblasts from three 

separate sites. Although these scaffolds show potential to regenerate a tendon bone junction, the 

fabrication of the scaffold is complex and difficult to design and scale up for commercial 

production.  
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Our approach is to develop a biodegradable biphasic scaffold and incorporate biochemical 

stimuli by surface coatings so as to obtain a structural gradient that mimics the tendon bone 

junction tissue. In order to develop the scaffold, we are proposing to harness braiding and knitting 

technologies and use a biodegradable synthetic fiber, namely poly(lactic) acid. The surface of the 

scaffold is coated with collagen and, in addition, one end of the scaffold is coated with 

hydroxyapatite to mimic the bone region. It is proposed that by modifying a biologically inert 

surface of synthetic fiber by immobilizing collagen on its surface, while maintaining the bulk 

properties of the fiber, this will provide a good biologically active surface for the cells to attach 

and grow. In addition, the desired mechanical properties such as high modulus and tensile strength 

to withstand the tension at the junction will be preserved. Collagen immobilization combined with 

a hydroxyapatite coating on one end of the scaffold will act as a biochemical stimulus to induce a 

specific and controllable cellular response like differentiation of mesenchymal stem cells into 

tendon and bone cells. By functionalizing and applying these coatings to a bilayer tissue 

engineering scaffold so as to form a structural gradient we anticipate developing a new approach 

to tissue engineering a tendon/bone interface without the use of creating a multilayer scaffold with 

different biomaterials and fabrication techniques. In addition, this study also focusses on studying 

the effect of using filaments with different cross-sectional shapes on cell behavior. It is anticipated 

that the application of different cross-sectional shaped fibers will be advantageous due to their 

increased surface area and they will be readily scalable for the manufacture of commercial 

biomedical products in the future.  
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1.2. Goals and Objectives 

The ultimate goal of this study is to use appropriate textile technologies and surface 

treatments to engineer a biodegradable biphasic scaffold for regeneration of tendon bone junction 

tissue.   

In order to achieve the ultimate goal, it is necessary to develop a tubular scaffold using 

braiding and knitting technology, apply surface modification techniques to create a biphasic 

scaffold to mimic the tendon and bone regions and to stimulate the growth of interfacial tissue 

using mechanical and biochemical stimuli. Therefore, the goal is divided into the following 

objectives: 

1. To use a combination of the latest braiding and knitting technology to fabricate a tubular 

scaffold with appropriate structure and properties to mimic the tendon tissue.  

2. To incorporate biochemical stimuli by activating and functionalizing the whole fiber surface 

of the tubular scaffolds with collagen and subsequently coating one end of the scaffolds with 

hydroxyapatite to mimic the bone tissue.  

3. To culture mesenchymal stem cells on the developed and fabricated biphasic scaffold with 

biochemical stimuli initially under static conditions and subsequently under mechanical 

stimulation and to develop appropriate imaging technologies to investigate the effect of various 

fiber cross-sectional shapes on the behavior of mesenchymal stem cells.  

The three objectives are interrelated and each of them is considered as an individual project. 

The specific aims are listed under each project. 
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Project 1: Fabrication of braided and knitted scaffolds using fibers with different cross-

sectional shapes 

1. To design and fabricate biodegradable scaffolds from poly(lactic acid) (PLA) yarn using 

braiding and knitting technologies. The experimental design is to use fibers with both a round 

and grooved cross-section to mimic the properties of a tendon.  

2. To evaluate the structural morphology of the four different types of scaffolds using micro 

computed tomography. 

3. To determine how the design of the PLA scaffold structure which mimics tendon tissue affects 

the attachment, viability, proliferation and gene expression of murine TGF-β Type II receptor-

expressing joint progenitor cells under static culture conditions. The scaffolds will also be 

coated with fibronectin to see the effect of biochemical stimuli on cell behavior.  

Project 2: Incorporation of biochemical stimuli on the scaffolds by surface coating with 

collagen and hydroxyapatite to mimic the tendon bone interface 

1. To apply and optimize the immobilization of collagen on the PLA fibers using genipin as a 

spacer molecule following plasma activation treatment of the PLA scaffold. 

2. To apply and optimize the method of coating hydroxyapatite on the PLA scaffold so as to 

mimic the bone region for tendon bone junction regeneration. 

3. To identify the preferred design of scaffold structure and surface functionalization and coating 

based on their biological performance. 
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Project 3: Regeneration of tendon bone junction tissue by culturing mesenchymal stem cells 

on the biphasic scaffolds  

1. To evaluate the physical characteristics such as total porosity and pore size distribution and 

mechanical properties including the uniaxial tensile properties of the two preferred scaffolds. 

2. To study the cytocompatibility and cell proliferation of the two preferred scaffolds by 

culturing mesenchymal stem cells under static conditions. 

3. To study the formation of a tendon bone junction tissue by culturing mesenchymal stem cells 

on the two preferred scaffolds by applying mechanical stimulation. 

4. To develop an appropriate microscopic analytical approach to visualize and study the effect 

of PLA fiber cross-sectional shape on cell behavior. 

1.3. Outline of the Dissertation 

This written dissertation is organized into six chapters. The first chapter describes the 

background and significance of this particular research study. It describes the primary goal and 

specific aims of the three projects. The second chapter reviews the important literature that 

describes the structure, composition and properties of tendon bone junctions, the types of injuries 

associated with tendon bone junction, and the current state of research in tissue engineering tendon 

bone junction tissue. The third chapter introduces the design and fabrication of bilayer scaffolds 

using yarns with two different fiber cross sections. Both knitting and braiding techniques are used 

to mimic the properties of tendon tissue. Chapter 4 discusses the activation of PLA fibers and 

technique used to immobilize collagen on the fiber’s surface. Additionally, by coating one end of 

the modified collagen scaffolds with hydroxy apatite on six scaffolds were fabricated using fibers 

with three different cross-sectional shapes. The surface modified prototype scaffolds were 
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evaluated, and two preferred scaffolds were selected. Chapter 5 develops an in vitro cell culture 

assay to evaluate the biological response of the two preferred scaffolds by culturing with 

mesenchymal stem cells. A dynamic laboratory bioreactor developed at NCSU Wilson College of 

Textiles was used to provide mechanical stimulation to the cells. Lastly, the sixth chapter provides 

a summary of the findings, conclusions and recommendations for future work. 
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CHAPTER 2 - LITERATURE REVIEW 

2.1. Overview 

This study focuses on combining textile technology with surface treatment to engineer a 

biphasic scaffold for regeneration of tendon bone junctions. The review of literature consists of 

the following three sections. 

Section 1: Interface Tissue Engineering and Tendon Bone Junction 

Section 1 starts with a description of general concepts in tissue engineering followed by a 

discussion on interface tissue engineering and why it is necessary to regenerate a complex tissue 

such as tendon bone junction. The next part of the section gives a detail description of the structure 

and composition of tendon bone junction tissue followed by current strategies that are in place to 

repair an injured tendon bone junction. The last part delineates the challenges associated with 

engineering a complex tendon bone junction. 

Section 2: Scaffolds for Tissue Engineering a Tendon Bone Junction 

The first part of the section discusses the important properties of a tissue engineering 

scaffold. It also describes various surface coating methods and their influence on properties of a 

scaffold. The second part of the section compares various methods to fabricate a tissue engineering 

scaffold and describes the advantages of using a textile-based scaffold. The last part of the section 

describes the fundamentals of braiding and weft knitting. 

Section 3: Cells and Mechanical Stimulation for Tissue Engineering a Tendon Bone Junction 

Section 3 reviews various cells that are currently being used in the regeneration of a tendon 

bone junction and delineates the importance of mechanical stimulation in tissue engineering. 
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2.2. Interface Tissue Engineering and Tendon Bone Junction 

2.2.1. Interface Tissue Engineering (ITE) 

Every year millions of people suffer from damage and degeneration of tissues or end-stage 

organ failure due to injury, disease and trauma. The conventional treatment includes transplanting 

tissue from one site to another in the same patient (autograft) or from one individual to another 

(allograft). Though many people benefited from these procedures, there were problems associated 

with both techniques. Autografts are expensive, painful and resulted in donor site morbidity due 

to infection and abnormal interaction of the tissue at its new location. Allografts are limited by 

shortage of donors and risk of tissue rejection by the patient [1-3].  

Tissue engineering is an alternate approach which replaces the diseased organ or tissue 

with a biological substitute that is designed and constructed specially for each patient. The concept 

of tissue engineering was first mentioned by Y.C Fung in 1985 but it was not until 1988, the term 

tissue engineering was officially coined at the National Science Foundation workshop and defined 

as the application of principles and methods of engineering and life sciences toward the 

fundamental understanding of structure-function relationships in normal and pathological 

mammalian tissues and the development of biological substitutes to restore, maintain and improve 

tissue function [2,5]. A tissue engineering construct consists of a scaffold or a matrix with cells 

seeded on them and sometimes it also contains growth factors and/or subjected to mechanical or 

chemical stimulation using bioreactors. This combination of scaffolds, cells and signals is referred 

to as the tissue engineering triad.  

Biomaterials are widely used in developing tissue engineering scaffolds. They are used in 

number of medical applications including orthopedic prostheses, dental implants, neural implants, 
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extracorporeal devices etc. [4].  In the past, a combination of biomaterials, cells and growth factors 

are widely used for engineering various individual connective tissues such as tendon, bone, 

cartilage or ligament. However, the complexity of insertion sites such as tendon/ligament to bone 

and muscle to tendon interfaces makes them difficult to engineer through conventional engineering 

approaches (Figure 2.1). Since 2000, more research has been shifted to concentrate on the 

regeneration of functional tissue insertion site to repair or regenerate damaged zones between 

different tissue types [7,9].  

 

Figure 2.1 Complex tissue interfaces in the shoulder and knee [123] 

 

The interface has a gradient of structural and mechanical properties. It plays a critical role 

in balancing the distribution of complex loads and strains and acts as a channel between two 

dissimilar tissues such as tendon and bone [7,8]. Due to their unique gradient properties, they are 



 
 10 

prone to injuries and failure. Unfortunately, the damaged interface cannot be fixed using routine 

surgical procedure due to instability of the grafts to restore structural and functional characteristics 

of an insertion site. Thus, interface tissue engineering is one of the most immediate challenges in 

the field of regenerative medicine that aims to generate a multiple tissue junction such as a 

tendon/bone interface which has integrity, continuity and consists of two or more different yet 

contiguous types of cells. 

Interface tissue engineering (Figure 2.2) is defined as the application of tissue engineering 

principles to develop scaffold systems capable of facilitating the integration between different 

tissue types, as well as between the biomaterial and surrounding tissue [6]. Due to the structure of 

the interface, the scaffolds used in ITE should be heterogenous and should be able to provide 

gradients in terms of composition, structure and mechanical properties. 

 

Figure 2.2 Schematic illustration of the concept of interface tissue engineering [8] 
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Therefore, to design a scaffold for interface tissue engineering, it is important to investigate 

different types of tissue-tissue junctions in detail. It is also important to study the structure-function 

relationship at the interface. 

2.2.2. Tendon - Bone Junctions (Enthesis) 

1) Cells, Histology and Functions 

The tendon bone junction or interface is a material with a structural gradient which 

integrates tendon in bone and helps in joint motion. The interface connects two dissimilar 

materials: soft unmineralized tendons and hard mineralized bone. The tendons predominantly 

contain tenocytes, an elongated fibroblast type cell whereas the bone region primarily consists of 

osteoblasts and osteoclasts. The interface consists of a third type of cell known as chondrocytes. 

Due to its unique mechanical behavior and gradient structure, there is a possibility for 

accumulating unwanted stress at the interface, which results in injury. The most frequent tendon 

bone insertion zones that are frequently injured, are slow to heal and difficult to repair surgically 

are the Achilles tendon and rotator cuff tendon. They will be the focus of this review.  

Tendon 

Tendons are connective tissues that connect muscles to bones and form a musculotendinous 

tissue whose primary function is to transmit tensile load and stabilize joints. A tendon is defined 

as a dense highly organized tissue that transmits an applied force and is composed predominantly 

of type 1 collagen with fibril associated proteoglycans, whereas a bone is a hard-connective tissue 

which contains 25% of water, 25% of protein fibers like collagen and the rest 50% is a mixture of 

mineral salts primarily calcium and phosphorus [11, 12].  
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In humans, tendons have a multi-unit hierarchical structure from the molecular scale up to 

the tendon itself which is composed of collagen molecules, fibrils, fiber bundles, fascicles and 

tendon units that run parallel to the tendon’s longitudinal axis (Figure 2.3).  The smallest structural 

unit of a tendon is the fibril which is made up of rod like collagen molecules aligned end to end in 

a quarter staggered array. The diameter of the collagen fibril varies from 10 s to 100 s of nm and 

depends on the age, sample location and species. Fibrils are followed by fibers. Collagen fibers 

contain collagen fibrils and are bound together by endotenons, thin layers of connective tissue 

containing capillaries, lymphatic vessels and nerves. Fascicles are made up of fiber bundles, and 

the bundles of fascicles are covered by epitenon, a fine loosely connective tissue sheath containing 

the vascular and lymphatic vessels and the nerve supply to the tendon. The epitenon is 8-10 nm in 

thickness. Tendons are also enclosed by a third layer of connective tissue known as the paratenon, 

or synovial sheath which functions as an elastic sleeve and facilitates free movement of the tendons 

against the surrounding tissues.  The combination of epitenon and paratenon is known as the 

peritendon which reduces the friction with adjacent tissues. This hierarchical structure of the fiber 

bundle contributes to the tensile strength of the tendon [17, 22].    
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Figure 2.3 Hierarchical structure of a tendon [18] 

 

The composition of a tendon consists of 86% collagens, 1-5% proteoglycans, 2% 

glycoproteins and rest are occupied by water. It contains of relatively few cells, with the 

predominant cell type being the fibroblast [19]. In tendons, type I collagen constitutes about 95% 

of the total collagen content and the remaining 5% consists of types III and V collagens. 

Tropocollagen, a long thin protein is the basic structural unit of collagen. It is produced inside the 

cell and released into the extracellular matrix as procollagen, which has a non-triple helical 

extension at both ends [20]. Type III collagen is mainly found in the endotenon and epitenon where 

it forms smaller, less organized fibrils that result in decreased mechanical strength. Type V 

collagen is inserted into the core of type I collagen fibrils to regulate fibril growth. Collagen types 

II, VI, IX, X and XI are found in trace amounts at the bone insertion site of fibrocartilage. They 

strengthen the tendon bone connection by reducing the stress concentration at the hard tissue 
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interface. The collagens found in the matrix are cross linked to increase the Young’s modulus of 

the tendon and reduce the level of strain at failure. 

Besides collagen, tendons also contain a variety of proteoglycans (PGs) such as decorin, 

biglycan, fibromodulin, lumican, epiphycan and keratocan [20,21]. The proteoglycan content of a 

tendon varies depending on its mechanical loading condition. Decorin is a small leucine rich 

proteoglycan which is located on the surface of the middle portion of collagen fibrils. It facilitates 

fibrillar slippage during mechanical deformation and assists the collagen molecules to align within 

the tendonous structure. The other proteoglycans present in tendons help in holding water within 

the fibrocartilage and resist compression. Glycoproteins such as tenascin-C and fibronectin are 

also present in the extracellular matrix (ECM) of the tendon. Tenasin-C contributes to the 

mechanical stability of the extra cellular matrix whereas fibronectin facilitates wound healing.  

Tendons consist of 90-95% of fibroblast cells i.e. tenoblasts and tenocytes. The other 5-

10% includes endothelial cells and smooth muscles cells in the endo and epitenon, synovial cells 

on the tendon surface, and chrondrocytes at the pressure and insertion sites. The new born has a 

very high cell – to- matrix ratio and the ratio decreases with age. The most dominant cell type is 

the fibroblast, which is responsible for synthesizing extracellular matrix proteins, producing an 

organized collagen matrix and remodeling it during tendon healing [17].   

Bone 

Bone is a complex hierarchically structured rigid organ, which supports and protects 

various organs and structures of the human body. The other functions of bone are to produce red 

and white blood cells, provide maintenance of mineral homeostasis and acid-base balance, to 

support the human body and permit movement and locomotion [29].  
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There are four general categories of bones: long bones, short bones, flat bones and irregular 

bones. Long bones include the humerus or arm bone which connects to the rotator cuff tendons 

and calcaneus bone or heel bone which connects to the Achilles tendon. The long bones constitute 

diaphysis, which is a hollow shaft, metaphyses is a flared, cone-shaped region below growth plates 

and epiphyses is a rounded structure above the growth plates. The diaphysis is primarily made of 

dense cortical bone which is 10% porous, whereas the metaphysis and epiphysis are made of 

trabecular meshwork bone being 50-90% porous and it is surrounded by a thin layer of dense 

cortical bone [29,30].  

Healthy bone tissue results from the interaction of three cell types: osteoblasts, osteocytes 

and osteoclasts. Osteoblast cells are numerous in bone tissue. They are cuboidal in shape, polarized 

and located with their osteoprogenitor precursors at the surface of the bone. They form a tight 

dense layer of cells on the surface and their function is to synthesize and regulate bone extra 

cellular matrix deposition and mineralization. They also respond to mechanical stimuli. Osteocyte 

cells are stellate shaped and help in calcification of the osteoid matrix. They help to balance blood- 

calcium homeostasis and possess fewer organelles compared to osteoblasts cells. They are also 

known as mechanosensor cells of the bone. Osteoclast cells are multinucleated polarized cells 

which are the only cells known to be capable of resorbing bone.  

Bone is composed of 50-70% of minerals, 20-30% of organic matrix, 5-10% water and less 

than 3% lipids. The major mineral component is hydroxyapatite and it contains small amounts of 

carbonate, magnesium and acid phosphate.  The organic matrix includes type 1 collagen with 

minor amounts of other collagen types, non-collagenous proteins and proteoglycans [30, 31]. 
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Interface 

Tendons attach to bone through an insertion site known as an enthesis. The plural is 

enthuses. The insertion site is also known as an osteotendinous junction. The enthesis connects 

two vastly different, highly ordered hierarchical tissues across a millimeter-wide junction region. 

The enthesis can further be divided into two types depending on the type of tissue present at the 

skeletal attachment site. It can either be fibrous connective tissue or fibrocartilage. A fibrous 

enthesis attaches directly to the bone or periosteum via fibrous tissue, which is like a mid-tendon 

region, whereas a fibrocartilage enthesis attaches to bone through a layer of fibrocartilage which 

acts as a transition zone between the bone and the fibrous tendon tissue [13,14]. The majority of 

entheses in the body are fibrocartilaginous and they are more frequently injured such as those of 

the rotator cuff and Achilles tendons (Figure 2.4). The main characteristics of fibrous and 

fibrocartilaginous entheses are shown in Table 2.1. 

Table 2.1 Characteristics of fibrous and fibrocartilaginous enthesis [13] 

 Fibrous Enthesis Fibrocartilaginous Enthesis 

Common 

attachment 

Metaphyses and diaphysis of long 

bones 

Epiphyses and Apophyses 

Composition Mineralized collagen fibers Four distinct zones 

Angle of 

insertion 

Insertion angle changes slightly during 

motions 

Prone to overuse injuries as 

changes in the insertion angle 

are greater 

Example Deltoid attachment to the humerus and 

adductor magnus to the linea aspera of 

the femur, pronator teres 

Rotator cuff and Achilles 

tendons 
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Figure 2.4 Structure of Achilles tendon [15] and rotator cuff [16] 

 

Fibrous entheses are typically found attached to larger boney surface areas and are 

distinguished by the presence of mineralized collagen fibers. These entheses can either be boney 

or periosteal, depending on whether the tendon attaches directly to the bone or the periosteum. It 

is distinguished by the presence of dense fibrous connective tissue at the tendon-bone interface 

and such structures are common in tendons that attach to the diaphysis of long bones. For example, 

this type of enthesis is found in muscles which are connected to the humerus and muscles which 

are attached to the linea aspera of the femur [13, 23].  

 Fibrocartilaginous entheses are distinguished by the presence of a fibrocartilage transition 

zone at the tendon bone interface. These enthuses have been categorized into four zones (Figure 

2.5) to form a structurally continuous gradient from the flexible uncalcified tendon to the rigid 

calcified bone [24,25].  
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Figure 2.5 The four zones of the enthesis viewed in a histological section [13] 

 

The first zone is the pure dense fibrous connective tissue. It consists of pure tendon and its 

properties are similar to the mid-substance tendon and it is heavily populated by fibroblasts. It also 

consists of linearly aligned type 1 collagen and trace amounts of type III collagen, elastin and 

proteoglycan decorin. The second zone is the uncalcified fibrocartilage and it marks the beginning 

of the transition from flexible tendinous material to rigid bony material. It consists of 

fibrochondrocytes, collagen types II and III and small amounts of types I, IX and X collagen and 

proteoglycans aggrecan and decorin. The function of this zone is to dissipate the bending of 

collagen fibers in the tendon. The “tide mark” is a mechanical boundary or basophilic line 

separating the uncalcified soft tissue from the calcified hard fibrocartilage zone. It is relatively 

straight indicating the production of a flat surface during mineralization. The third zone is the 

calcified fibrocartilage zone. It is an avascular zone of calcified or mineralized fibrocartilage 

containing fibrochondrocytes indicating a marked transition towards bony tissue. Type II collagen 



 
 19 

is predominantly found in this zone and types I and X collagen as well as aggrecan is found in 

trace amounts. In contrast to the tidemark, this junction is highly irregular, and it provides the 

mechanical integrity of the enthesis. This layer allows a gradual transition of force across the 

enthesis and it also acts as a barrier against blood vessels in the bone. Thus, preventing direct cell-

cell communication between osteocytes and tendon cells. The fourth and the final zone is the bone 

itself. This zone has a high mineral content. It consists of osteoclasts, osteocytes and osteoblasts 

residing in a matrix of type I collagen and carbonized mineral [13, 26]. The composition and 

significance of the four zones is summerized in the Table 2.2. 

Table 2.2 Composition and significance of the four zones of an enthesis [13] 

 Composition Significance 

Zone 1 

Pure dense 

fibrous 

connective tissue 

Fibroblasts, Type I collagen, Type 

III collagen 

Linearly arranged collagen with 

mechanical properties similar to 

central region of tendon 

Zone 2 

Uncalcified 

fibrocartilage 

Fibrochondrocytes, Proteoglycan 

aggrecan with collagen (Types I 

and III) 

Dissipates bending of collagen fibers 

in tendon 

Tidemark  Basophilic demarcation between 

uncalcified and calcified 

fibrocartilage representing the 

boundary between soft and hard 

tissues 

Zone 3 Calcified 

Fibrocartilage 

Fibrochondrocytes, predominantly 

Type II collagen, Type I and Type 

X collagen 

Irregularity of attachments into bone 

give mechanical integrity of enthesis 

Zone 4 Bone Osteocytes, Osteoblasts, 

Osteoclasts, Type I collagen 

Provides sites of attachment for the 

tendon 
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The tendon to bone insertion is a biomechanically, compositionally and structurally 

complex junction. The insertion site must transfer a complex loading environment effectively to 

prevent injury. So, it is believed that the properties of the insertion site vary along its length. In 

order to demonstrate this, Stavros et al [27] used a quasilinear viscoelastic model to determine the 

biochemical properties, polarized light analysis to determine the collagen orientation and in situ 

hybridization to determine the expression of cellular matrix genes. It was found that there was a 

variation in gene expression along the length of the insertion. Tendon specific genes such as 

decorin and biglycan were present only on the tendon end of the insertion, whereas cartilage 

specific genes such as collagen II and aggrecan were present only at the bony end of the insertion. 

It was also found that the collagen fibers were less oriented near the insertion points compared to 

the tendon. Andrew et al [28] compared the extracellular matrix in the middle of the tendon with 

the extracellular matrix near the insertion region using immunohistochemical analysis. He found 

that there is a striking difference between the ECM found in these two regions. Many experiments 

have been conducted to establish how a contiguous tendon bone insertion derives its properties 

[36, 37, 38]. The two main factors that contribute to the tendon to bone transition with its unique 

gradient in mechanical properties are the gradient in mineral concentration and the gradient in 

collagen fiber orientation. Thus, the tendon to bone insertion site varies along its length with 

respect to collagen structure, extracellular matrix composition, mineral content, geometry and 

viscoelastic properties. This variation distributes the applied forces effectively across the transition 

from a flexible tendon to a rigid bone. 
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2) Tensile Properties 

Tendons are soft tissue whereas bone is a hard tissue. Bone is stiff, rigid and brittle 

compared to tendons. The tensile modulus of bone is at least two orders of magnitude greater than 

the tendons. Thus, an abrupt change from tendon to bone would lead to unequal stress 

concentration between the two regions which might result in failure at interfaces. As a result, there 

exists a functional gradient at the interface with four zones which have a gradual variation in 

composition, structure and mechanical properties so as to minimize the stress concentration and 

prevent failure. Zone 1 which is purely tendon with well-aligned collagen fibers is moderately stiff 

followed by zone 2 and zone 3 which are fibrocartilage and mineralized fibrocartilage respectively 

are approximately half as stiff as the tendon. Zone 4 which is the bone is nearly hundred times 

stiffer than the tendon. The tensile properties of enthesis generally vary with the species, age, sex 

and location of the tendon bone junction [39,33].   

Tendon 

The presence of collagen, water and interactions between collagenous proteins and non-

collagenous proteins in tendons results in viscoelastic behavior of tendon tissue. The fiber 

morphology and viscoelasticity of the tendons are responsible for its unique mechanical behavior 

when subjected to dynamic stress in vivo. A typical tendon stress-strain curve is shown in Figure 

2.6. It has an initial toe region where the tendon is strained up to 2%, which corresponds to the 

stretching–out of the “crimp pattern” of a tendon. The initial toe region is followed by a linear 

region where the tendon is stretched 4% and the collagen fibers lose their crimp morphology. The 

slope of this recoverable region is known as the Young’s modulus. If the tendon is stretched 

beyond this the linear region, that is more than 4%, microscopic tearing occurs in the tendon fibers 

and further stretching results in macroscopic failure and tendon rupture [17].  
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Figure 2.6 Stress strain curve of a tendon [17] 

 

The tensile properties of a tendon depend on the age of the person and the level physical 

activity.  Studies suggests that people above 70 years old lose about 20% of the tensile strength of 

their tendon.  Long term physical activity improves the tensile mechanical properties such as 

stiffness, ultimate strength and energy-to-failure. The average ultimate tensile strength of human 

tendons between the age 1- 79-year-old is about 5.4 kg/mm2 and the ultimate tensile elongation is 

about 83-90% [32,33].  

Tishya et al [34] studied the mechanical properties of the human Achilles tendon and found 

that its mechanical performance depends on the strain rate even though its material properties are 

similar to other tendons. In addition to human trials, the tensile properties of Achilles tendons were 

studied in other species and it was found that the ultimate tensile strength decreases in magnitude 

from highest being horses followed by beef cattle, rabbits, dogs, pigs, guinea pigs, rats and mice. 

The average thickness of the tendon tissue in various species also decreases in the same order as 

the ultimate tensile strength which results in the conclusion that the ultimate tensile strength is 

generally proportional to the thickness of the tendon. It was also found that the initial working 
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region corresponds to a yield stress of about 10-20% of the ultimate strength of the Achilles tendon, 

and an initial yield strain lies within about 20-33% of the ultimate elongation [33, 34]. The tensile 

properties of supraspinatus tendon in the anterior, middle and posterior portions were studied and 

it was found that the anterior portion is mechanically stronger than the other portions [35].   

Bone 

 The mechanical properties of bone depend on the composition of collagen and 

hydroxyapatite and the structure of the bone. The stress-strain curve of bone is similar to many 

engineering materials (Figure 2.7).  The proportionality limit is about 55-65% of the ultimate 

tensile strength and elastic limit is about 75-80% of the ultimate strength [41]. 

 

Figure 2.7 Typical Stress-Strain curve of a Bone Tissue [41] 

 

Tensile properties of the bone vary with age and sex of the species, location of the bone 

and orientation of load. The ultimate tensile strength of bone decreases with age. People above 60 

years lose about 30% of the strength. The human humerus bone has an average ultimate tensile 
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strength of 125 MPa and ultimate percentage elongation of 1.43% and tibia bone has an average 

ultimate tensile strength of 175 MPa and an ultimate percentage elongation of 1.5%. The radius 

has one of the highest ultimate tensile strengths followed by the ulna, fibula, tibia, humerus and 

femur. The ultimate percentage elongation is greatest in the fibula followed by the tibia and radius, 

ulna, humerus and femur.  

From in vivo animal studies, horses have the highest ultimate tensile strength followed by 

cattle, deer, wild boars, pigs and ostriches. The ultimate percentage elongation is highest in cattle 

followed by wild boars, deer, horses, pigs and ostrich [33,41].  

Interface 

The tensile properties in the interface region lie between those of the tendon and bone 

regions. Kazutoshi et al tested the tensile strength of the Achilles tendon attachment to the 

calcaneus bone in mature and immature rabbits and reported the following results (Figure 2.8). 

The ultimate failure load in the mature animals was 179 N and 138 N in immature animals. This 

study also found that 1) the failure occurred partly at the interface region and partly at the tendon 

region in mature animals, 2) the tensile strength of the mature tendon is greater than that of the 

immature tendon, and the tensile properties of a tendon bone junction change during development 

[42]. 
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Figure 2.8 Achilles tendon attachment to calcaneus bone of mature (left side) and immature 
(right side) rabbits [42] 

 

Moffat et al reported the mechanical properties at a ligament to bone interface. The 

ligament is a connective soft tissue simiar to tendon which connects bone to bone. The experiments 

were performed on bovine tissue and some of the important results were: 1) Mechanical properties 

changed across the ACL to bone interface with the non-mineralized region exhibiting higher 

deformation than at the mineralized region at all applied strains. 2) The calcified region of the 

interface had a higher Young’s modulus value compared to the non calcified region (Figure 2.9) 

[43]. 
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Figure 2.9 Region-dependent strain response under uniaxial unconfined compression. Nonlinear 
displacement was found, decreasing in magnitude from nonmineralized (NFC) to mineralized 

fibrocartilage (MFC) and to bone [43] 

 

3) Tendon Bone Junction Injuries and Strategies to Repair/Regenerate 

The tendon bone junction is a material with a structural gradient, which provides a 

functional transition from soft unmineralized tendon tissue to hard mineralized bone. Due to its 

unique mechanical behavior there is a possibility of accumulating unwanted stress at the interface, 

which results in injury. This is particularly common in sports [14]. When tendons are injured, the 

body initiates a process of healing and scar formation. Although the tensile strength of an injured 

and healed tendon improves over time, it never reaches the level of normal, healthy uninjured 

tissue due to its hypocellular and hypovascular nature [21]. The healing capacity of a tendon is 
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poor. Following injury, the biochemical and ultrastructural characteristics remain abnormal even 

after 12 months due to its high in vivo loading.  

Surgical reattachment often fails due to the poor healing of the enthesis. Pauline et al [37] 

reported that about 20-90% of rotator cuff repairs failed, and the failure rate of ACL reconstruction 

ranged between 10 to 20%. The poor healing of the enthesis is due to several factors including 

poor vascularization within the fibrocartilage zone, mechanical loading, extracellular matrix 

composition as well as other biological factors. Below are examples of tendon bone insertion zones 

that are frequently injured, are slow to heal and difficult to repair surgically.  

 The rotator cuff is a group of tendons and muscles in the shoulder which connects the 

bone in the upper arm (humerus) to the shoulder blade scapula. The rotator cuff tendons and muscle 

provide stability and limit the extent of motion in the glenohumeral joint. There are four different 

muscles in the rotator cuff which are the teres minor, the infraspinatus, the supraspinatus and the 

subscapularis. Each muscle has an insertion point at the scapula and has a tendon that attaches to 

the humerus. The tendons and tissues together form a cuff around the humerus. A rotator cuff 

injury occurs when these tendons are torn or separated from the humeral head which then leads to 

loss of function, instability and pain. About 30% of the population over 60 years of age has a 

rotator cuff tear and orthopedic surgery is the normal operation performed to recover shoulder 

function. In fact, there are about 75,000 rotator cuff repairs performed each year in the United 

States [44]. Generally, the tendons are reattached successfully but the functional transitional 

gradient at the tendon bone interface is not regenerated. This leads to one of the most important 

challenges in clinical practice in which the incidence of repeat rotator cuff failure is between 30 to 

94%. Figure 2.10 shows the cross-sectional view of a mouse supraspinatus tendon-to-bone 
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insertion. The collagen fiber orientation becomes less well aligned as the tissue extends from 

tendon to bone [44]. 

 

Figure 2.10 Cross-sectional view of a mouse supraspinatus tendon-to-bone insertion. [44] 

 

The Achilles tendon is a fibrous tissue which connects the heel bone (calcaneus) to the calf 

muscles gastrocnemius and soleus muscles (Figure 2.11). It is the largest and strongest tendon 

found in the human body, and that is why orthopedic surgeons will harvest part of a patient’s 

Achilles tendon to serve as autologous donor tissue to repair an injured tendon or ligament 

elsewhere in the body. The Achilles tendon is also the most commonly injured tendon. Injury may 

be due to overuse or too much physical activity, misalignment, improper footwear, medication 

side effects and/or accidents. It is most common among athletes who participate in competitive 

sports involving maximum effort, which invariably leads to excessive applied loads and/or levels 

of strain. Studies indicate that about 230,000 Achilles tendon injuries occur each year in the United 
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States [45]. Regeneration of a well attached tendon bone interface is a challenge, due to poor 

healing of the enthesis.  

 

Figure 2.11 Structure of Achilles tendon [45] 

 

The two tissue engineering strategies to repair and regenerate the tendon to bone interface 

are non-scaffold-based approaches and scaffold-based approaches. The conventional non-

scaffold-based approach is to use cell therapy or to use either biological or mechanical cues [50]. 

The tendon bone interface has multiple cell types including fibroblasts, chondrocytes and 

osteoblasts. Generally, cells specific to the region are used in tissue engineering for regeneration 

of the tissue. The effect of injecting mesenchymal stem cells was compared with the injection of 

chondrocytes on a mouse model for the regeneration of a tendon bone junction [51]. It was found 

that the mesenchymal stem cell (MSC) treatment developed a stronger tendon bone junction than 

the chondrocyte treatment. The morphological and biomechanical characteristics of the 

regenerated tendon bone interface were similar to those in a natural human tendon bone junction. 

This may be due to the fact that the chondrocytes are differentiated primary cells which might have 
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limited ability for renewal and ECM development. More recently Shahab et al [52] has found that 

viral modification of mesenchymal stem cells is able to enhance the formation of a fibrous tendon 

bone junction. The tenogenic and osteo/chondrogenic characteristics are developed by the adino 

and lentiviral expression of the biologically active Smad8 signaling mediator and bone 

morphogenetic protein 2 (BMP2). The periosteum contains multipotent mesodermal stem cells 

that have the ability to differentiate into both osteogenic and chondrogenic tissues. A 

biomechanical and histological study of the periosteum in rabbits has demonstrated that 

mesodermal stem cells have the ability to enhance the healing of a tendon bone interface and has 

suggested that these cells can be placed on the torn end of an injured tendon to enhance tendon 

bone junction healing [53]. Though stem cells such as MSCs have produced positive results to 

repair tendon bone interfaces, their working mechanisms are still being investigated.  

Biological cues such as growth factors are widely used in treating tendon bone junction 

repair. They are either applied directly or through a carrier at the healing site. Kartogenin (KGN), 

a natural biopolymer, has been found to improve the healing of injured tendon bone junctions [54]. 

It promotes the formation of cartilage-like tissue at the tendon bone interface. Hepatocyte growth 

factor is also an active compound in its heterodimeric form. It has the ability to couple with the 

Met receptor in the target cells and promote cell proliferation, migration and the induction of 

morphogenesis. It also induces the expression of the receptor for bone morphogenetic protein 

(BMP). Junsuke et al [55] studied the effect of hepatocyte growth factor (HGF) in a rabbit tendon 

bone healing model. Histological analysis showed that the HGF treated rabbit group had better 

biomechanical properties and enhanced tendon bone junction healing. Fibroblast growth factor 

(FGF) is another growth factor which promotes tendon bone junction healing. Histological studies 

[56] have shown that the application of FGF-2 accelerates the tendon bone healing in rats. It plays 
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a critical role in angiogenesis and mesenchymal cell mitogenesis. It also has the ability to induce 

transforming growth factor β (TGF- β) gene expression and by increasing the release of TGF-β 

and bone morphogenic protein (BMP) it can initiate the growth of bone at a tendon bone junction. 

TGF-β signaling has the potential to induce tendon progenitor marker scleraxis. It has been found 

that TGF-β type II receptor expressing cells play an important role in embryonic joint development 

and by inactivating this signal in rat’s, it has been shown to lead to the absence of interphalangeal 

joint development [57, 58]. Yusuke et al [60] injected recombinant human bone morphogenetic 

protein 2 into a rabbit’s tendon. This led to the formation of an ossicle, and the tendon/ossicle 

complex eventually developed a stable tendon bone junction.  

An enamel matrix derivative is an extract that has been derived from the dental bacteria on 

the teeth of six-month-old pigs and is composed of several different proteins such as amelogenin, 

enamelin, seathlin and proteases. It is believed that this enamel matrix derivative promotes 

regeneration of soft and hard tissues surrounding the teeth. Because these tissues have a slow rate 

of healing much like a tendon bone junction, Kadonishi et al [61] hypothesized that the application 

of this enamel matrix derivative to the tendon bone junction might promote the rate of regeneration. 

Emdogain® is a commercially available enamel matrix derivative composed of porcine enamel 

matrix derivative and propylene glycol alginate. Kadonishi introduced Emdogain® into the flexor 

digitorum tendons of 30 Sprague Dawley rats and then performed histological analysis and 

biomechanical testing after eight weeks. The Emdogain® treated rats showed greater collagen fiber 

production as well as increased biomechanical strength at the tendon bone junction. From this it 

was concluded that enamel matrix derivative assists in the regeneration and repair of tendon bone 

junctions. 
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Chen et al. [59] developed an injectable hydrogel made of periosteal progenitor cells and 

poly(ethylene glycol) diacrylate tethered to bone morphogenic protein-2 to enhance the healing of 

a tendon bone junction. BMPs are multifunctional cytokines which belong to the transforming 

growth factor-beta (TGF- β) family and function as an important positive regulator of osteoblast 

differentiation. The hydrogel was injected into rabbits and the morphological characteristics of the 

tendon bone junction were evaluated by histology and immunohistochemical techniques. In 

addition, biomechanical tests were also undertaken so as to determine the strength of the tissue 

junction. The tests were performed at 4 and 8 weeks. The results from histology and 

immunohistochemical analysis showed the formation of collagen fibers, fibrocartilage and a layer 

of bone located at the tendon bone junction. It also showed the presence of aggrecan. 

Biomechanical testing confirmed that the strength of the interface increased with time. From this 

it was concluded that the hydrogel design successfully enhanced the process of tendon-bone 

healing.  

The effect of mechanical stimuli on tendon bone junction tissue engineering is not as 

widely studied as the application of biological cues. The tendon bone junction experiences both 

tensile and compressive forces so a bioreactor capable of applying both compressive and tensile 

loading was developed and its effect on MSCs were studied. The compressive loading changed 

the cell morphology of the MSCs but there was no change in the fibroblast and chondrogenic 

markers unless a biological factor such as transforming growth factor beta3 was supplied to the 

medium [64]. 

Although many non-scaffold techniques show positive results, due to the complexity of the 

tendon bone junction, no single technique by itself is effective.  
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Yokoya et al [62] compared three synthetic polymers: polytetrafluroethylene (PTFE), poly-

L-lactate-epsilon-caprolactone (PLC) and polyglycolic acid (PGA) for the repair of a tendon bone 

junction. It was found that the use of a polyglycolic acid (PGA) sheet promoted faster regeneration 

than the other two polymers with the formation of a well-arranged fibrocartilage layer at the tendon 

bone insertion site. This was not observed when a polytetrafluoroethylene or a poly-L-lactate-

epsilon-caprolactone scaffold was used. The PTFE sheet caused a chronic foreign body 

inflammatory response with minimal penetration of cells through the thickness of the PTFE, 

whereas the PGA sheet hydrolyzed rapidly and produced oriented fibrous tissue with a less intense 

inflammatory response. The PLC scaffolds had few chondrocytes attached to them, and those that 

were present were not aligned along the axis. In view of the fact that PLC degrades very slowly, it 

is not considered a suitable scaffold material for tendon bone junction regeneration. Though PGA 

sheet was able to regenerate tendon bone junction histologically, their mechanical properties were 

inferior to the natural tendon bone junction. 

Liu at al [46] tried to simulate a numerical model for the tendon bone insertion, through 

numerical optimization of a mathematical model. Optimizations were carried out on a rotator cuff 

insertion site model and they showed that stress concentration can be reduced by a biomimetic 

gradient of material properties. Figure 2.12 demonstrates the anatomy of a tendon bone insertion 

that must be achieved by a successful tissue engineered construct.  
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Figure 2.12 Anatomy of tendon bone insertion [47] 

 

 A number of studies [44, 47, 48, 49] were conducted using stratified constructs and each 

biomaterial stratum is seeded with its own individual cell type appropriate for that region of the 

insertion and the strata are held together in the required sequence. It is believed that having 

multiple phenotypes in proximity to each other will result in the formation of graded insertion site.  
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Figure 2.13 Stratified approach strategy [44] 

 

Spalazzi et al [49] designed a multiphase scaffold: Phase A was fabricated from sheets of 

a polyglactin knitted mesh, Phase B from PLGA microsphere and Phase C consisted of composite 

microspheres with a 4:1 ratio of PLGA and bioactive glass. Bovine fibroblasts and osteoblasts 

were seeded on either end of the scaffold leaving the central region for the formation of the 

enthesis. Both fibroblasts and osteoblasts migrated into the central zone and there was significant 

Type I collagen deposition in both the central region and the zone seeded with fibroblasts. The end 

zone seeded with osteoblasts had significant mineral deposition while tendon-like and bone-like 

structures were formed in the extreme end zones, a transition insertion region with the generation 

of fibrocartilage was not achieved in the central zone [47]. In order to produce a fibrocartilagenous 

central zone, it was found necessary to seed chondrocytes. Thus, by using three cell populations, 
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three separate but contiguous zones of tendon-like, fibrocartilagenous and bone-like structures 

were achieved.  

 

Figure 2.14 Triphasic scaffold with three distinct yet contiguous phases (B) Explanted tri-
cultured scaffold at Week 4. (C) Collagen production (green) on the dorsal side of the acellular, 

co-cultured and tri-cultured scaffolds after 4 weeks of implantation. [49] 

 

In another approach a composite system was created using PLGA nanofibers and 

hydroxyapatite nanoparticles and the scaffold was seeded with fibroblasts, chondrocytes and 

osteoblasts. The experimental results indicated that the three cell populations showed promising 

proliferation on the polymer ceramic composite nanofibers [48].  

However, Cooper et al [69] focused on creating different conditions on a simple single 

commercially available degradable scaffold by creating a coating of extracellular matrix (ECM) 

deposited by fibroblasts and osteoblasts. Though they were successful in creating a tissue specific 

matrix it is still necessary to evaluate the mechanical properties and also demonstrate that it is 

possible to regenerate the tendon bone junction. 
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Kim et al [70] developed a complex four-layer scaffold to mimic the tendon bone junction. 

The four layers are: i) layer of collagen matrix to mimic the tendon region, ii) first intermediate 

layer of aggrecan – collagen to mimic the uncalcified fibrocartilage, iii) second intermediate layer 

of partially calcified collagen to mimic calcified fibrocartilage region and iv) highly calcified 

collagen to mimic the bone region. The scaffolds provided a gradual transition and supported the 

growth of fibroblasts, chondrocytes and osteoblasts.  

A recent method for the treatment of injured tendon bone junctions is the use of a three-

dimensional biodegradable scaffolds. The scaffolds must be biocompatible, highly porous and 

biodegradable. It should also promote cell attachment, proliferation and differentiation and recruit 

fibroblasts that can secrete their own extracellular matrix resulting in the generation of living 

tissue. Hong Wei et al [63] developed a knitted poly-lactide-co-glycolide (PLGA) scaffold to 

repair the defect in an injured Achilles tendon. Bone marrow stromal cells (bMSCs) were seeded 

onto the scaffolds which were implanted in rabbits. Following the sacrifice, histological, 

immunohistochemical and biomechanical tests were carried out, and the results indicated that the 

knitted scaffold seeded with bone marrow stromal cells improved tissue regeneration and the repair 

of the defect in the injured Achilles tendon. The tissue formed by this scaffold was composed 

mainly of Type I and Type II collagen fibers and their strength was similar to that of natural tendon 

tissue. 

Since the mineral content changes across the tendon to bone interface, there have been few 

studies conducted by generating a linear gradient of mineral coating on fiber-based scaffolds [65-

68]. Fibers such as poly(lactic-co-glycolic acid), poly(ε- caprolactone) and poly (DL-lactide) 

fibers were electrospun into mats and a mineral gradient is formed using simulated body fluids on 

the mats. The scaffolds showed positive results with respect to stiffness and osteogenesis. The 
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advantage of this method is that it is simple, scalable and effective in creating the gradient. Thus, 

obtaining a structural gradient by coating the scaffold has a lot of potential to be used as an ideal 

scaffold for engineering a tendon bone junction.  

Currently most research for tissue engineering tendon bone junction focuses on creating a 

multilayer scaffold using different biomaterials and seeding multiple cell types onto the stratified 

tissue composite. It has several limitations. Cost is a major concern, and there are practical 

challenges for clinical use since it involves isolating mature fibroblasts, chondrocytes and 

osteoblasts from three separate sites. Although these scaffolds showed potential to regenerate a 

tendon bone junction, the fabrication of the scaffold is complex and difficult to scale up for 

commercial production. 

4) Challenges in Engineering Tendon-Bone Junction Tissue 

  Many attempts have been made to engineer tendon and bone tissues separately, but 

attachment of the interfacial tissue has not been achieved clinically. Hence there is an increasing 

demand to engineer tendon bone interfacial tissue with a continuous gradient.  The three main 

things that needs to be kept in mind while mimicking a tendon bone junction are: 1) The tendon 

bone insertion site must be mechanically stable during healing, 2) The structure must generate a 

natural, gradient tissue and 3) The tissue engineered scaffold structure must support an organized 

multicomponent system with two or more different yet contiguous populations of cells. The main 

challenges to develop a scaffold with the above-mentioned properties for tendon bone junction 

are: 

1. To develop a single continuous scaffold system with structural and mechanical gradients. 

2. To expand cells on the scaffold to form an enthesis in vitro and 
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3. To provide mechanical stimulation to the scaffolds using a dynamic bioreactor. 

In addition to the above challenges, the scaffold should also have the adequate porosity and 

mechanical performance. The ideal design of the scaffold for the enthesis should be able to mimic 

the multi-tissue organization and support the different matrix composition present at the insertion 

site.  An ideal scaffold must be able to incorporate growth factors, promote cell survival, 

attachment, proliferation and differentiation. It should also be able to achieve the required 

mechanical requirements. The ideal tendon region should be compliant and elastic, while the bone 

region should be stiffer. Thus, the mechanical properties at the interface should lie in between 

those of the tendon and bone regions [71].  

2.3. Scaffolds for Tissue Engineering 

The first part of the section gives a general overview of scaffolds including their properties 

and current technologies used for developing tissue engineering scaffolds. The second part 

describes various textile-based scaffolds and gives a basic understanding of braiding and weft 

knitting.  

2.3.1. Properties of Tissue Engineering Scaffolds 

Scaffold design and fabrication is an important area of research in the field of tissue 

engineering and regenerative medicine. It plays a major role in repair and regeneration of a tissue. 

An ideal tissue engineering scaffold should maintain mechanical integrity and suitable surface 

chemistry to promote cell attachment, cell proliferation, cell-biomaterials interaction and required 

ECM deposition. It should have appropriate architecture with interconnected pores and adequate 

porosity to permit transportation of gases, nutrients and growth factors. In addition, the materials 
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of the scaffolds should be biodegradable or resorbable at a rate that is comparable to the 

regeneration of host tissue and it should be biocompatible with minimal or no inflammatory or 

immunological response in vivo. It should also have adequate mechanical properties to match the 

intended site of application [74]. The important parameters of the scaffold that affect cell behaviors 

such as adhesion, growth and differentiation are surface topography and chemistry, 

biodegradability and biocompatibility, microstructure and mechanical properties. 

Biodegradability and Biocompatibility 

In order to successfully regenerate a tissue/organ, tissue engineered scaffolds must be 

biocompatible and biodegradable. These two properties depend on the materials used for 

developing the scaffold and their application on the body. Whenever a foreign object such as a 

scaffold is placed inside a body, the body will generate a tissue response, but it must be minimum 

so that it does not produce severe inflammatory response. The term biocompatibility is defined as 

the ability of a material to perform with an appropriate host response in a specific situation [124].  

It is related to the immune reaction and inflammatory response created by the host tissue after 

implanting a scaffold. The biocompatibility also depends on the fabrication method, surface 

modification, cleaning and sterilization methods. 

In addition to being biocompatible, the materials used in the scaffold should either degrade 

into nontoxic products or resorb in a predictable manner so as not to reduce healing or cause 

rejection by the body. The terms biodegradable and bioresorbable are often used interchangeably. 

The term biodegradation is defined as the in vivo disintegration of materials into metabolizable or 

excretable fragments whereas bioresorbable materials are metabolized and resorbed in the body 

[125]. The rate of degradation of scaffold should be adjustable based on the rate of regeneration 
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of the tissue so that there will be sufficient scaffold support during the formation of tissue and at 

the same time enough space must be created by degradation of polymer for the new tissue 

ingrowth. 

Polymers have most of the above-mentioned properties and they are widely used as 

biomaterials for fabricating many tissue engineering scaffolds. The two main types of polymers 

that are widely used for developing scaffolds are natural polymers and synthetic biodegradable 

polymers. Natural polymers are the first biodegradable materials that were used in medical 

applications. They are classified as proteins, polysaccharides and polynucleotides. Some of the 

widely used natural polymers for various tissue engineering applications includes collagen, chitin, 

chitosan, starch, lignin. Though they are bioactive and have better interactions with the cells, the 

main limitation of using them alone are that they tend to have large batch to batch variation when 

isolated from biological sources. They also have poor mechanical properties [126]. As a result, 

many current tissue engineering scaffolds use synthetic biomaterials such as aliphatic polyester, 

polyanhydrides, polyurethanes which have the advantage to tailor their properties such as porosity, 

degradation time and mechanical characteristics depending on the application. They are often 

cheaper compared to the natural polymers and can be produced in large scale uniformly with 

predictable and reproducible mechanical and physical properties. Another major advantage of 

synthetic polymers is that they can be fabricated into different shapes and their morphological 

surface can be tailored to help induce better cell biomaterial interaction [127].  

The degradation rate of a scaffold will depend on the type of polymer incorporated in the 

scaffold. The rate of degradation of a polymer depends on the polymers intrinsic properties, 

physical factors and chemical factors [128]. The intrinsic properties include its chemical structure, 

molecular weight, chain orientation, glass transition temperature, unstable bonds present in the 
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polymer, degree of crystallinity, copolymer ratio and level of hydrophilicity/hydrophobicity. The 

physical factors include total porosity, pore size, fiber diameter, amount of stress and strain and 

the chemical factors include type and concentration of additives, pH at the implantation site and 

distribution of chemical reactive groups within the matrix.  

Mechanical Properties 

The mechanical properties of a tissue engineering scaffold should be similar to the host 

tissue at the time of implantation so as to provide an adequate structural support for the cells to 

form the new tissue. Depending on the tissue application, mechanical properties of the desired 

scaffold will vary but generally biological tissues are considered to be heterogeneous, non-linear, 

anisotropic and viscoelastic materials.  

Scaffolds should have sufficient mechanical strength to withstand in vivo stress and applied 

pressures such as tensile, hydrostatic or pulsatile that are found in the physiological environment 

inside the body. For example, scaffolds for bone tissue engineering should be able to withstand 

the applied load or it may fracture before bone healing is complete [30,131]. Generally, scaffolds 

require higher porosity and pore sizes to help in transportation of nutrients and oxygen and to 

enable cell ingrowth, but the mechanical property of the scaffold will be compromised due to the 

presence of large void space. Hence the scaffolds should also maintain sufficient pore volume for 

cell ingrowth and ECM production without compromising the mechanical properties [129]. The 

degradation rate must be adjusted correctly so that it maintains the integrity till the new tissue is 

formed.  

The mechanical performance of the scaffold depends on the type of polymer, its strength, 

elasticity, orientation of molecular chain, rate of resorption and speed of chemical degradation. 
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Other structural components such as pore size distribution, fiber diameter and orientation also 

affect the mechanical properties. Based on the desired mechanical property for a scaffold, polymer 

selection is done using two strategies. In the first strategy one which are subjected to in vivo stress 

and loading, the polymer must have a rate of degradation/resorption such that the strength and 

mechanical properties of the scaffold is retained till the host tissue is fully remodeled and can 

assume its structural model. In the second strategy, the degradation or resorption rate is adjusted 

such that the strength of the scaffold is maintained until the cells are produced in vitro into a 

premature tissue structure that can support itself until it is fully remodeled. The scaffold degrades 

or resorbs to give optimum space for the new tissue to grow [144].  

Surface Properties 

The cells and tissues come in direct contact with the surface of the scaffold, so it is 

important that he scaffolds have adequate surface chemistry and topography. Whenever a tissue 

engineering scaffold comes in contact with cells/tissues or cell culture environment, proteins are 

adsorbed to the surface which leads to cell attachment, migration and materials protein interaction. 

Cells attach to surfaces of scaffold and release signaling compounds, ECM which helps in cell 

proliferation and differentiation [143]. 

Cell attachment is a complex process which are affected by materials surface properties 

such as hydrophobicity/ hydrophilicity, surface charge, roughness, softness and composition of the 

scaffold itself. The surface hydrophobicity or hydrophilicity is one of the initial parameters which 

affects the cellular response and protein adsorption. A higher hydrophilicity is required for 

hydrophobic materials to support cell attachment and proliferation. However, hydrophobic 

surfaces tend to adsorb more proteins compared hydrophilic surfaces. The optimum amount of 
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hydrophilicity/ hydrophobicity that a scaffold should have depends on the cell type and application 

of the scaffold [142]. After surface hydrophobicity, surface charge is another parameter which 

affects the cell behavior. For example, Schneider et al studied the effect of hydrogel charge density 

on attachment of osteoblasts and fibroblasts cells. It was found that positive charge incorporated 

hydrogels significantly improved the cell attachment and migration compared to negative or 

neutral charge incorporated hydrogels [145]. In another study, Yazemski et al investigated the 

effect of positive and negative charge incorporated oligo(poly(ethylene glycol) fumarate) on 

chondrocyte cells. The differentiation of chondrocyte cells increased with the presence of negative 

charge [146].   There have been studies which shows that surface charges can be used to modify 

cell behavior through chemical functionalities of the materials (Table 2.3). 

Table 2.3 The effect of material surface functional groups on proteins and cells [142] 

Functional 
group 

Properties Effect on cells 

-CH3 Neutral, hydrophobic Promotes increased leukocyte adhesion and 
phagocyte migration 

-OH Neutral, hydrophilic Increases osteoblast differentiation 

-COOH Negative, 
hydrophilic 

Increase osteoblast attachment 

-NH2 Positive, hydrophilic Promotes myoblast and endothelial 
proliferation and osteoblast differentiation 

-CH2NH2 Neutral, hydrophilic Enhance CHO attachment of Chinese hamster 
ovary cells 

   

The surface topography or surface roughness can also affect the level of cell attachment 

and behavior. Surface roughness has a direct influence on cell morphology, proliferation and 

differentiation. The cellular response to roughness is different depending on the type of cell and 
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maturation of the cells. For example, mesenchymal stem cells have limited attachment on rough 

surfaces while on smooth surfaces the cells spread and attach [142]. 

Many synthetic polymers that are commonly used in tissue engineering scaffolds are 

hydrophobic and lack surface functional group to promote cell-material interaction. Therefore, 

many studies have been conducted to modify the surface to incorporate hydrophilic groups and 

bioactive molecules to increase the cell-biomaterial interaction. The simplest approach is physical 

protein adsorption where proteins are adsorbed onto the surface of the scaffold by ionic bonding 

and electrostatic interaction. This process can be easily done just by dipping into a protein solution. 

In a study, the surface of poly(L-lactic acid) film and nanofibrous mesh were modified by 

immersing in fibronectin and laminin solution for 12 hours. The resultant protein coated film and 

mesh had higher attachment to skeletal muscle cells compared to uncoated scaffolds [147]. 

However, the main disadvantage with this method is that the interaction between the material and 

protein is relatively weak and it can easily detach from the surface. In order to overcome 

detachment of the protein materials, another technique has been investigated where proteins are 

covalently immobilized to the material. The proteins that are mostly targeted to be immobilized in 

the scaffolds are ECM proteins such as fibronectin, collagen, vitronectin and laminin. In addition, 

specific domains of these proteins are also shown to improve scaffold-cell interaction. The most 

widely conjugated protein domain, RGD derived from fibronectin peptide has shown to improve 

attachment and proliferation of osteoblasts, fibroblasts, myoblasts and hMSCs [143]. 

To covalently immobilize proteins, it is important to enhance the surface functional groups 

of the inert polymeric materials. This is done via pretreatment of the polymeric materials before 

exposing it to protein molecules.  Cui et al modified the surface of poly (L-lactic acid) (PLLA) 

films with gelatin by two methods: one is a physical entrapment method and the second method is 
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by chemical coupling. The physical entrapment method involves exposing the PLLA film to 

acetone before immersing in gelatin solution. Chemical coupling is done by treating the PLLA 

film with 1M NaOH and then gelatin is covalently conjugated with EDC/NHS. It was seen that 

the gelatin coated scaffolds showed better attachment and proliferation of chondrocyte cells [141]. 

In another study, Li et al modified the surface of electrospun PCL scaffold by coating it with 

gelatin and calcium phosphate. First gelatin was deposited on the scaffold by immersing the 

scaffold in acetic buffer followed by immersing in gelatin solution. Then calcium phosphate was 

coated by immersing in prepared 10 times concentrated simulated body fluid. The coated scaffolds 

promoted the attachment and proliferation of preosteoblastic MC3T3-E1 cells [140].  

Another most common method to enhance surface functional group is by using plasma 

treatment. Tambe et al developed a tissue engineering scaffold to mimic and interact with cellular 

environment by biomolecular recognition. In order to achieve this, maleic acid was grafted on PLA 

fibers using plasma technology. Then collagen was immobilized onto the PLA scaffold using 

genipin as a spacer molecule. The genipin-collagen immobilized PLA scaffold showed better cell 

viability and proliferation compared to collagen coated scaffold [139]. Liu et al improved the 

stiffness of electrospun nanofiberous scaffolds with surface coating and mineralization. PLGA 

nanofibrous scaffolds were first treated with plasma for 8 minutes and then immersed in chitosan 

and heparin solution. The scaffolds were then coated with hydroxyapatite by dipping the scaffolds 

in simulated body fluid solutions. It was found that the stiffness of the scaffold was increased, and 

it mimicked the structure, function and composition of mineralized tissue such as bone [138].  
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Microstructure 

  Microstructure refers to the internal structure of the scaffold which is very crucial in 

determining the cell attachment, proliferation, migration and tissue ingrowth. Creating a porous 

structure increases the surface area to volume ratio and helps in mass transportation which in turn 

affects the delivery of oxygen and nutrients, waste removal, cell migration and penetration. Pore 

size, total porosity, pore interconnectivity and surface area determine how porous a scaffold is 

[133-135]. Diffusion is the primary transportation mechanism for tissue engineered constructs, so 

it is important to design a scaffold with porous structure to facilitate movement of oxygen and 

nutrients. For a tissue engineered construct under static culture without medium perfusion, the new 

tissue formation is limited to 100-200 µm from the external surface of the construct due to poor 

oxygen and nutrient diffusion [134]. A 3D dynamic bioreactor system with medium perfusion can 

improve the diffusion of oxygen and nutrients within a scaffold. Void spaces in a tissue engineering 

scaffold helps in vitro and in vivo vascularization which is essential to retain a viable cell 

population.  

Pore size, a critical parameter which controls the penetration of cell and ECM production 

and neovascularization should be adequate. It should not be too small to prevent cell penetration 

and not too big for the cells to neglect the microfeature of the scaffold. Although the need for 

porous structure is emphasized in many studies, there is no agreement on what the optimal pore 

size is. It depends on the application of scaffold. Many studies are conducted to find out the 

relationship between pore size and cell behavior. In general, tissue engineering scaffolds for tendon 

tissue regeneration has an optimal pore size of 5μm for neovascularization and 5-15μm for 

fibroblast ingrowth [136]. The pore size of scaffolds used in bone tissue regeneration ranges from 

20 to 1500 µm as there are conflicting results from various studies [74]. Since the scaffolds are 
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developed with biodegradable polymers, the pore size will increase with time, so it is important to 

keep that in mind when designing a scaffold.  

The description of a pore from a biotextile point of view is slightly different. It is the open 

irregular shaped space that are interconnected and surrounded by fibers. The pore size and pore 

size distribution in biotextiles can be controlled at the macroscale by changing the yarn size, type 

and frequency of interweaving and at the microscale it can be controlled by changing the fiber 

diameter, cross sectional shape and yarn crimp. Ma et al [132,133] fabricated two types of 3D 

polyethylene terephthalate (PET) nonwoven fibrous matrices, namely low porosity (LP with 

porosity of 0.849 and average pore size of 30 µm) and high porosity (HP with porosity 0.896 and 

an average pore size of 39 µm). They were cultured with trophoblast ED 27 cells. It was found 

that cells were migrated and proliferated more on LP compared to HP whereas the cells on HP 

formed large cell aggregates and differentiated more. This indicates that the pores in textile 

structures not only affects cell migration and proliferation but also cell differentiation. 

In another study, it was found that the cell proliferation and migration of silk scaffolds with 

pore sizes of 200-250 µm and porosity of 86% were higher compared to scaffolds with a lower 

pore size. However, the scaffolds with the lower pore size were later increased by improving their 

porosity alone [137]. Thus, it is possible to increase cell viability and proliferation by either 

altering pore size or porosity or both parameters.  
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2.3.2. Scaffold Fabrication Technologies 

1) General Approaches to Design Scaffolds 

As mentioned previously, scaffolds provide critical structural support for cell attachment 

and tissue ingrowth. There are a numerous variety of choices of scaffolds and there are many ways 

to develop them. However, the four major types of approaches for scaffolding in tissue engineering 

are [72]: 

1. Pre-made porous scaffolds 

2. Decellularized extracellular matrix (ECM) 

3. Cell sheets with secreted ECM 

4. Cell encapsulation in self-assembled hydrogels 

A schematic diagram showing the four approaches is given in Figure 2.15 and the 

comparison of working principle and characteristics of the four approaches are given in Table 2.4. 

 

 

 

 

 

 

 

 

 

 

Figure 2.15 Schematic diagram showing different scaffolding approaches in tissue engineering 
[72] 
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Table 2.4 Comparison of characteristics of different approaches in tissue engineering[72] 

 

The scaffolds from decellularized ECM approach is the most natural simulating method 

that has been used in tissue engineering. Special techniques are used to remove allogenic or 

xenogenic cellular antigens and the ECM components are preserved from the tissues. This 

technique is widely used in regenerating tissues such as heart valves, vessels, tendon and ligament. 

Decellularized ECM can be used in both homologous and non-homologous functions [73]. The 

main advantage of this approach is that the scaffolds have mechanical and biological properties 

similar to natural tissues. However, cell seeding in this approach can lead to uneven cell 

distribution and if the cell components are not removed completely it can lead to immune reactions. 

The use of cell sheets is an alternate approach that was developed by a group in Japan. In 

this approach cells are cultured on thermo-responsive polymer and they secrete their own ECM 

when the cells reach confluence. Then the cell sheet is removed from the polymer to implant inside 
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the body. A thick matrix can be formed by stacking multiple cell layers [75, 76].  It is an excellent 

approach for cell dense tissues such as epithelium, cornea and myocardium because cells must 

grow into confluence to secrete their own ECM. Some of the advantages of using this approach 

are rapid neovascularization of stacked cell layers, easy harvesting procedure, sutureless 

implantation and even distribution of cells without mass transport problems. The major limitation 

of this technique is that it is difficult to construct very thick tissues and ECM rich load bearing 

tissues such as bones, cartilage [77]. 

The third approach involves the cell encapsulation is a process of entrapping cells in a 

semi-permeable or homogenous solid mass. Hydrogels which are formed by crosslinking water-

soluble polymers are widely used as biomaterials for this method. The biomaterials used in 

encapsulation usually self-assemble into solid polymer mesh after initiation by controlling either 

the pH, temperature, ionic strength or light.  Transplantation of xenogenic pancreatic cells for 

diabetes, treatment of liver failure and CNS disorders are some of the applications which use this 

cell encapsulation approach. The advantages of this approach are its unique injectable nature, 

homogenous cell distribution, simple procedure and good cell viability. The one major 

disadvantage is that the hydrogels usually have poor mechanical properties so they cannot be used 

for engineering load bearing tissues [78,79]. 

  The technique of seeding cells in a premade porous scaffold is a well-established, 

commonly used method for scaffolding. This approach is flexible since it can use a wide range of 

biomaterials including both natural and synthetic polymers that were discussed in the previous 

section. Many types of biomaterials can be readily made into porous scaffold for any tissue 

engineering application including load bearing tissues which are hard to engineer using this 

approach. The only requirement is to select an appropriate fabrication technology and biomaterials 



 
 52 

to match the properties of the tissue. Another advantage of this method is that we can get a precise 

control over the architecture and microstructure of the scaffold. Most of the current fabrication 

techniques fit into this approach [72]. 

2) Scaffold Fabrication Technologies 

All scaffold fabrication technologies that use polymers fall under either one of the 

following categories [80]: 

1. Using physical methods to develop pores within the polymeric biomaterial, 

2. Rapid prototyping and 

3. Using fibers to create a wide variety of porous fibrous or textile structures 

 

Figure 2.16 Schematic of various scaffold fabrication technologies [80] 
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Physical Methods 

Some of the most popular physical methods to create porous scaffolds include gas foaming, 

phase separation, freeze-drying, solvent casting, particulate leaching, thermal processing and 

molding. Sometimes these methods are also combined to create the scaffold. Solvent casting is a 

simple inexpensive technique where a polymeric solution is made into a scaffold by using a mold 

after evaporation of the solvent. Particulate leaching is a similar technique which uses a mold to 

structure the scaffold and it uses porogens such as salt, wax or sugar to create the pores. The major 

disadvantage with these two methods is their limited mechanical properties and there is a risk of 

cytotoxicity from residual solvents and porogen. Gas foaming creates highly porous scaffolds with 

average pore sizes of 100 to 500 µm by exposing the polymer to high pressure carbon dioxide gas 

instead of using toxic solvents. In addition, it also uses porogens to control the porosity of the 

scaffold. The limitation with this method is that poorly interconnected closed porous scaffolds are 

often created [81,82].  

Phase separation creates scaffolds by changing the temperature to separate polymeric 

solutions into two phases. But it is difficult to control the scaffold morphology by this method. 

Freeze drying uses the principle of sublimation to create porous scaffolds. First the polymer is 

dissolved in a solvent to create a solution and the solution is frozen. Freezing is followed by 

lyophilization under high vacuum to remove the solvent and form a highly interconnected porous 

structure. Scaffolds with pore diameters from 15- 35 µm and porosity of 90% can be fabricated 

using this method. The main disadvantage of this process is the formation of small pores and the 

processing time is longer [83]. 
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Rapid Prototyping 

 Rapid prototyping also known as solid free-form technique is an advanced computer-

controlled fabrication technique which forms a 3D scaffold by adding layer by layer on top of a 

flat base and adding additional layers in the z-direction. By this way, the fabrication process can 

be controlled spatially [84]. The layers are created by techniques such as fused deposition 

modelling (FDM), selective laser sintering (SLS), 3D printing or stereolithography. Rapid 

prototyping is gaining more popularity because recent studies have shown that the cells can be 

introduced during scaffold fabrication by using robots and by automating the encapsulation 

techniques. The main advantage of this technique is that scaffolds with desired architecture such 

as size, shape, branching, geometry, orientation and interconnectivity can be obtained. However, 

the drawback is that only a limited polymer type can be used with this technique and this is more 

expensive compared to other conventional techniques [85]. 

Fiber Based Techniques 

There are wide variety of scaffolding methods which use fibers such as fiber bonding, fiber 

mesh, electrospinning and other conventional textile fabrication methods such as weaving, 

braiding and knitting (Figure 2.17). There are many advantages in using fiber-based scaffolds 

[112]. For example, a textile-based tissue engineered scaffold can maintain its shape and size and 

withstand various forces exerted on it by various elements such as the culture media in a bioreactor, 

growing cells and forces from surrounding tissues. In addition, textile structures have a significant 

level of inherent porosity and the ease to modify the architecture by changing the fiber cross 

section, size and yarn construction. Studies [88, 90, 92] have shown that fibers with high surface 

area to volume ratio such as fibers with non-circular cross sections such as triangular, cruciform, 

trilobal, multilobal and grooved cross sections increase cell attachment and proliferation and it 
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also has the potential to create highly organized tissue such as tendon, ligament and cardiac muscle 

[89,91]. Some of the unique advantages of fiber based biotextiles are listed in Table 2.5. 

Table 2.5 Unique advantages of fiber-based biotextiles [86] 

 

Fiber based scaffolds can be fabricated using a wide variety of polymers. However, there 

are a few requirements for a polymer to be extruded into fibers or filaments. The preferable 

conditions for fiber formation are given in Table 2.6. 

Table 2.6 Requisites for fiber-forming polymers [86] 
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Figure 2.17 Examples of fiber-based scaffold fabrication technologies [80] 

 

The polymers are converted to fibers that are used to fabricate scaffolds by using 

techniques such as wet spinning, gel spinning, melt spinning, dry spinning, electrospinning and 

bicomponent spinning. Among these different spinning methods, melt spinning is very popular 

and economical compared to other methods. As the name suggests, the fiber is obtained by melt 

spinning by heating the polymer above its melting point and extruding it through a spinneret hole. 

Depending on the shape of the spinneret hole, fibers with different cross sections such as round, 

hollow, 4DG, trilobal can be obtained. However, this can only be applied to thermoplastic 

polymers which are not affected by high temperature. This is one of the favored methods used for 

spinning fibers that is used for tissue engineering application since it does not use any organic 

solvent in the process. After spinning, final properties of the fibers can be improved by subsequent 

processes such as drawing, texturizing and finishing [86].  

 Another approach that has gained popularity in fabricating tissue engineering scaffolds is 

electrospinning. It is flexible, simple and applicable to degradable polymers. The electrospinning 

technique produces fibers ranging from nanoscale to microscale by utilizing a high-voltage 

electrostatic field between a metallic syringe needle where the polymer is released and a grounded 

metallic collector. Although this technique is widely popular because of its nanofiber architecture 

which resembles the features of extra cellular matrix(ECM), their pore size is too small and 
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prevents cell penetration through the thickness of the scaffold. Combining nano and micro 

structures or seeding cells on each of the electrospun layers are ways to improve the electrospun 

scaffolds [87]. Other conventional textile techniques that use fibers or yarns to develop tissue 

engineering scaffolds are described in detail in the next section.  

2.3.3. Textile Based Scaffolds 

 Conventional textile manufacturing techniques such as weaving, knitting, braiding and 

nonwovens are being used in the industry for many centuries.  Using these techniques to 

manufacture biotextiles has many advantages such as precise control over the structure, 

reproducibility, scale up for production and easy adaptation to medical applications. 

The first part of this section gives an overview of all the conventional textile manufacturing 

techniques for the development of scaffolds, followed by detailed descriptions about braiding and 

knitting techniques. 

A woven fabric is developed by two sets of parallel yarns interlacing at right angle in an 

over-under pattern. This interaction between the yarns holds the structure together and provides 

strength for the fabric. The yarns in the machine direction are called warp yarns and those in the 

cross-direction are called weft yarns. Many complex structures can be formed using different 

shapes for different medical applications such as vascular grafts, heart valves and annuloplasty 

rings. Generally, woven structures have fibers only in two dimension which leads to poor 

resistence in the Z direction. Moutos et al custom built a weaving loom to develop a three-

dimensional woven scaffold for cartilage tissue engineering. The scaffold was developed by 

adding a third set of fibers in the Z direction in addition to the warp and weft yarns. Though the 

structure produced had high strength, the porosity was reduced which led to poor vascularization 
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[93].  Woven structures generally have high breaking strength, stiffness, tenacity and structural 

stability. However they lack elasticity, due to their poor contractile/tensile performance. This is 

one of the important properties of the scaffolds needed for tissue engineering a tendon bone 

junction [86, 94, 95].  

Nonwoven fabrics are made directly from either short staple length fibers or continous 

filaments without the intermediate step of producing a yarn. It is obtained either by bonding or 

interlocking of fibers by mechanical, chemical, adhesives, hydraulic or by using a solvent or a 

combination of these methods. They have high absorption and filtration capacity so they are widely 

used in disposable hygiene and healthcare products such as diapers, surgical gowns, caps, drapes 

and scrubs. They are generally thin and lightweight fabrics which makes them very popular for 

filtration and packaging application.  The thickness of the fabric can be increased by bonding two 

or more layers together but it will result in a stiff fabric with poor interconnection of pores through 

the thickness. Other disadvantages includes low elongation, poor tensile strength and inferior 

fatigue resistance which makes them not ideal for engineering tendon and bone.  

Knitted structures are formed by interlooping one yarn or a group of yarns. Knitting 

technology is classified into weft and warp knitting based on the direction of movement of the 

yarn during the formation of the loop (Figure 2.18). In weft knitting, a row of loops (a course) is 

made from yarns moving in weft direction, which is across the width of the fabric whereas warp 

knitted structures have many yarns moving in the machine direction. In warp and weft knitting, 

wales run vertically down the fabric and at right angles to the courses.   
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Figure 2.18 Schematic diagram of knitted structures 

 

Knitted strucures have high porosity and greater thickness compared to woven and 

nonwoven structures. They are widely used in medical applications such as surgical meshes for 

repair of hernia, bladder, oesophagus, trachea, dermal tissue, blood vessels, heart valves and 

incontinence products [96,97,98]. Many knitted structures are combined with other textile 

materials to improve their mechanical and biological properties. For example, a composite scaffold 

for tissue engineering was developed by depositing PLGA nanofibers onto a weft circular knitted 

multiwalled carbon nanotube structure. It was found that the nanofibers which were deposited 

promoted cell spanning, leading to a uniform distribution of mouse fibroblast cells on the 

composite scaffold surface [99]. In another study, a tissue engineered vascular graft was created 

by embedding PCL in a weft knitted tubular PET fabric. The addition of the knitted structure 

improved the mechanical properties of the scaffold [100,101]. Knitted structures have the potential 

to be used in tissue tendon and bone tissue provided they are combined with other materials. 

Braided textiles are formed by intertwining three or more strands of yarns which can form 

tubular or flat structures. The porosity of the braids can be controlled by changing the braid angle 

which is the angle between yarn direction and the braid axis. They have the highest axial strength 
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compared to other textile structures. Braiding is widely used for developing sutures, stents and in 

tissue engineering scaffolds for repair of connective tissues. In addition, braided scaffolds are also 

investigated in tissue engineering nerve guide conduits and vascular grafts.  

There are a number of studies which have used braiding to develop scaffolds for tendon 

and ligament repair [102-108]. For example, Cooper et al developed three dimensional braided 

scaffolds for ligament tissue engineering using 3-D circular and rectangular braiding machines. 

The scaffolds were made with synthetic polymers such as PLGA and PLLA which mimicked the 

morphology and mechanical properties of the native ligament tissue [103,104]. In another study, 

Fang et al developed a braided scaffold using antheraea pernyi silk fibroin for tissue engineering 

a tendon. The scaffold was investigated in vitro and in vivo using tenocytes and a rabbit animal 

model. It was found that the scaffolds integrated with the native tissue and formed tendon tissue 

in rabbits [102]. 

Ramakrishna et al developed three braided scaffolds using various PLA yarns with 

different cross sections for tendon bone junction regeneration. The incorporation of grooved fibers 

improved the biological properties of the scaffold and the scaffolds were found to increase the 

expression of tendon markers. It showed potential to be used in the regeneration of a tendon bone 

junction with some modification in the braided structure. It was also seen that the unravelling of 

braids can be controlled by thermal treatment without damaging the structure [106]. 

Braided structures are also used in number of bone regeneration studies [109-111]. For 

example, Ramakrishna et al successfully developed a braided carbon/PEEK composite to be used 

as a bone plate [111]. In another study, Katherine et al developed a tubular braid cast to improve 

the efficiency of bone fracture treatment. It was shown that changing the braid angle and the 

thickness of the tubular cast produced a stiffness similar to the native bone tissue [109]. 
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In summary, among all the existing textile techniques, braiding technology is versatile. It 

can be used to engineer both stiff tissue such as bone and complaint tissues such as tendon. Another 

potential technique that can be used is circular weft knitting technology. By combining these two 

techniques along with surface modification can result in an ideal tissue engineering scaffold for a 

tendon bone interface. The rest of the section describes the fundamentals of circular weft knitting 

technology and braiding technology.  

2.3.1. Weft Knitting Fundamentals 

 Weft knitted fabrics are made of loops made by weft yarns that are formed across the 

width of the fabric. A course is a row of loops across the width of the fabric. Courses determine 

the length of the fabric and are measured as courses per centimeter. A wale is a column of loops 

along the length of the fabric. Wales determine the width of the fabric and are measured as wales 

per centimeter. The four basic weft knitted structures that are formed according to the arrangement 

of loops in the courses and wales are plain/single knit, rib, purl and interlock structures (Figure 

2.19)[94].  

 

Figure 2.19 Basic weft knitted strcuture [122] 
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A knitting machine generally consist of the following components [113] (Figure 2.20): 

1. The frame which is normally free standing and either circular or rectilinear based on the 

needle bed shape. It provides support for the machine’s mechanism.   

2. The machine control and drive system to coordinate power for the drive of the devices and 

mechanisms. 

3. The yarn supply containing the yarn package, tensioning devices and yarn feed carriers or 

guides. 

4. The knitting system includes the knitting elements their housing, drive and control. 

Weft knitting machine is classified into circular and flat knitting machines based on the 

frame design and needle bed arrangement and is categorized into a single jersey or double jersey 

knitting machine based on the number of needle beds. 

 

Figure 2.20 Weft knitting machine diagram [113] 
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For weft knitting, yarns can be directly used from their individual packages such as cones. 

There is no special yarn preparation step required like warp knitting. The machine frame is 

arranged either with a circular or straight needle bed based on the application since the needles 

knit in series. Unlike warp knitting, where yarn feeding and loop formation occurs simultaneously, 

in weft knitting yarn feeding and loop formation occurs at each needle in succession across the 

needle bed during the same knitting cycle. The latch needle which is a self acting or loop controlled 

needle is the most widely used needle in weft  knitting.  All the needles are supplied with the same 

weft yarn during the same knitting cycle so that the yarn path will follow a course of the fabric 

passing through each needle loop.   

Braiding Fundamentals 

As mentioned previously, braiding structures are formed my interlacing three or more yarns 

diagonally. This means the yarns form an angle with the braid axis called braiding angle. It is the 

most important geometrical parameter of a braided structure and it usually ranges from 30-80 

degrees (Figure 2.21). 

 

 

 

 

 

Figure 2.21 Idealized representation of briading angle. [114, 115] 
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The two commonly used braids are flat and tubular braids. Interlacement in braids can be 

explained in two steps. First the left two yarns are interlaced (i.e) the outer left yarn goes over the 

next one. Then the right two yarns are interlaced when the right yarn goes over the next left yarn 

and this process is repeated to get the braided structure (Figure 2.22). This process is extended to 

any odd or even number of yarns to get the flat braids. For tubular braids, the sequence of steps is 

the same as for the flat braids but it is done around a circle with an even number of yarns (Figure 

2.23). The sequence of tubular braids are similar to the maypole dance found in European countries 

so the tubular braiding is referred to as the maypole braiding technique.  

  

 

 

 

 

Figure 2.22 Principle of braiding with three yarns. (a) Initial configuration; (b) first step: 
interlacing the  left yarn over the middle one; (c) second step: interlacing the right yarn over the 

new middle yarn [114]. 
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Figure 2.23 Tubular braids (rope). (a) Geometrical model and (b) single (upper part) and triple 
(over-) braided part [114]. 

 

The schematic diagram of the principle of a maypole braiding machine is given in Figure 

2.24. The yarns that need to be braided are wound on small bobbins which are mounted on carriers. 

The carriers help to move the yarns and also maintain yarn tension by holding the extra yarns that 

are wound around it. Each carrier follows a certain path called a track that determines the structure 

of the braids. Tubular braiding machines have a combination of tracks whereas flat braiding have 

one track. A horn gear is a disc with several slots that helps the carriers to move forwards and 

backwards. The braiding point is the central point where all the outer yarn ends pass through at the 

beginning of the braiding process and the yarns interlace and build their next braided structure 

when the carriers start to move. Then the braid that is produced is pulled out by a take-off system.  
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Figure 2.24 Schematic diagram of maypole braiding machine [115]. 

 

The distance between each carrier and the braiding point is not constant during the braiding 

process. As a result,  the required length of yarn between the carrier and the braiding point changes. 

This differences in the required yarn length are not compensated by yarn elongation and therefore 

a yarn length compensation mechanism is necessary for each carrier.  

2.4. Cells and Mechanical Stimulation   

2.4.1. Cells for Tissue Engineering a Tendon Bone Junction 

Cells are an important component in engineering a tissue as it promotes regeneration, 

biochemical composition, biomechanical properties and homeostasis of the tissue. A complex 

tissue like the interfacial tissue at a tendon bone junction consists of not one but multiple types of 

cells. There have been many attempts to use a variety of cell types and cell sources to mimic the 
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complex interfacial tissue. Generally there are three approaches that are used widely for 

regeneration of enthesis tissue. The three approaches are (Figure 2.25) [116]: 

1. Co-culture of differentiated or mature cells such as fibroblasts, chondrocytes and 

osteoblasts. 

2. Culture of stem cells such as mesenchymal stem cells. 

3. Co-culture of stem cells with differentiated cells. 

The first method which involves coculturing fibroblasts, osteoblasts and/or chondrocytes 

assumes that when the cell phenotypes are in close proximity they will initiate cell-mediated 

metaplasia and heterotypic interaction which will result in the formation of a graded tissue similar 

to the native tissue. Wang et al used an osteoblast - fibroblast co-culture method to study the effects 

of interactions between the cells. Osteoblast cells and fibroblast cells were seeded on each side of 

a tissue culture well with a permeable hydrogel as the divider in between, which was removed 

after one week of culture to allow the interactions between the cells. The cells were evaluated for 

growth and maintenance of the phenotype after 4 weeks. It was found that there were significant 

changes in the cell phenotype. The osteoblast mediated mineralization was decreased while the 

fibroblasts showed increased mineralization. The expression of markers relevant to the interface 

were also detected. The results suggest that the interaction between fibroblasts and osteoblast cells 

can lead to transdifferentation of cells and may help in the formation of fibrocartilage [117].  
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Figure 2.25 Cell and co-culture strategies for the generation of a tendon/ligament-bone construct. 

 

In another similar study, Scaffaro et al developed a bi-layered multiphasic scaffold from 

polycaprolactone to mimic soft tissue and polylactic acid to mimic hard tissue which was 

cocultured with fibroblasts and osteoblast cells. The cells were found to proliferate in their 

respective layers and interact at the interface [118]. Spalazzi et al designed a similar scaffold but 

with three layers to mimic the soft tissue, interface region and bone tissue regions. The soft tissue 

region was a PLGA mesh seeded with fibroblasts, the interface region was PLGA microspheres 

with chondrocytes and the bone tissue was prepared from PLGA/bioglass composite microspheres 

with osteoblasts. After 8 weeks of culture a biocomponent structure with characteristics ranging 

from soft tissue to rigid bone was formed with specific ECM deposition [49]. Although using a 

co-culture approach shows potential to develop an interfacial tissue-like structure, the isolation of 
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mature fibroblasts, chondrocytes and osteoblasts creates practical challenges. The regeneration 

capacity of mature differentiated cells is less compared to stem cells.  

The second method which invloves culturing with stem cells has many advantages such as 

MSCs are multipotent and their ease of expansion and regeneration potential is greater compared 

to mature cells. This approach assumes that a graded tissue can be formed using biochemical and 

mechanical stimuli. MSCs are used widely in musculoskeletal repairs because of their ability to 

differentiate into tenocytes, chondrocytes and osteocytes. In addition, they also secrete bioactive 

molecules to provide a regenerative environment so MSCs cultured on a graded scaffold with 

appropriate mechanical and biochemical stimulation have the ability to generate interfacial tissue 

such as a tendon bone junction [119].  

Recently many studies have reported using adipose-derived mesenchymal cells (ASCs)  for 

regeneration of bone, tendon/ligament and cartilage tissues instead of the MSCs due to the 

following reasons: i) ASCs are multipotent and available in large quantities, ii) they can be isolated 

with minimally invasive surgery and iii) they are immunosuppressive [66, 116]. Min et al 

developed a polycaprolactone /Pluronic F127 membrane with a reverse gradient of platelet derived 

growth factor B (PDGF-BB) and BMP-2 for regeneration of a tendon bone interface and seeded 

ASCs on them. ASCs promoted tenogenesis and osteogenesis and a gradient was formed 

depending on the growth factor concentration [120]. In another study, Ramakrishna et al used 

murine TGF-β Type II receptor-expressing joint progenitor cells from transgenic mice. These cells 

have a bidirectional effect. It can be either chondrogenic or tenogenic depending on the different 

signaling pathways. The main limitation with these cells are that it is difficult to generate a 

sufficient quantity of cells after sorting.  
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The third approach is to combine the above strategies to co-culture mature differntiated 

cells and MSCs together. The assumption of this approach is similar to the first approach which 

relies on a heterotypic interaction between MSCc and fibroblast/osteoblast to promote the 

formation of graded tissue. He et al developed a microporous silk scaffold and seeded fibroblasts, 

MSCs and osteoblasts separately and then they were combined after one week by suturing the 

scaffolds together. The section of the scaffold used for seeding osteoblast was covered with 

hydroxyapatite to promote bone growth. The results indicated that a gradual transition from the 

uncalcified to the calcified region was formed in the cocultured BMSCs from the region that 

directly interacted with fibroblasts to the region that directly interacted with osteoblasts [121]. 

Although this approach was succesful, it has the same limitation as the first approach which is 

using multiple cell lines is clinically difficult. In summary, using MSCs for engineering an 

interface such as a tendon bone junction is a better option compared to using mature cells because 

handling one cell line is clinically feasible and comparitively easier than handling multiple cell 

lines. 

2.4.2. Mechanical Stimulation 

Mechanical stimulation is important in regulating cell attachment, viability, differentiation 

and function during the formation and development of an insertion site such as tendon bone 

junction. Different zones at the enthesis are subjected to various types of mechanical forces such 

as tensile, compressive and shear loading. These different forces are partially responsible for the 

graded changes in tissue composition, cell morphology, fiber orientation, ECM and cell 

differentiation at the tendon bone insertion site. For example, the tendinous region of an enthesis 

which undergoes uniaxial tensile force results in a spindle like arrangement of cells in the direction 

of the applied load with high tensile stiffness, whereas the other part of the insertion, the 
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fibrocartilage zone undergoes compressive and/or shear stress  and results in cartilage like ECM 

and cellular organization [44]. It can be seen that there is an interdependent relationship between 

mechanical stimulation and tissue formation. Thus, many researchers have investigated the use of 

mechanical stimulation to engineer an enthesis.   

 Many early studies focussed on one stress component which provided the basic key insight on 

influence of mechanical stimuli on cell behavior. It also served as the basis for the development of 

recent multistress component studies. Responses to mechanical stimulation is also dependent on 

the type of cell. Studies have been reported that applying cyclic tensile strain on MSCs resulted in 

upregulation of tenogenic genes such as collagen type 1, collagen type 2 and scleraxis as well 

upregulation of osteogenic genes such as BMP-2 and alkaline phosphate with increased mineral 

depostion. In addition, compressive loading on MSCs upregulated the expression of cartilage 

markers such as collagen type 2, aggrecan, Sox9 and TGF-β. In general. under tensile loading, 

higher stress leads to tenogenesis and lower stress leads to osteogenesis where as compressive 

loading promotes chondrogenesis. Mechanical stimulation can influence mature cells like 

fibroblasts. When tendons were placed under compression in vivo, it generated a fibrocartilage 

like tissue. The expression of cartilage markers such as collagen type 2, aggrecan and TGF- β3 

were increased [148-153].  

Thomopoulos et al studied the role of the stress environment on cell morphology and 

matrix expression in the devlopment of fibrocartilage. MSCs were exposed to tensile and 

compressive forces. Tensile cyclic stresses promoted the formation of spindle shaped cells aligned 

in the direction of tension whereas cells under compressive stress promoted randomly oriented 

round cells. Tensile cyclic strain also upregulated the expression of scleraxis and type 1 collagen. 

It was noted that there was no significant difference in the expression of Sox9 and aggrecan when 
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comparing cyclic and static loading unless TGF-β3 was present in the culture medium. This 

indicates that differentiation of MSCs is influenced not only by mechanical stimuli but also by 

biochemical factors [64]. 

In another study, the effect of different levels of mechanical strain on fibrochondrogenic 

differentiation was evaluated. To do that fibrochondrocytes were isolated from pig’s Achilles 

tendons and were subjected to 4, 8 and 12% cyclic strain. The influence of strain on parathyroid 

hormone-related protein (hPTHrP) was also studied since it was found that PTHrP expression may 

regulate proliferation and differentiation of fibrochondrocytes. Under 4 and 8% strains, the 

secretion of collagen type 1 and collagen type 2 was increased and the expression of PTHrP was 

also upregulated, whereas at 12% strain the effect was opposite. The secretion of collagen type 1 

and collagen type 2 and the expression of PTHrP decreased but the secretion of collagen X 

increased. When an uncalcified fibrochondrocyte undergoes hypertrophy and differentiates into 

calcified fibrocartilage, collagen type I and II and glycosaminoglycan were gradually replaced by 

collagen type X. The results obtained here indicate that a proper mechanical strain may lead to 

proliferation of fibrochondrocytes and prevent hypertrophy whereas higher mechanical strains can 

initiate differentiation of fibrochondrocytes [154]. Thus, not only different types of mechanical 

stimuli affects the cellular behavior but the amount of  strain also affects the cells differently. 

Mechanical stimulation of cells are beneficial for tissue engineering as different 

mechanical stimuli can be applied to stem cells to differentiate them into the required cell. Tensile 

strain on MSCs results in either tenogenesis or osteogenesis, whereas compressive strain results in 

chondrogenesis. However, to regenerate a complex tissue such as a tendon bone junction which 

has multiple cells that require different mechanical stimulation, a complex system with multiples 

types of mechanical strains are required. Toh et al applied a combination of both tension and 
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compression force on a silk scaffold to engineer a ligament bone interface [155]. Therefore, 

mechanical stimulation is an essential component for tissue engineering a complex tissue such as 

tendon bone junction.  
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CHAPTER 3 - FABRICATION OF BRAIDED AND KNITTED SCAFFOLDS USING 

FIBERS WITH DIFFERENT CROSS-SECTIONAL SHAPES 

3.1. Introduction 

Fiber based structures are widely used in tissue engineering because of their resemblance 

to native extracellular matrix. In the past, studies have shown that fibers with non-circular cross 

sections with higher surface area to volume ratio improves cell attachment and proliferation. Cells 

such as mesenchymal stem cells, osteoblasts, fibroblasts and endothelial cells have shown to align, 

elongate, migrate and attach along different structural surfaces [88-92]. In addition, conventional 

textile techniques, such as knitting and braiding have the potential to develop tissue engineering 

scaffolds with high porosity and a controlled pore size distribution. The goal of this study was to 

fabricate a tubular scaffold with appropriate structure and properties to mimic tendon tissue by 

using filaments with different cross-sectional shapes and different textile fabrication techniques. 

This study involve the design and fabrication of four different kinds of tubular scaffolds using two 

different cross sections of yarn and both knitting and braiding techniques so as to mimic the 

properties of a tendon tissue. 

The scaffolds in this study were made from poly(lactic acid) (PLA) fibers, a thermoplastic 

aliphatic polyester commonly made from a-hydroxy acids. The building block of poly(lactic acid)  

is lactic acid (2-hydroxy propionic acid), which is a simple chiral molecule that can exist as two 

enantiomers, namely L- and D-lactic acid. The two isomers differ in their effect on polarized light. 

Lactic acid is produced commercially by fermentation of molasses, potato starch or dextrose from 

corn. Figure 3.1 shows the chemical structure of poly(lactic) acid and the structure of the two 

isomers of lactic acid [156]. 
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Figure 3.1 Chemical structure of poly(lactic) acid (left) and Isomers of lactic acid (right) [156] 

 

Poly(lactic) acid fibers are thermoplastic, biocompatible, biodegradable and have high 

strength, dimensional stability and resiliency. Poly(lactic) acid is broken down by simple 

hydrolysis and its rate of degradation depends on the molecular weight of the polymer, the level 

of crystallinity, the fiber shape and thickness, the isomer ratio, the temperature of hydrolysis and 

the pH environment. The primary degradation product is lactic acid, which is biocompatible and a 

normal product of healthy muscle function. As a result, PLA is used in a wide range of medical 

applications. The United States Food and Drug Administration (FDA) has approved the use of 

poly(lactic) acid as a polymer material for human clinical use in a number of implantable end uses. 

PLA is used in a number of medical applications such as drug delivery systems, for making sutures, 

for surgical implants such as hernia repair meshes, vascular and urological stents, for tissue 

engineering scaffolds as well as bandages and wound dressings [157].  

The scaffolds were combined with murine TGF-β Type II receptor expressing progenitor 

cells in this study so as to evaluate cell attachment, proliferation and differentiation during 14 days 

of invitro cell culture. Spagnoli et al. has developed a Tgfbr2-β-Gal-GFP-BAC transgenic mice 

using the mouse bacterial-artificial-chromosome (BAC) clone RP24-317C21 containing the TGF-

β type II receptor and a GFP-IRES-β-GAL-GEO cassette which was inserted into the TGF-β type 

II receptor-BAC at the endogenous TGF-β type II receptor. This translational start site has β-Gal 
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and GFP as imaging reporters for TGF-β type II receptor expression under the control of the 

promoter and endogenous TGF-β type II receptor gene regulatory sequences. It has been found 

that TGF-β type II receptor expressing cells play an important role in embryonic joint 

development. By inactivating this signal in rats, it has been shown to lead to the absence of 

interphalangeal joint development [57]. These cells have bidirectional potential, both 

chondrogenic and fibrogenic potential through different signaling pathways.  

This chapter discusses the fabrication of these novel scaffolds, as well as the testing 

methods undertaken to evaluate their relative performance. The specific aims of the present study 

were: 

1. To design and fabricate biodegradable scaffolds using both braiding and knitting 

technologies from PLA yarns of two different cross-sectional shapes, so as to mimic the 

properties of tendon tissue.  

2. To evaluate the structural morphology of different types of scaffolds using micro computed 

tomography. 

3. To determine how the design of the scaffold structure which mimics tendon tissue affects 

the attachment, viability, proliferation and gene expression of murine TGF-β Type II 

receptor-expressing joint progenitor cells cultured for 14 days under static culture 

conditions. The scaffolds were coated with fibronectin to assess the effect of biochemical 

stimuli on cell behavior. 
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3.2. Materials 

3.2.1. Preparation of Yarns for Braiding 

The poly(lactic acid) (PLA) polymer containing 98% L isomer and 2% D isomer obtained 

from Nature Works LLC was melt spun at Fiber Innovation Technology Inc, Johnson City, TN for 

use in this study. The yarns containing two types of PLA fibers, one with a unique grooved cross-

section (4DG), and the other with a conventional round cross-section, were used to fabricate four 

types of scaffolds. The 4DG fiber is a fiber with four deep grooves oriented along the fiber axis. 

As a result, the surface area of the 4DG fibers was at least three times greater than the traditional 

round fibers. The original concept of designing and spinning 4DG grooved fibers was to promote 

moisture wicking along a hydrophobic fiber so as to improve the moisture management of fabrics 

used for sportswear. However, we see potential advantages of using 4DG fibers to promote cell 

attachment, proliferation and migration through tissue engineering scaffolds. Figure 3.2 shows the 

cross-sectional shape of the round and 4DG fibers. The basic properties of the fibers used in this 

study are listed in Table 3.1.  

Table 3.1 Basic properties of the fiber 

Type of fiber Fineness 
(den/filament) 

Cross sectional 
shape 

Surface area 
(circumference 

of cross 
section) 

Major channel 
area 

(width*length) 

PLA 4DG 3 Grooved 375 μm 18.75 μm * 26 μm 

PLA round 4 Round 112.5 μm NA 
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Figure 3.2 SEM images showing the cross - sectional shape of the 4DG (left) and round (right) 
fibers. Four deep grooves in the 4DG fibers are indicated with red arrows. 

 

The yarns were multifilament yarns with 18 filaments per ply and the yarn with the round 

fibers was a 72 nominal denier yarn per ply whereas the yarn with the 4DG fibers was a 60 nominal 

denier yarn per ply. The single 4DG yarns had insufficient strength to withstand the tension and 

surface abrasion during the braiding process, so the 4DG yarns were plied. To prepare the 3 ply 

4DG yarn, three 4DG 60d/18f poly (lactic acid) multifilament yarns were twisted together on a 

Direct-twist-2A twister (Agteks, Ltd) at 150 rpm. The round poly (lactic acid) (PLA) yarn that was 

supplied by Fiber Innovation Technology Inc (Johnson City, TN, USA) was an undrawn 170 

denier/18 filaments partially oriented yarn (POY) so it was converted into a fully drawn 

117denier/18 filaments PLA yarn (FOY) by using a Model SW3 Drawing Tower (Hills Inc, 

Melbourne, FL) at the Wilson College of Textiles (Figure 3.3). Drawing was carried out as a two-

step process with a wind-up speed of 380 m/min at 76℃ and a draw ratio of 1.9 to 1. The Tg and 

Tm of the fully drawn round yarns were 60-65 ℃ and 173-178 ℃ respectively. The yarns had a 

crystallinity of 31% and density of 1.24 g/cm3.  
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Figure 3.3 Model SW3 Drawing tower 

 

3.2.2. Fabrication of Prototype Scaffolds from PLA Yarns with 4 DG and Round Cross 

Section 

Four different types of scaffold structures were developed using braiding and knitting 

techniques. The scaffolds were designed as bilayer structures with a more porous outer layer to 

promote cell migration and a less porous inner layer to prevent leaking of cells through the hollow 

spaces. The four different scaffolds were:  

i. PLA bilayer scaffold using round fibers containing an inner braided layer followed 

by an outer braided layer denoted as Scaffold 1. 
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ii. PLA bilayer scaffold with 4DG fibers containing an inner braided layer followed 

by an outer braided layer denoted as Scaffold 2. 

iii. PLA bilayer scaffold using round fibers containing an inner weft knitted layer 

followed by an outer braided layer denoted as Scaffold 3. 

iv. PLA bilayer scaffold with 4DG and round fibers containing an inner weft knitted 

layer with round yarns followed by an outer braided layer with 4DG yarns denoted 

as Scaffold 4. 

3.2.2.1. Preparation of Inner Layer 

Braiding 

A steeger USA 16-spindle braiding machine (Model K80/16-2008-SE) (Figure 3.4 b,c ) 

was used for braiding the scaffolds. The supply packages for the braiding process were prepared 

with the round and 4DG yarns by wounding onto 16 small bobbins using a winding machine 

(Model MS-888-SER.No60) (Figure 3.4 a).  In order to fabricate a bilayer scaffold with an inner 

layer diameter of 3 mm, five 2-0 polypropylene monofilament sutures were used as a sacrificial 

core. The inner layer of two scaffolds, namely scaffold using round fibers containing an inner 

braided layer followed by an outer braided layer and scaffold with 4DG fibers containing an inner 

braided layer followed by an outer braided layer were braided around the sacrificial core at 48 

picks per inch and a braiding speed of 150 rpm. 
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Figure 3.4 a) Winding machine to prepare small supply packages of yarn for the braiding 
machine b) Front close view of 16-spindle Steeger braiding machine c) Full view of 16-spindle 

Steeger braiding machine 

 

 

a 

b 
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Knitting 

In order to knit the inner layer of two of the scaffolds, namely the scaffolds using round 

fibers containing an inner weft knitted layer, a laboratory single feed circular weft knitting machine 

Model ST3AH/ZH manufactured by Lamb Knitting Inc. (Chicopee, MA, USA) (Figure 3.5) with 

16 needles was used. A single jersey tubular structure was knitted with a working speed of 1300-

1500 rpm. The tension was adjusted to achieve a relatively tight uniform structure.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Lamb weft knitting machine 

 

3.2.2.2. Preparation of Outer Layer 

 The outer layer of all the four scaffolds were also braided using the Steeger USA 16-

spindle braiding machine. For the scaffolds with the knitted inner layer, the outer layer was braided 

around the inner weft knitted layer and for the scaffolds with a braided inner layer, the outer layer 
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was braided around the inner braided layer with a sacrificial core. In order to get a porous structure, 

the outer layer was braided at 12 picks per inch and a braiding speed of 150 rpm. After braiding 

the scaffolds, the sacrificial polypropylene core was removed. All four scaffolds were thoroughly 

washed with 0.5% Triton-X solution (Sigma, T8787) at room temperature for 2 hours followed by 

rinsing with deionized water three times to remove oils and other contaminants that were deposited 

during the fabrication process. The scaffolds were air dried inside a chemical hood at room 

temperature overnight. In order to stabilize the structure, the scaffolds were then flattened, and 

heat set at 60℃ for 2 minutes. Then they were rinsed with deionized water again three times and 

air dried for further testing. 

3.3. Evaluation of Scaffold Properties 

3.3.1. Morphology by Micro-Computed Tomography  

 Micro-computed tomography (micro-CT) was done to visualize the four different bilayer 

scaffolds before and after heat treatment. Micro CT was performed using a MicroXCT-400 

microscope (Carl Zeiss X-ray Microscopy, USA). Both the cross sections and the surfaces were 

imaged. Figure 3.6 shows the micro CT images with both a cross sectional view and a longitudinal 

surface view of the four scaffolds before flattening and heat setting. The images show the bilayer 

structure with an inner layer and an outer braided layer clearly visible on all four scaffolds. Since 

the outer layer was braided and the scaffolds were not heat set, the cross-sectional and longitudinal 

images showed some of the yarns to be loosely braided with some loose fibers.  
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Figure 3.6 Micro CT images of the four different scaffolds before flattening and heat setting 
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Figure 3.7 Micro CT image of the four different scaffolds after flattening and heat setting 
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Figure 3.7 shows the micro CT images with both cross-sectional views and longitudinal 

surface views of the four scaffolds after flattening and heat setting. Even after flattening and heat 

setting, the images of the scaffolds show the distinct bilayer structure which indicates that the PLA 

yarns did not soften and were not melted during the heat treatment. Heat setting was therefore done 

at an ideal temperature. The images of the scaffolds show that the structures contain no loose fibers 

or loosely braided yarns. The surface morphology of the braided structures illustrates a porous 

structure due to the interlocking of the braided yarns. 

3.3.3. In Vitro Cell Culture Study 

3.3.3.1. Sample Preparation 

All four types of scaffolds were cut into 5 mm lengths and placed in a 24 well plate with 

one scaffold in each well. The scaffolds were then sterilized using ethylene oxide gas in an 

Auprolene Model AN74ix sterilizer (Anderson Products, Inc) for 12 hours at ambient temperature 

followed by aeration in a chemical hood for 48hrs to remove any remaining ethylene oxide. The 

scaffolds were then immersed in 70% ethanol for 15 minutes and washed with 0.01M phosphate 

buffered solution (PBS) (Sigma, P5244) three times. In order to coat the scaffold with fibronectin, 

the scaffolds were immersed in 2 ug/ml fibronectin solution overnight inside an incubator at 37 

degree C and 5% Co2 gas. Scaffold 5 which had no coating was included in the study to determine 

how the coating influenced the cell growth. As a result, five types of scaffolds with 3 replicates 

were used in each study. The scaffolds are listed in Table 3.2 
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Table 3.2 Different types of scaffolds used in this study 

Sample Name Fibers Inner layer Outer layer Coating 

Scaffold 1 Round Braided inner 
layer 

Braided outer 
layer Fibronectin 

Scaffold 2 4DG Braided inner 
layer 

Braided outer 
layer Fibronectin 

Scaffold 3 Round Weft knitted 
structure 

Braided outer 
layer Fibronectin 

Scaffold 4 Round and 4DG 
Weft knitted 
structure of 
round fibers 

Braided outer 
layer of 4DG 

fibers 
Fibronectin 

Scaffold 5 Round Weft knitted 
structure 

Braided outer 
layer No Coating 

 

3.3.3.2. TGF-β Type II Receptor Expressing Cells Isolation and Seeding 

TGF-β Type II receptor expressing cells were isolated from 13.5/14.5-day old embryos of 

transgenic Tgfbr2-β-Gal-GFP-BAC pregnant mice. The interval between 13.5 and 14.5 day is 

important for joint development because the interzone starts developing on day 13.5 and by day 

14.5 the joint segments form from the adjacent growth plates [57]. The embryos were removed 

and separated from the pregnant female mice and the whole autopod elbows and knees were cut 

by viewing them under a dissecting microscope. The tissues were cut into small pieces and added 

to dispase solution (1 μ/ml) for 60 minutes at 37 ℃ and kept in a shaker bath running at 70 rpm. 

The cells were filtered to remove any clumps and were spun for 5 minutes at 1500 rpm. The cells 

were counted and then diluted with the micromass medium and taken for sorting. The micromass 

medium consisted of 40% DMEM-HG (Dulbecco’s Modified Eagle’s Medium, Sigma D5671), 

60% Ham-F12, 10% FBS (Fetal Bovine Serum, heat inactivated, Sigma F4135) and Penicillin-

Streptomycin (Sigma, P0781). Isolation of TGF-β Type II receptor expressing cells was performed 

by fluorescence activated cells sorting (FACS) of the mesenchyme limb cells from Tgfbr2-GFP-

β-GEO-BAC that contained GFP (Green Fluorescent Protein) as gene reporters for Tgfbr2.  
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After sorting, the GFP+ cells were collected and counted again. They were later spun down. 

PBS was removed and resuspend with micromass medium to ensure that the cell number was 

greater than 1 x 107/ml.  

The biological performance of the five scaffolds with cells cultured on them was evaluated, 

including cell viability and proliferation using alamarBlue assay, cell attachment and cell 

migration using laser scanning confocal microscopy (LSCM) with DAPI staining and cell 

differentiation using quantitative real time PCR (polymerase chain reaction) at different time 

points. 

3.3.3.3. alamarBlueTM Assay 

Cell viability and proliferation was evaluated using the alamarBlue™ assay on all five 

scaffolds at Day 7 and Day 14. Living cells maintain a reducing environment inside the cytosol 

and the alamarBlue™ reagent uses this reducing power of the cells to confirm the viability. It 

consists of an active component resazurin, which is a non-toxic, cell permeable compound that is 

blue in color and virtually non-fluorescent. When this compound enters a living cell, it is reduced 

into resorufin, a red colored compound which is highly fluorescent. This is the mechanism that the 

alamarBlue™ assay uses to quantify the viability of cells [158]. 

Method 

TGF-β Type II receptor expressing cells that were isolated was treated with TGFβ1 and 

both TGF-β Type II receptor expressing cells with and without TGFβ1 treatment were injected 

into the center of each prepared PLA scaffold and they were kept in the incubator at 37℃ and 5% 

CO2 for 1 hour. Each scaffold was cultured with 1.8 * 104 cells. Then 1 ml of micromass medium 
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was pipetted into each well and it was changed every other day. The plates were incubated at 37℃ 

and 5% CO2 for 14 days.  

At Day 7 and Day 14, the five scaffolds were taken from the 24 well plate and transferred 

into a new well plate and new media was added together with 10% alamarBlue™ (Invitrogen) 

solution. The well plates were covered with an aluminium foil and kept in an incubator at 37℃ 

and 5% CO2 for 4 hours. At the end of the incubation time, 100 µl media from each specimen was 

transferred into a 96-well plate. Three replicates were analyzed for each specimen. The level of 

fluorescence at the excitation wavelength range of 540 nm – 570 nm was measured using a Synergy 

micro-plate reader. 10% alamarBlue™ solution in media was used as the negative control and 

autoclaved 10% alamarBlue™ solution in media was used as the positive control. The percentage 

reduction of alamarBlue™ was calculated by the following equation: 

Percentage Reduction of alamarBlue™ (%) = 

"#$%&'()'*)'	%,	-.')/0'*1"#$%&'()'*)'	%,	*'234/5'	)%*4&%#
"#$%&'()'*)'	%,	.%(/4/5'	)%*4&%#1"#$%&'()'*)'	%,	*'234/5'	)%*4&%#

	× 	100 

The percentage reduction of alamarBlue™ is directly proportional to cell proliferation. 

 

Figure 3.8 10% alamarblue™ in the media after 4 hours of incubation with cells seeded on the 
scaffolds 
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Results 

The alamarBlue™ assay was used to evaluate the extent of cell viability and cell 

proliferation of the TGF-β Type II receptor expressing cells on the five different types of scaffold. 

The fluorescence values of the cells cultured on different types of scaffold were measured at Day 

7 and Day 14. Figure 3.9 shows the percentage reduction in alamarBlue™ fluorescence for the 

four scaffolds with TGF-β Type II receptor expressing cells on Day 7 and Day 14. The results 

indicate that the cells were continuously proliferating from Day 7 to Day 14 and were not 

controlled by the presence of the scaffolds. This shows that all the four scaffolds are biocompatible 

and nontoxic. 

 

Figure 3.9 alamarBlue™ results showing increased cell proliferation from Day 7 to Day 14 on 
the four scaffolds (* significance difference p£ 0.05) 
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Figure 3.10 shows the percentage reduction in alamarBlue™ fluorescence for the four 

scaffolds with TGF-β Type II receptor expressing cells with and without TGFβ1 treatment at Day 

7. On comparing the percentage reduction of the four scaffolds; Scaffold 1 – PLA bilayer scaffold 

using round fibers, containing an inner braided layer followed by an outer braided layer, showed 

the highest reduction percentage, whereas Scaffold 2 – PLA bilayer scaffold using 4DG fibers, 

containing an inner braided layer followed by an outer braided layer, showed a lower percentage 

reduction. This may have been due to the difference in porosity between the two scaffolds. Scaffold 

1 had only round yarns whereas Scaffold 2 had plied 4DG yarns. So Scaffold 2 was more bulky 

compared to the other scaffolds. 

 

Figure 3.10 Percent reduction in alamarBlue™ fluorescence for the five different scaffolds with 
Tgfbr2 cells with and without Tgfb1 treatment at Day 7 (* significance difference p£ 0.05) 
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Figure 3.11 Percent reduction in alamarBlue™ fluorescence for the four different scaffolds with 
Tgfbr2 cells with and without Tgfb1 treatment at Day 14 7 (* significance difference p£ 0.05) 

 

Figure 3.11 shows the percentage reduction in alamarBlue™ fluorescence for the four 

scaffolds with TGF-β Type II receptor expressing cells with and without TGFβ1 treatment at Day 

14. Scaffold 1- PLA bilayer scaffold using round fibers, containing an inner braided layer followed 

by an outer braided layer, and Scaffold 3 – PLA bilayer using round and 4DG fibers, containing 

an inner weft knitted layer with round yarns followed by an outer braided layer with 4DG yarns, 

showed a higher reduction rate, followed by Scaffold 4 –  PLA bilayer using 4DG fibers, 

containing an inner weft knitted layer followed by an outer braided layer and Scaffold 2 -PLA 

bilayer scaffold using 4DG fibers containing an inner braided layer followed by an outer braided 

layer. It is also seen that the TGFB1 treatment induced cell proliferation on Scaffolds 1 - PLA 

bilayer scaffold using round fibers and scaffold 4 – PLA bilayer scaffold using 4DG fibers on Day 

7, but not on Day 14, which indicates that cell proliferation occurs only at an at early stage. 

0

20

40

60

80

100

120

140

SC1 SC2 SC3 SC4

Pe
rc

en
ta

ge
 re

du
ct

io
n 

of
 A

la
m

ar
bl

ue

Scaffolds

Day 14 Without Tgfβ1

With Tgfβ1



 
 93 

On comparing the scaffolds with and without fibronectin coating as shown in Figure 3.12, 

the scaffolds with the coating showed better proliferation compared to the scaffolds without the 

coating. This indicates that the biochemical coating promotes cell viability and proliferation. 

 

Figure 3.12 Percent reduction in alamarBlue™ fluorescence for the scaffolds with and without 
fibronectin coating 

 

3.3.3.4. Laser Scanning Confocal Microscope (LSCM) using DAPI 

The extent of migration and attachment of the cells to the surface and internal structure of 

the different scaffolds was observed by a laser scanning confocal microscope (LSCM) after 14 

days of culture. In order to identify the cells, 4’,6-diamidino-2-phenylindole (DAPI), a blue-

fluorescent DNA stain was used to stain the nuclei and view the cells under confocal microscopy. 
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Method 

TGF-β Type II receptor expressing cells that were isolated were cultured into the center of 

each prepared PLA scaffold and they were kept in the incubator at 37℃ and 5% CO2 for 1 hour. 

Each scaffold was cultured with 1.8 * 104 cells. Then 1 ml of micromass medium was pipetted 

into each well and it was changed every other day. The plates were incubated at 37℃ and 5% CO2 

for 14 days.  

At Day 14, the five scaffolds were taken from the 24 well plate and placed in new wells 

and washed with 0.01M PBS (Phosphate buffered solution) three times to allow the specimens to 

adhere to the scaffolds. The scaffolds were then fixed at room temperature in 3% glutaraldehyde 

for 10 minutes and replaced with fresh fixative after 30 minutes. After fixation, the scaffolds were 

washed with PBS three times for 15 minutes. The washed samples were then stained with 300 µL 

solution of 300nM 4’,6-diamidino-2-phenylindole (DAPI) (Thermo Fischer Scientific) in 0.01M 

PBS for 30 minutes in the dark at room temperature. The samples were rinsed several times with 

PBS and the images of the scaffolds were then captured at 20X magnification using a Zeiss 

LSM700 laser confocal microscope (Carl Zeiss Micro imaging, USA). Two dimensional images 

were obtained in a series of layers from the surface to the inner structure of the five types of 

scaffolds. Three-dimensional image reconstruction and analysis were performed using ZEN 

software (Carl Zeiss Micro imaging, USA). 
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Figure 3.13 Zeiss LSM 700 laser scanning confocal microscope 

 

Results 

Figures 3.14, 3.15 and 3.16 show the cell attachment on all four different scaffolds and the 

control (scaffold with no coating) on Day 14. The confocal microscopy images show cell 

attachment on both the sides of the scaffolds, i.e. the side on which the cells were seeded (Side 1), 

and the side facing the bottom of the well plate (Side 2). The images showed good cell attachment 

on all four scaffolds even the side of the scaffold facing the well plate had a few cells. Among all 

the scaffolds, Scaffolds 1 and 3 had the highest number of cells followed by Scaffolds 4 and 2. 

This is in accordance with the alamarBlueTM result at Day 14. On comparing the images of the 

scaffolds with and without a fibronectin coating, the scaffolds with a fibronectin coating (Scaffolds 

1,2, 3 and 4, Figure 3.14 and 3.15) had more cells attached to them than the scaffold without any 
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coating (Scaffold 5, Figure 3.16). It was also observed that the cells exhibited GFP green colored 

dots on the images even after culturing for 14 days. GFP is the gene reporter for TGFBR2. It was 

also found that many cells were found on the central seeded zone and only a few cells were found 

on the left and right region of the scaffold indicating that the main direction of cell migration was 

along the length of the scaffold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Confocal microscopy images of Scaffolds 1 and 2 with and without TGFB1 
treatment. On side 1 the cells were seeded, and side 2 faced the bottom of the well plate. L, C 

and R indicate the left, center and right part of the scaffolds respectively 
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Figure 3.15 Confocal microscopy images of Scaffolds 3 and 4 with and without TGFB1 
treatment. On side 1 the cells were seeded and side 2 faced the bottom of the well plate. L, C and 

R indicates the left, center and right part of the scaffolds respectively 
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Figure 3.16 Confocal microscopy images of scaffold 5 with no coating with and without TGFB1 
treatment. On side 1 the cells were seeded and side 2 faced the bottom of the well plate. L, C and 

R indicate the left, center and right part of the scaffolds respectively. 

 

Figure 3.17 shows a series of sample Z stacked confocal images of the cultured cells 

through the thickness of the scaffolds. It shows the cell distribution situation within the scaffolds 

and shows that the cells migrated through the thickness of the scaffold. There were less cells on 

the top layer compared to the bottom layers. This is because of the difference in porosity of the 

layers. The outer layers were porous to promote cell attachment and migration, whereas the core 

had very small pores to prevent leaking of cells into the hollow space. Figure 3.18 shows that the 

Scaffold 5 

L                 C             R 
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cells were seen attached to the grooves of the 4DG fibers on Scaffolds 2 and 4. There was no 

difference between the confocal images of scaffolds with and without TGFB1 treatment. 

 

 

Figure 3.17 A series of stacked confocal images of the scaffold cultured with cells 
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Figure 3.18 Confocal images of Scaffold 2 (left) and Scaffold 4 (right) which contain 4DG yarns 

 

3.3.3.5. Quantitative Polymerase Chain Reaction (qPCR) 

Quantitative polymerase chain reaction is a powerful and sensitive gene analysis technique 

that is used in a wide range of applications such as quantitative gene expression analysis, 

genotyping and measuring RNA interference. In this study, qPCR was used to detect the tenogenic 

and chondrogenic differentiation of the TGF-β Type II receptor expressing cells seeded on the four 

different types of scaffolds.  

Method 

TGF-β Type II receptor expressing cells that were isolated, were treated with TGFβ1, and 

both TGF-β Type II receptor expressing cells with and without TGFβ1 treatment were injected 

into the center of each prepared PLA scaffold and they were kept in the incubator at 37℃ and 5% 

CO2 for 1 hour. Each scaffold was cultured with 1.8 * 104 cells. Then 1 ml of micromass medium 
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was pipetted into each well and it was changed every other day. The plates were incubated at 37℃ 

and 5% CO2 for 14 days.  

At Day 14, qPCR was carried out on the cells seeded on the four different scaffolds. Freshly 

sorted TGF-β Type II receptor expressing cells was included as the control. Sample preparation 

for qPCR involves two steps: i) extraction of mRNA and ii) synthesis of cDNA. The total sample 

RNA was isolated from the four scaffolds and freshly sorted cells using a µMACS mRNA isolation 

kit (Miltenyi Biotec, Cat# 130-075-201) according to the manufacturer’s instructions. 

Complementary DNA (cDNA) of total RNA was synthesized using a µMACS one-step cDNA kit 

(Miltenyi Biotec, cat # 130-091-902). The expression of tenogenic and chondrogenic markers was 

checked. The obtained data were normalized using glyceraldehyde 3-phosphate dehydrogenase 

(GADPH) as a house keeping gene. The qRT-PCR mixture contained 50ng cDNA, 300 nM 

forward and reverse primers and SYBR green PCR master mix (Bio Rad). The qPCR reactions 

were performed in a StepOnePlus Real time PCR system (Applied Biosystems) initially at +95C 

for 10 min enzyme activation followed by 45 cycles at +95℃ for 15 s denaturation and 60 s at 

+60℃ for annealing and extension.  

Results 

Figure 3.19 and Figure 3.20 show the expression of following markers: Scleraxis (SCX as 

tenocyte progenitors marker), Tenomodulin (Tnmd as tenocyte marker, regulated by SCX), 

Tenascin-C (TNC expressed in tendon/ligament/synovium/periosteum), Collagen I (Col 1 as a 

marker for mature tenocyte/synoviocyte/osteoblast), Collagen 2 (Col 2 as a marker for 

chondrocytes which are also expressed at in tendon-bone insertion site cells), Aggrecan (as a 

marker for chondrocytes which also express in tendon-bone junctions site), Sox9 (Sox9 as a key 

transcription factor for the chondrogenic process) and Prg4 (also called Lubricin, expressed in the 
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superficial layer of articular cartilage, tendon, synoviocytes). From the figures, it is seen that the 

expression of collagen 1, collagen 2, tenasin-C and Prg4 were significantly higher on Scaffold 2, 

the PLA bilayer scaffold using 4DG fibers containing an inner braided layer followed by an outer 

braided layer. This result indicates that there was an early differentiation of cells on Scaffold 2. 

Scaffold 2 consisted of only 4DG fibers while the other scaffolds either consisted of only round 

fibers or a mix of round and 4DG fibers. On comparing the scaffolds with and without TGFβ1 

treatment, TGFβ1 treatment inhibited gene expression on Scaffold 2. Thus, the RT PCR results 

indicate that the cross-section shape of the fibers appear to have an effect on the differentiation of 

TGF-β Type II receptor expressing cells. Although PCR is a valuable technique, it does have 

limitations. Since it is a very sensitive technique, small traces of contamination can produce 

misleading results. Primers can attach nonspecifically to sequences that are similar but not 

identical to the target DNA and incorrect nucleotides can be incorporated into the PCR sequence 

by the DNA polymerase. So there is a need to undertake multiple time points in order to obtain 

reliable and valid PCR results. 
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Figure 3.19 Gene expression results of a) Collagen I, b)Tenomodulin, c)Tenascin-C and 
d)Scleraxis 
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Figure 3.20 Gene expression results of a) Collagen 2, b) Aggrecan, c) Sox9 and d) Prg4 
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3.4. Conclusions 

In summary, a series of biodegradable bilayer scaffolds was successfully fabricated from 

poly(lactic acid) (PLA) yarns with different cross sections by using braiding and knitting 

techniques to mimic the properties of tendon tissue. In addition, the structural and biological 

evaluation of these specially designed scaffolds has shown a satisfactory performance. Cells 

seeded on the scaffolds kept proliferating from 7 to 14 days. TGFβ1 treatment induced cell 

proliferation on Scaffolds 1 and 3 at an early stage (7 days) of cell culture but inhibited cell 

tenogenic differentiation on Scaffold 2. The confocal microscopy images showed good cell 

attachment on all four different scaffold designs. The outer layers were porous to promote cell 

attachment and migration whereas the inner layer had very small pores to prevent leaking of the 

cells into the central hollow space.  

Cells were seen attached to the grooves of the 4DG fibers and 4DG fibers induced better 

cell differentiation compared to round fibers. This is the first time that the fiber cross sectional 

shape has been shown to influence the cell differentiation. Fibronectin coating promoted 

attachment and proliferation of cells on the scaffolds. Our preliminary data showed improved 

control over proliferation and differentiation of Tgfbr2-expressing progenitor cells by tuning the 

scaffold design and adding a TGFβ1 surface treatment. Using murine TGF β Type II receptor-

expressing joint progenitor cells has been advantageous but the major challenge of using murine 

TGF-β Type II receptor-expressing joint progenitor cells is to be able to generate a sufficient 

quantity of cells following cell-sorting. The next step will be to find an alternate to Tgfbr2-

expressing progenitor cells and incorporate biochemical stimulus on the scaffolds by surface 

coating to mimic the tendon bone junction tissue. 
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CHAPTER 4 - INCORPORATION OF BIOCHEMICAL STIMULI ON THE 

SCAFFOLDS BY SURFACE COATING WITH COLLAGEN AND HYDROXYAPATITE 

TO MIMIC THE TENDON BONE INTERFACE 

4.1. Introduction 

There are two tissue engineering strategies to repair and regenerate a tendon to bone 

interface. The first approach is a non-scaffold-based technique using cell therapy, and biological 

and mechanical cues. The second approach involves a scaffold-based technique. As mentioned in 

Chapter 2, no single non-scaffold technique has been effective due to the complexity of the tendon 

to bone interface, and the use of stratified scaffolds has practical challenges for clinical use. The 

next approach is to generate a scaffold with a linear gradient. Since the mineral content changes 

across the tendon to bone interface, there have been few studies that generate a gradient of mineral 

coating on fiber-based scaffolds. All previous approaches have used electrospun webs that 

generate a mineral gradient using simulated body fluids [65-68]. The scaffolds showed positive 

results with respect to stiffness and osteogenesis. The advantage of this method is that it is simple, 

scalable and effective in creating the gradient. Thus, the approach to provide a structural gradient 

by coating the scaffold has a lot of potential for fabricating an ideal scaffold for engineering a 

tendon bone junction. 

 As mentioned in Chapter 2, the surface of a biomaterial plays an important role in 

determining the interaction between cells and tissue engineering scaffolds. When tissue 

engineering scaffolds made with biomaterials are exposed to a biological environment, the 

extracellular matrix (ECM) proteins are adsorbed on the surface of the scaffolds and the cells 

interact with the surface of the scaffolds indirectly through the adsorbed proteins. In other words, 
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the adsorbed proteins act as an intermediate layer between the cells and the scaffold, and since the 

proteins are adsorbed non-specifically, specific cellular responses are not achieved. In addition, 

most synthetic polymers are biologically inert. They lack compatibility and provide limited cell 

attachment due to their hydrophobic nature. So, it is important to eliminate these disadvantages of 

synthetic polymers so as to obtain more specific cellular responses when they are exposed to a 

biological environment [161, 162, 164]. This can be done by incorporating cell binding peptides 

containing ECM proteins on to the surface of the scaffolds by either chemical or physical 

modification. The modified surface can mimic the role of the ECM in tissues and make the 

scaffold’s surface adhesive to cells. These incorporated biomolecules have the ability to induce 

specific and controllable cellular responses.  

The most commonly used peptide for surface modification is the Arg-Gly-Asp (RGD) 

motif, which is present in most ECM adhesion proteins such as collagen, fibronectin, vitronectin 

and laminin [163]. Connective tissues such as tendon and bone tissues are complex composite 

structures consisting of various protein families. Among all the protein families, collagen is the 

most abundant protein found in extracellular matrix. The term collagen is generic which refers to 

proteins that form a characteristic triple helix of three polypeptide chains. There are around 26 

distinct types of collagen that have been identified. Among different types of collagen, collagen 1 

is the most extensively studied and it forms more than 90% of the organic mass of bone. Collagen 

is also the major component of connective tissues such as tendons and ligaments. Collagen 1 

provides the tensile stiffness in a tendon and it contributes to the biomechanical properties of bone 

after mineralization, such as load bearing, tensile strength and torsional stiffness after 

mineralization [159].  Collagen 1 was incorporated onto the surface of the scaffolds in this study 
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since it is biocompatible and provides good attachment and proliferation of cells. It also degrades 

easily and is resorbed by the human body.  

Bone is composed of 69-70% of inorganic minerals, 25% of organic matrix, 5% water and 

less than 1% lipids. Hydroxyapatite (HA) with a general formula of Ca10(OH)2(PO4)6, has a similar 

chemical structure to the inorganic component found in bone matrix. Due to its chemical 

similarities with natural bone, HA is widely used in the regeneration of bone tissue. It has favorable 

biological properties including biocompatibility, and bioaffinity for osteoclasts and osteoblasts, 

bioactivity, osteoconduction and osteointegration [160]. Hence in this study, hydroxyapatite was 

coated on one end of the scaffold to achieve a structural gradient across the tendon bone junction.  

The scaffolds in this study were made from poly(lactic acid) fibers. One of the conclusions 

from Chapter 3 indicated that the cross-sectional shape of a fiber is able to influence the 

differentiation of the attached cells.  So in addition to the two fiber cross sections, round and "four 

deep grooved" (4DG), that were included in the previous study, a third fiber cross-sectional shape, 

"trilobal" with three lobes was included in this study. The reason to include fibers with a trilobal 

cross-section was that it provided a concave fiber shape in between the round and 4DG cross-

sections. The ultimate goal of this study was to develop a biodegradable biphasic scaffold and 

incorporate biochemical stimuli by surface coating to obtain a structural and chemical gradient 

that mimics the tendon bone junction. The chapter discusses the fabrication and coating of the 

scaffolds followed by an evaluation of the surface coating. The specific aims are: 

1. To activate a PLA scaffold with a plasma treatment, and to optimize the grafting of collagen 

to the PLA through a genipin spacer molecule. 

2. To apply and optimize a hydroxyapatite coating onto the PLA scaffold so as to mimic the 

bone region for tendon bone junction. 
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3. To evaluate the biological properties of the collagen functionalized and hydroxyapatite 

coated scaffolds. 

4.2. Materials 

4.2.1. Preparation of Yarns for Braiding and Knitting 

 The poly(lactic acid) (PLA) polymer containing 98% L isomer and 2% D isomer obtained 

from Nature Works LLC (Minnetonka, MN) was melt spun and drawn at Hills Inc. (Melbourne, 

FL). Three types of PLA fibers were used to fabricate six types of scaffolds. They included the 

novel grooved (4DG) fiber, a trilobal shaped fiber and a traditional round fiber. Figure 4.1 shows 

the cross-sectional shape of these three types of PLA fibers and their basic properties are listed in 

Table 4.1. 

 

 

 

 

 

  Figure 4.1 SEM images of the fiber cross-sectional shapes: a) 4DG, b) trilobal and c) round. 

 

 

 

 

 

a b c 
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Table 4.1 Nominal properties of the PLA fibers 

Type of 
fiber 

Fineness 
(den/filament) 

Cross 
sectional 

shape 

Diameter/thickness 
(µm) 

Fiber 
modulus 

(gf/denier) 

Fiber 
tenacity 

(gf/denier) 

PLA 

round 

2.74 Round 27 45.80 + 

1.39 

2.08 + 0.32 

PLA 

trilobal 

2.86 Trilobal 44 42.95 + 

0.96 

1.23 + 0.04 

PLA 

4DG 

4.84 Grooved 40 23.09 + 

0.75 

0.78 + 0.08 

 

The multifilament yarns with round and trilobal fibers had 72 filaments per ply, whereas 

the multifilament yarn with 4DG fibers had 62 filaments per ply. The yarns with round, trilobal 

and 4DG fibers had nominal total deniers of 197, 206 and 300 respectively. Single 4DG yarns had 

insufficient strength to withstand the tension during the braiding and knitting processes so the 4DG 

yarns were plied. To prepare a 2 ply 4DG yarn, two 4DG 300 denier / 62 filament poly(lactic acid) 

multifilament yarns were twisted together on a Direct-twist Model 2A twister (Agteks, Ltd) at 150 

rpm. 
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4.2.2. Fabrication of Prototype Scaffolds from PLA Yarns with Round, Trilobal and 4DG 

Cross Sections 

Six types of scaffold structures were developed using braiding and knitting techniques. The 

scaffolds were designed as bilayer structures with a more porous outer layer to promote cell 

migration and a less porous inner layer to prevent leaking of cells through the spaces between the 

yarns. The scaffolds were fabricated by the methods discussed in chapter 3. The six different 

scaffolds were: 

i. PLA bilayer scaffold using round fibers with an inner braided layer and an outer 

braided layer denoted as Scaffold 1. 

ii. PLA bilayer scaffold using trilobal fibers with an inner braided layer and an outer 

braided layer denoted as Scaffold 2 

iii. PLA bilayer scaffold with 4DG fibers with an inner braided layer and an outer 

braided layer denoted as Scaffold 3. 

iv. PLA bilayer scaffold using round fibers with an inner weft knitted layer and an 

outer braided layer denoted as Scaffold 4. 

v. PLA bilayer scaffold using trilobal fibers with an inner weft knitted and an outer 

braided layer denoted as Scaffold 5 

vi. PLA bilayer scaffold with 4DG fibers with an inner weft knitted layer and an outer 

braided layer denoted as Scaffold 6. 
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4.3. Application of Collagen Coating 

There are several techniques which can change the surface properties of the polymeric 

scaffold. Some of the common methods are plasma treatment, grafting, ion implantation and UV-

irradiation [164]. Among these methods, plasma treatment is widely used to introduce polarized 

groups such as hydroxyl, carboxyl, amino and sulphate groups to the surface of the polymeric 

scaffolds. Plasma, the distinct fourth state of matter is a partially ionized gas which consist of 

highly reactive multicomponent physical and chemical species such as charged particles, excited 

atoms and molecules, radicals, active atoms and UV photons. An input of ionizing energy must be 

applied continuously through an external energy source such as thermal, mechanical, radiation or 

electrical energy, so as to achieve the plasma state. Atmospheric pressure plasma treatments are 

simpler, faster and can provide high throughput. In this study, the plasma treatment used an 

unreactive noble gas, namely helium to generate a stable discharge. A small fraction of reactive 

gases such as oxygen was added to create active functional groups [165]. This treatment was 

combined with conventional wet chemistry techniques to modify the surface of the polymeric 

scaffolds.  

Collagen was grafted onto the surface of the scaffolds through plasma induced graft 

polymerization. First the plasma activated the polymer surface and the liquid monomer, maleic 

acid, was then attached to the surface. Collagen was sequentially grafted to the active sites via a 

free radical polymerization mechanism. Two commonly used grafting strategies are “grafting to” 

and “grafting from”, where “grafting to” refers to binding of the polymer to the surface while 

“grafting from” refers to the initiation of polymerization at the surface to grow the polymer [166]. 

In this study, the “grafting to” technique was used. 
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The crosslinking of collagen to polymeric tissue engineering scaffolds can be achieved 

through either physical methods, such as using microwave energy, UV radiation and thermal 

drying, or chemical methods, using aldehydes, polyepoxy compounds and carbodiimides. With 

physical methods, it is difficult to predict the degree of crosslinking [167]. Most of the chemicals 

that are used for crosslinking are harmful to the human body. In order to avoid this, it is important 

to use naturally occurring crosslinking agents.  

In this study, a naturally occurring crosslinking agent, namely genipin, was used. Genipin 

is obtained through enzymatic hydrolysis of geniposide with B-glucosidase. The parent compound 

geniposide is isolated from the fruit of Gardenia Jasminoides Ellis. The chemical formula for 

genipin is shown in Figure 4.2. Genipin has the ability to covalently crosslink proteins containing 

residues with primary amine groups such as glycine, and it has a much lower cytotoxicity 

compared to other frequently used crosslinking agent like glutaraldehyde [168]. It can also reduce 

steric hindrance that may arise between the active groups on the surface of the scaffold and the 

large protein molecules such as collagen. 

 

Figure 4.2 Chemical formula of genipin 
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 The other advantage of using genipin is that it can be used as a spacer molecule that acts 

as a crosslinking molecule for the attachment and immobilization of peptide chains to the surface 

of the polymeric scaffold. Due to the presence of the spacer molecule, the immobilized peptide 

molecule can be attached and oriented with less steric hindrance so that it can move freely and 

flexibly into different conformations for proper protein functioning. Thus, the steps involved in 

grafting collagen onto the six scaffolds, as shown in Figure 4.3, involved plasma treatment of the 

scaffolds followed by maleic acid grafting and genipin crosslinking as a spacer molecule and then 

collagen was immobilized to the surface of the scaffolds [139]. 

 

Figure 4.3 Steps involved in collagen grafting to the polymeric scaffold 

 

4.3.1. Materials and Methods 

The atmospheric pressure audio frequency glow discharge system (APJet, Inc. Morrisville, 

NC) (Figure 4.4) was used in this study. Since atmospheric plasma can only use noble gases, 

helium gas was used to obtain a stable discharge. In order to create active species in the plasma, a 

small quantity of a reactive gas, namely oxygen, was added to the helium gas. A uniform and stable 

plasma was achieved using 99% He and 1% O2 at a low audible frequency of 1.373 kHz. The He 

gas flow rate was set at 39.6 L/min, and the gas flow rate was 0.9 L/min for the O2. The energy 

density was 15 J/cm2. The flattened PLA scaffolds were mounted on the mobile sample platform 
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with tape at the end so that the samples did not move and received a uniform treatment throughout. 

After mounting, the sample stage was closed and the He and O2 gases were allowed to fill the 

chamber and the plasma was generated. The scaffolds were treated on both sides, and the sample 

loading stage moved through the plasma zone at 40 cm/min.  

 

Figure 4.4 Atmospheric pressure audio frequency glow discharge system 

 

After the treatment, the plasma and gas supply were switched off and the samples were 

removed and immersed immediately in a previously prepared solution of 1M maleic acid. The 

scaffolds were kept in the maleic acid solution overnight and were then air dried in a sterile hood. 
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Figure 4.5 Scaffolds immersed in 1M maleic acid solution 

 

A 1% (w/v) genipin solution was prepared by dissolving 98% genipin powder obtained 

from Shaanxi Yuantai Biological Technology Co. Ltd., in PBS buffer at pH 7.4. The genipin 

solution was prepared at room temperature by shaking in a shaker bath (New Brunswick Scientific 

Co., Inc. Edison, NJ) for 12 hours at 50 rpm. The air-dried functionalized PLA scaffolds were 

immersed in the genipin solution and kept in a shaker bath for about 6 hours at room temperature 

operating at 150 rpm to promote crosslinking. After 6 hours, the samples were taken out and 

washed thoroughly with deionized water to remove excess and unattached genipin from the 

surface. The samples were then air dried in a chemical hood and conditioned in a desiccator for 3 

days before collagen was immobilized on the surface.  

The collagen solution was prepared by dissolving 32 mg of Type I Collagen derived from 

calfskin (MP Biomedicals LLC) in 100 ml of 0.5 N glacial acetic acid (HPLC grade, Fisher 

Scientific) kept in a shaker bath for 24 hours operating at 50 rpm. After the solution was prepared, 
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the genipin activated scaffolds were immersed in the collagen solution and kept in a shaker bath 

at room temperature for 24 hours at 100 rpm. The samples were then air dried in a chemical hood 

and kept in a desiccator for 2 days to ensure effective immobilization. All the samples were then 

washed with deionized water to remove any unattached collagen from the surface and air dried. 

The samples were stored in a desiccator before further analysis. Since all the six scaffolds were 

made with same PLA polymer, only scaffold 1 - PLA bilayer scaffold using round fibers with an 

inner braided layer and an outer braided layer was evaluated for collagen immobilization.  

 

Figure 4.6 Genipin treated samples immersed in collagen solution placed in a shaker bath 
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4.3.2. Analysis 

4.3.2.1. Fourier Transform Infrared (FTIR) Spectroscopy 

Attenuated total reflectance Fourier transform infrared spectroscopy is a suitable method 

for the identification of chemical characteristics on textile surfaces as it offers highly characteristic 

information and is a fast, easy and non-destructive technique. When a sample is exposed to infrared 

light, the vibrational motion of the chemical covalent bonds near the surface of the sample interacts 

with light and each functional group present absorb infrared radiation at a particular wavenumber. 

The transmitted radiation is measured throughout the spectrum and the output intensity as a 

function of time is converted into frequency and intensity through a mathematical computational 

technique called Fourier transformation.  

Method 

A Thermo Nicolet Nexus 470 FTIR spectrophotometer was used in this study. The source 

of infrared radiation was obtained from a global lamp mounted on an air-cooled ceramic base. The 

infrared beam from the source was split into two beams using a KBr beamsplitter when it entered 

the Michelson interferometer.  The beams then travelled through different optical paths and were 

combined following multiple reflections across the surface of the samples.  

In order to provide a reference signal for acquiring data, a He-Ne laser reference system 

was used. The samples were mounted against a germanium crystal in an attenuated total reflection 

(ATR) attachment. The sample attachment was placed under a 2 mm diameter probe and a 

deuterated triglycine sulphate (DTGS) detector was used. Infrared spectra of the samples were 

measured in absorbance mode between 4000 – 600 cm-1 wavelengths. Scanning was performed 

with a resolution of 4 cm-1. The FTIR spectra were generated from an average of 64 scans and 
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were analyzed using Omni software Version 7.2 with an ATR correction to remove the absorbance 

of the crystal. 

Results 

Figure 4.7 shows the FTIR spectra of untreated PLA and maleic acid treated PLA. The 

spectra look different from each other indicating that there was some chemical modification on the 

surface of the scaffolds. The spectrum of maleic acid has several peaks that are not present in the 

untreated PLA sample. A broad peak appears from 2500 - 3200 cm-1 which is centered at around 

3000 cm-1 and may belong to O-H stretching in carboxylic acids. This peak is broad because 

carboxylic acids usually exists as hydrogen bonded dimers. A sharp peak appears at 1704 cm-1 and 

a small peak appears at 1440 cm-1.  These are characteristic peaks of C=O stretching and O-H 

bending respectively found in carboxylic acids. There is a series of additional peaks that are 

observed from 1550 – 1630 cm-1. They may belong to COO- anti-symmetrical stretching in 

carboxylic acids. The presence of these peaks suggests that maleic acid has been successfully 

grafted on o the surface of the PLA scaffolds. 
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Figure 4.7 FTIR spectra of untreated PLA and the maleic acid grafted PLA 
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Figure 4.8 shows the FTIR spectrum of genipin attached to the maleic acid grafted PLA 

scaffold. It can be seen that the characteristic peaks of maleic acid such as the sharp peak at 1704 

cm-1 and the broad peaks at 2500 - 3200 cm-1 and 1561 cm-1 have disappeared indicating that the 

acidic groups on the surface of the scaffold have reacted with the genipin. A strong peak appears 

at 1084 cm-1 which is a characteristic peak of genipin due to C-H ring in-plane bending.  There is 

also another strong peak that has appeared at 1042 cm-1 which may belong to alcohol C-O 

stretching and a very small broad peak that appeared at 700 cm-1 which may belong to OH out of 

plane deformation in phenols. The presence of these peaks and absence of characteristic carboxylic 

acid peaks confirms that the genipin is attached on the maleic acid grafted PLA scaffolds.  

 

Figure 4.8 FTIR spectrum of genipin attachment on maleic acid grafted PLA scaffolds 
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4.3.2.2. X-ray Photoelectron Spectroscopy (XPS) 

XPS is the most widely used surface sensitive quantitative spectroscopic technique that 

determines the elements present on the surface of a material. It operates by irradiating the specimen 

with monoenergetic soft x-rays at 1.2 to 1.5 kV and analyzing the energy of the detected electrons 

in a vacuum. Mg Ka, Al Ka or monochromatic Al Ka x-rays are usually used, and they have a 

penetrating power of 1-10 micrometers in a solid sample. The photons interact with atoms present 

in the surface region of the sample and cause electron emission by a photoelectric effect (Figure 

4.9). 

 

Figure 4.9 Principle of XPS (Image courtesy- Analytical Instrumentation Facility, NCSU) 
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The emitted electrons have kinetic energies given by the following equation: 

KE = hv – BE – φs or hv = KE + BE+ φs 

Where KE is the kinetic energy, BE is the binding energy, hv is the x-ray energy and φs  is 

the spectrometer work function. 

The binding energy is the energy difference between the initial and final states after the 

photoelectron has left the atom. Each element has a unique set of binding energies so XPS can be 

used to identify and determine the concentration of different elements in the surface zone. Due to 

differences in chemical potential and polarizability of compounds, there are variations in the 

elemental binding energies. The chemical or ionic state of the samples that are being analyzed can 

also be determined using these chemical shifts. In addition to photoelectron emission, Auger 

electron emission occurs due to relaxation of the excited ions remaining after photoemission. In 

the Auger process, an outer electron falls into the inner orbit while a second electron is emitted 

that carries the excess energy. Thus, photoionization leads to emission of two electrons – a 

photoelectron and an Auger electron (Figure 4.10). 

 

Figure 4.10 XPS emission process - Photoelectric emission (top) and Auger emission (bottom) 
(courtesy of Analytical Instrumentation Facility, NCSU) 
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Method 

The scaffolds were cut into 5mm long tubes and kept overnight under vacuum after 

conditioning in a vacuum chamber with nitrogen to make sure no air or moisture vapor was present 

in the samples during XPS analysis. A PHI Model 5600 MultiTechnique XPS system was used in 

this study (Figure 4.11).  

 
 

Figure 4.11 PHI Model 5600 MultiTechnique XPS system 

 

The major components of the apparatus are an x-ray source, an ion gun used for sputter-

etching, an electron energy analyzer and a detection system. The excitation sources used were a 

Model 10-550 x-ray source with a Model 10-410 monochromator and a Model 04-548 dual anode 

with a magnesium anode. The x-ray source was operated at 400W and is located perpendicular to 

the analyzer axis. The high energy electrons emitted from the filament were bombarded on the Mg 

anode to produce x-rays which were then bombarded on the samples mounted at an angle of 70°. 

This apparatus had a Model 10-360 Electron Energy Analyzer and the input lens to the analyzer 

was an Omni Focus III lens. This analyzer setup along with the detection system performed the 
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energy control distribution, maintenance, energy resolution and analysis. After calibrating the 

apparatus, the samples were scanned for an hour to generate scans that were used to determine the 

elemental analysis, specifically the carbon, oxygen and nitrogen content. The data were obtained 

using CasaXPS software and deconvolution of the C1s and N1s peaks were carried out to explain 

the relative frequency of the chemical bonds found on the surfaces of the samples. 

Results 

The surface composition of the PLA scaffolds was analyzed before and after surface 

treatments. Since maleic acid and genipin treatments are composed of only C, H and O atoms, the 

overall spectrum could not be used to compare these samples. The O/C ratio and deconvoluted C1s 

spectra were used to compare the effect of the treatments. The collagen treated samples contained 

N atoms, which are not present in the untreated samples, so the overall spectra were compared to 

demonstrate that collagen was immobilized on the surface of the scaffolds. 

Figure 4.12 shows the full spectra of the untreated and collagen immobilized PLA samples. 

It can be seen that the collagen immobilized samples showed the presence of nitrogen in addition 

to C and O elements. This confirms the attachment of collagen to the surface of the PLA scaffolds. 

The elemental composition of the untreated PLA, the maleic acid grafted PLA, the genipin attached 

PLA and the collagen immobilized PLA samples is given in Table 4.2. 
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Figure 4.12 Full spectra of untreated (top) and collagen attached (bottom) PLA samples 
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Table 4.2 Elemental composition of samples before and after each treatment 

Sample Name C (%) O (%) N (%) 

Untreated PLA 72.1 27.9 - 

Maleic acid grafted PLA 59.0 41.0 - 

Genipin attached PLA 60.1 39.9 - 

Collagen immobilized PLA 62.3 35.2 2.5 

 

 

The deconvoluted C1s spectrum of untreated PLA is shown in Figure 4.13. The 

deconvoluted C1s spectra of the untreated, maleic acid treated and genipin attached PLA showed 

three major peaks with binding energies at 284.7 eV, 286.2 eV and 289.1 eV. The binding energy 

at 284 eV corresponds to C-H, whereas the binding energy at 286.2 eV corresponds to C-O and 

the binding energy at 289.1 eV corresponds to C=O. The O/C ratio and composition of C=O is 

calculated and shown in Table 4.3. 

 

Table 4.3 O/C ratios and C=O % data for samples before and after each treatment 

Sample Name C/O ratio C=O (%) 

Untreated PLA 0.39 6.23 

Maleic acid grafted PLA 0.70 27.74 

Genipin attached PLA 0.66 19.95 

Collagen immobilized PLA 0.56 17.17 
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Figure 4.13 Deconvoluted C1s spectrum of untreated PLA sample 

 

The O/C ratio and C=O composition of untreated PLA was 0.39 and 6.23 % respectively, 

whereas the O/C ratio and C=O composition of maleic acid grafted PLA was 0.70 and 27.74% 

respectively. There is a significant increase in the O/C ratio and C=O %, suggesting a significant 

level of maleic acid grafting onto the surface of the PLA scaffold. The presence of maleic acid 

over PLA also led to an increased oxygen content as seen in Table 4.2. The O/C ratio and C=O 

composition of the genipin attached PLA was reduced to 0.66 and 19.95% respectively. This 

reduction is most likely due to the reaction between the carboxylic acid groups of maleic acid and 
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the genipin molecule. There is also a slight increase in carbon content which may be due to the 

cyclic nature of genipin molecule. In the collagen immobilized sample, the O/C ratio and C=O % 

decreased to 0.56 and 17.17% respectively. As per the literature, a reaction between collagen and 

genipin involves nucleophilic addition of the amine group of collagen with the C3 atom of genipin, 

resulting in a ring-opening reaction and the replacement of O in the genipin ring [169]. This is 

likely to be the reason for the decrease in the O/C ratio for the collagen immobilized sample. Thus, 

collagen immobilization was confirmed by XPS analysis. 

 

Figure 4.14 Deconvoluted N1s spectrum of collagen immobilized scaffold 
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The deconvoluted N1s spectrum of the collagen immobilized PLA scaffold as seen in 

Figure 4.14.  It shows a major peak with binding energy of 399.9 eV corresponding to the N-H 

group present in the amino acid sequences of the collagen molecule. This confirms that collagen 

was immobilized on to the surface of the scaffolds. 

4.3.2.3. Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

TOF-SIMS is a surface sensitive analytical technique that uses a mass spectral technique 

to obtain elemental and molecular information with high mass resolution and high spatial 

resolution imaging from the outer layers (10 to 20 Å) of a material. A schematic diagram of a TOF-

SIMS instrument is shown in Figure 4.15. 

 

Figure 4.15 Schematic diagram of TOF-SIMS instrument (courtesy of Analytical 
Instrumentation Facility, NCSU) 
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For TOF-SIMS analysis, a solid sample surface is bombarded by a finely focused pulsed 

primary ion beam, and secondary positive and negative ions are emitted from the outer layers of 

the surface. As they are extracted, their mass is measured by their time of flight to the detector. 

This analysis cycle is repeated at high frequency to generate the complete mass spectrum. The 

mass is monitored in terms of the mass-charge ratio (m/z) and the spectrum is obtained as a 

function of signal intensity versus mass-charge ratio measured in units (U). A two-dimensional 

chemical map of the distribution of certain ions can be obtained from the emission signal. This 

mapping can be used to determine variations in surface chemistry following any modification 

treatment. 

Method 

TOF-SIMS Model V (ION TOF, Inc. Chestnut Ridge, NY) instrument (Figure 4.16) 

equipped with a Bi+ liquid metal ion gun was used in this study. The instrument's vacuum system 

consisted of a load lock for rapid sample loading and an analysis chamber, separated by a gate 

valve. The analysis chamber pressure was maintained below 5.0 x 10-9 mbar to avoid 

contamination of the surfaces to be analyzed. For high mass resolution spectra acquired in this 

study, a pulsed Bi3+ primary ion beam was used to acquire a 128 by 128-pixel spectrum of a 100 

µm by 100 µm area. For high lateral resolution mass spectra images, a 256 by 256-pixel image of 

a 200 µm by 200 µm area was acquired. An electron gun was used to prevent charge buildup on 

the insulated sample surfaces. The total accumulated primary ion dose for data acquisition was 

less than 1 x 1013 ions/cm2. The data was acquired under a static SIMS condition to make sure the 

emitted secondary ions were from an undamaged area on the surface of the sample. The negative 

secondary ion mass spectra obtained were calibrated using C- , O- , OH- and CN -, while the positive 

secondary ion mass spectra were calibrated using H+ , C+ , C2H3 + , C3H5 + and C4H7 +. 
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Figure 4.16 TOF-SIMS instrument in Analytical Instrumentation Facility, NCSU 

 

Results 

TOF-SIMS analysis was carried out on the scaffolds before and after each treatment to 

determine the presence of various chemical groups on the surface of the scaffold as well to measure 

the uniformity of the collagen coating. A typical TOF-SIMS spectrum shows the intensity (counts) 

versus mass by charge ratio (U) plot. The spectrum obtained from this technique is complex 

making it difficult to identify and explain each peak. Hence, peaks associated with characteristic 

secondary ions emitted from the compound of interest are identified and compared. Figure 4.17 

shows the positive and negative mass spectra of untreated PLA scaffold. This sample 
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predominantly contains C, H and O atoms and there are several characteristic secondary ion peaks 

that are identified in the figure. 

 

 

 

 

 

  

 

 

 

Figure 4.17 Positive (left) and negative (right) mass spectra of untreated PLA sample 

 

There are positive ions such as CH3O+ at 31u, C2H3O+ at 43u, C2H5O+ at 45u, C3H3O+ at 

55u, C3H7O+ at 59u and C5H10+ at 70u, and negative ions such as C3H3O2- at 79u, C3H3O3- at 87u 

and C3H5O3- at 89u. Figures 4.18 and 4.19 show the positive and negative mass spectra of the 

maleic acid grafted PLA sample and the genipin attached PLA sample respectively. Both maleic 

acid and genipin contain only C, H and O atoms. So, it is difficult to identify characteristic peaks 

and distinguish the spectra from that of PLA. However, the positive spectrum of maleic acid 

appears to be significantly different from that of PLA. For example, the peaks such as CH3O+ at 

31u, C2H5O+ at 45u, C3H7O+ at 59u and C3H3O2- at 79u show a significant reduction in peak height 

suggesting some modification on the surface and providing evidence that the maleic acid has been 

grafted on to the surface of the scaffold. 
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Figure 4.18 Positive mass spectrum of maleic acid grafted PLA sample 

 

Figure 4.19 Positive mass spectrum of genipin treated PLA sample 
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 Similarly, the mass spectra of the genipin treated PLA sample is significantly different 

from that of the untreated PLA sample and the maleic acid grafted sample. The PLA characteristic 

peaks such as C2H3O+ at 43u, C2H5O+ at 45u and C3H3O+ at 55u are reduced significantly 

suggesting that there is a major change in the surface chemistry and genipin has been grafted onto 

the PLA scaffold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 Positive (top) and negative (bottom) spectra of collagen grafted PLA scaffold 
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Figure 4.20 shows the positive and negative spectra of collagen grafted PLA scaffold. The 

surface of the collagen coated sample contains the element nitrogen in addition to C, H, and O 

atoms. The characteristic collagen secondary ions identified in the positive spectrum are CH2NH2+ 

at 30u and C4H8N+ at 70u and negative spectrum had peaks at 26u and 42u corresponding to CN- 

and CNO-. The presence of these peaks confirms that collagen is coated on the surface of the PLA 

scaffold. 

To further check the uniformity of the collagen coating on the PLA scaffold, chemical 

mapping was performed using the TOF-SIMS signals. Uniformity and distribution of collagen was 

visualized by superimposing scanned images of different peaks over each other to create an 

overlaid image. The overlaid images in Figure 4.21 show characteristic collagen secondary ion 

images in green and PLA secondary ion images in red. The images show good collagen coverage 

but there are still a few red areas that are visible. The red areas are near the interlacement of the 

yarns that forms the braids. There is a possibility that this area might not have been exposed to the 

plasma treatment, so the collagen is loosely attached on the surface.  

 

 

 

 

 

 

 

Figure 4.21 Chemical mapping images showing a) overlay of collagen C4H8N+ion image in 
green over the PLA C3H3O+ ion image in red; b) overlay of collagen CNO- ion image in green 

over PLA C3H3O2- ion image in red 

a) b) 
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4.3.2.4. Scanning Electron Microscopy (SEM) 

SEM is a surface analysis technique that can be used to observe the surface topography. In 

this study, it was used to observe the surface of the scaffolds before and after the surface 

treatments. The SEM operates by placing a sample in the path of an electron beam which is 

continuously deflected into a raster scanning pattern. When electrons bombard a surface, they 

generate secondary and backscattered electrons as well as x-rays. The intensity of the secondary 

electrons can be collected and converted into a high-resolution three-dimensional image of the 

surface. 

Method 

A Joel JSM Model 6010 LA InTouchScopeTM Analytical Scanning Electron Microscope 

(Figure 4.22) was used in this study. First the scaffolds were cut into ~3 mm long specimens and 

mounted on standard aluminum stubs with conductive carbon tape for sputter coating. The samples 

were sputter coated with 20nm of gold-palladium (Au-Pd) alloy for 60 seconds using a Cressington 

108 sputter coater (Figure 4.22).  

 

 

 

Figure 4.22 View of SEM (left) and sputter coating equipment (right) 
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The sputter coated specimens were then viewed under the SEM. An accelerating voltage 

of 20 kV and a working distance of 10 mm were used to acquire the images. The images of the 

surface of the scaffolds were taken from samples before and after each treatment. The software 

used to generate the data was InTouchScopeTM. 

Results 

The morphology of the surface of the scaffolds before and after each treatment was viewed 

under SEM. Figure 4.23 shows the surface topography of the untreated PLA sample which appears 

smooth and uniform, whereas in Figure 4.24, the surface of the maleic acid treated PLA sample 

has a rougher appearance and clearly shows deposition over the fiber surface. There were a few 

small lumps on the surface of the fibers. The deposition is not very uniform, but most of the area 

is covered, which indicates that maleic acid was grafted successfully and attached to the surface.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 SEM image of an untreated PLA sample 
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Figure 4.24 SEM images of the maleic acid grafted sample 

 

 

 

 

 

 

 

 

 

Figure 4.25 SEM images of the genipin treated sample 
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Figure 4.25 shows the image of the surface of the genipin treated sample which looks 

smoother and shows good deposition on the surface of the fibers suggesting successful grafting of 

genipin onto the surface of the sample. Figure 4.26 shows the surface of the collagen coated 

sample. The deposition appears to be extensive and continuous suggesting that collagen was 

successfully immobilized onto the surface of the PLA sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.26 SEM image of the collagen treated sample 
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4.4. Application of Hydroxyapatite Coating 

Hydroxyapatite (HA) has the general formula Ca10(OH)2(PO4)6 which is similar to the 

chemical composition of inorganic phase of bone. So, it has a strong affinity and chemical bonding 

to the host bone when used for bone repair or regeneration applications. There are several 

techniques for coating HA onto the surface of polymeric scaffolds including plasma spraying, ion 

sputtering, chemical vapor deposition and thermal decomposition. Among these methods, plasma 

spraying is widely used. However, the PLA scaffold in this study has already been activated by a 

collagen coating on the surface using a plasma treatment. So, hydroxyapatite was coated onto the 

collagen attached PLA scaffold using both dipping technique and spray coating. The HA coated 

scaffolds obtained by these two techniques were then compared to evaluate their effectiveness and 

uniformity. 

4.4.2. Materials and Methods 

The hydroxyapatite that is used in the study was supplied by Lucideon (Staffordshire, UK) 

in powder form having an average particle size of 0.3 microns. The hydroxyapatite solution for 

dip and spray coating was prepared by dissolving the hydroxyapatite powder in collagen solution. 

Three samples were dip coated and spray coated. The HA solution was prepared by dissolving 7 

mg of HA powder in 100 ml of a collagen solution prepared from 32 mg of Type I collagen powder 

(MP Biomedicals LLC) in 100 ml of 0.5 N glacial acetic acid (HPLC grade, Fischer Scientific). 

The HA was dissolved at room temperature in a shaker bath for 12 hours operating at 60 rpm. In 

order to dip coat, the scaffolds were immersed in the prepared HA solution for 24 hours. The 

samples were then air dried in a chemical hood and kept in a desiccator for 3 days to ensure 

effective coating. 
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In order to spray coat, the coating machine (Figure 4.27) procured from Sanco Engineering, 

India was used. The main components of the machine are a rotating shaft with a vertical holder to 

hold the specimen and a spray gun connected to a nitrogen cylinder. Nitrogen grade 5.0 with 

99.999% purity, procured from ARC3 Gases Inc., was used for atomization or mist formation. The 

spray gun had a needle inside, which was adjusted based on the size of the mounted specimen to 

control the amount of spray. The spray gun had a screw at the top to adjust the speed of spraying.  

 

 

 

 

 

 

 

 

 

Figure 4.27 Spray coating machine 
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The spray gun was filled with the HA solution and it was sprayed on the sample for a few 

minutes. Spraying was then stopped to allow the sample to dry and to avoid the solution from 

dripping down the sample. This cycle was repeated several times so that the HA solution was 

coated onto the whole surface of the scaffold. The samples were then air dried in a chemical hood 

and kept in a desiccator for 3 days to ensure effective coating.  

4.4.2. Analysis 

4.4.2.1. X-ray Photoelectron Spectroscopy (XPS) 

Method 

XPS was used to identify and quantify the elements present on the surface of the HA coated 

scaffolds. The principle and method have been described previously in Section 4.3.2.2. For 

elemental analysis, the amount of the elements C, O, N, Ca and P were determined. The data were 

obtained using CasaXPS software. 

Results 

The surface composition of the HA dip coated scaffolds and the HA spray coated scaffolds 

were analyzed. The collagen coated PLA scaffolds were associated with C, H, O and N atoms. The 

HA treated samples contained Ca and P, which were not present in the collagen coated scaffolds. 

So, the overall spectra were first compared to prove that there was a coating of hydroxyapatite on 

the surface of the scaffolds. The dip and spray coated samples were compared by comparing the 

quantity of Ca and P present on the surface of the scaffolds. 
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Figure 4.28 shows the full spectra of the HA dip coated PLA sample, the HA spray coated 

PLA sample and the collagen immobilized PLA sample. It can be seen that the HA coated samples 

show the presence of Ca and P elements in addition to the C, O and N elements. This confirms that 

hydroxyapatite was coated on the surface of the collagen treated PLA scaffolds. The elemental 

composition of the dip coated, and spray coated sample are compared in Table 4.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28 Full spectra of a) HA dip coated PLA sample, b) HA spray coated PLA sample and 
c) collagen immobilized PLA sample 

a 

b 

c 
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Table 4.4 Elemental composition of HA dip coated, and spray coated samples 

 

From the table it can be seen that the composition of Ca and P in the dip coated samples 

were 2.7% and 1.3% respectively, whereas the composition of Ca and P in the spray coated 

samples were only 0.7% and 0.7% respectively. So the Ca and P content was higher in the dip 

coated samples compared to the spray coated samples. In spray coating, only a small area in the 

outer surface of the scaffold came in contact with the HA solution, whereas in dip coating a larger 

area of the scaffolds came in contact with the HA solution. As a result, the dip coated samples 

picked up more HA. 

4.4.2.2. Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

 Method 

TOF-SIMS analysis was carried out to determine the elemental and molecular information 

that were present on the surface of the HA treated scaffolds. The uniformity of the HA coating was 

also determined using chemical mapping of the distribution of certain characteristic ions. The 

principle and method have been described previously in Section 4.3.2.3. 

Sample Name C (%) O (%) N (%) Ca (%) P (%) 

Dip coated PLA 63.8 26.1 6.1 2.7 1.3 

Spray coated PLA 60.2 27.6 10.8 0.7 0.7 
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Results 

TOF-SIMS analysis was performed on the HA coated scaffolds to determine the presence 

of various chemical groups on the surface of the scaffold. The uniformity of hydroxyapatite coating 

on dip and spray coated scaffolds were also determined using chemical mapping. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29 Positive (top) and negative (bottom) mass spectra of HA coated sample 

  



 
 147 

Figure 4.29 shows the positive and negative mass spectra of the HA coated sample. Since 

the TOF-SIMS mass spectrum is complex and it is difficult to identify all the peaks, only some of 

the characteristic secondary ions of HA were identified. There were positive ions such as Ca+ at 

40u and CaOH+ at 74u and negative ions such as PO2- at 63u and PO3- at 79u. The presence of 

these peaks suggest that hydroxyapatite was coated on the surface of the scaffold.  

The uniformity and distribution of hydroxyapatite on the dip and spray coated scaffolds 

were visualized by superimposing scanned images of different peaks over each other to create an 

overlaid image. The overlaid images in Figure 4.30 compare the characteristic hydroxyapatite 

secondary ion images in green with the PLA secondary ion images in red on the spray coated and 

dip coated samples. Both the images show some traces of green which indicates that 

hydroxyapatite was present on these surfaces. The dip coated samples show superior 

hydroxyapatite coverage compared to the spray coated samples which suggests that dip coating is 

more effective in coating the hydroxyapatite than spray coating. This is in agreement with the XPS 

results. 

 

 

 

 

 

 

Figure 4.30 Chemical mapping images showing overlay of hydroxyapatite Ca+ ion image in 
green over the PLA C3H3O+ ion image in red in a  spray coated sample (left) and a dip coated 

sample (right) 



 
 148 

Though dip coating is better than spray coating, there are some areas in dip coated sample 

that are still red which indicates that the uniformity of the coating is not very even and needs to be 

improved. 

4.4.2.3. Cell Culture Study 

In order to evaluate the effectiveness of the surface modified scaffolds with respect to cell 

behavior, a preliminary cell culture study was performed. For the cell culture, rotator cuff tendon 

cells obtained from one month old Sprague Dawley rats were used. The passage two cells were 

quickly thawed in a water bath at 37°C after removing them from liquid nitrogen and resuspending 

them in prewarmed complete growth media (89% DMEM, 10% FBS and 1% antibiotic 

antimycotic solution) (Sigma Life Science) in T-75 flasks. The cells were cultured and expanded 

in an incubator with 5% CO2 at 37°C until the cells were prepared for seeding on the scaffolds. 

The medium was replaced on alternate days.  

All six types of scaffolds were included in this study. The scaffolds are listed in Table 4.5. 

The collagen and HA coated scaffolds were cut into 5 mm lengths and placed in a 24 well plate. 

After ethylene oxide sterilization, the scaffolds were immersed in complete growth media for one 

hour and removed. 100 µl of cells were seeded on the scaffolds and placed in the incubator for one 

hour to promote cell attachment. Then 400 µl growth media were added to each well and the cells 

were allowed to grow on the scaffolds for 7 days under static conditions (Figure 4.31). The media 

was changed every two days. The biological performance was evaluated in terms of cell viability 

and proliferation using an alamarBlueTM assay, and cell attachment was evaluated using scanning 

electron microscopy. 
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Figure 4.31 Rotator cuff tendon cells cultured on the bilayer scaffolds in a 24 well plate for 7 
days 

 

Table 4.5 Bilayer scaffolds used in this study 

Sample Fiber cross-
section Inner layer Outer layer 

SC1 Round Braided inner layer Braided outer layer 
SC2 Round Weft knitted structure Braided outer layer 
SC3 4DG Braided inner layer Braided outer layer 
SC4 4DG Weft knitted structure Braided outer layer 

SC5 Trilobal Braided inner layer Braided outer layer 

SC6 Trilobal Weft knitted structure Braided outer layer 

AlamarBlueTM Assay 

Method 

Cell viability and proliferation were evaluated using alamarBlue™ assay on all six 

scaffolds. At Day 3 and Day 7, the six scaffolds were removed from the 24 well plate and 

transferred into a new well plate with new media. A 10% alamarBlueTM solution (Invitrogen) was 

added to the new plate containing the scaffolds. The well plates were covered with aluminium foil 
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and kept in an incubator at 37℃ and 5% CO2 for 4 hours. At the end of the incubation time, 100 

μl media from each specimen were transferred into a 96-well plate. Three replicates were analyzed 

for each specimen. The level of fluorescence was then measured at 540 nm excitation and 590 nm 

emission wavelength using a Synergy micro-plate reader. The 10% alamarBlueTM solution in 

media was used as the negative control and an autoclaved 10% alamarBlueTM solution in media 

was used as the positive control. The percentage reduction of alamarBlueTM was calculated by the 

following equation: 

Percentage Reduction of alamarBlueTM (%) = 

"#$%&'()'*)'	%,	-.')/0'*1"#$%&'()'*)'	%,	*'234/5'	)%*4&%#
"#$%&'()'*)'	%,	.%(/4/5'	)%*4&%#1"#$%&'()'*)'	%,	*'234/5'	)%*4&%#

	× 	100 

Percentage reduction of alamarblueTM is directly proportional to cell proliferation. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.32 10% alamarblueTM solution in media after 4 hours of incubation with cells seeded 
on the bilayer scaffolds 
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Results 

 The alamarBlueTM assay was used to evaluate the cell viability and cell proliferation of the 

rotator cuff tendon cells on the six different types of collagen and hydroxyapatite treated scaffolds. 

An uncoated scaffold was also added as a control to compare the effectiveness of the coatings. The 

fluorescence values of the cells cultured on the different types of scaffold were measured at Day 

3 and Day 7. Figure 4.33 shows the percentage reduction in alamarBlueTM fluorescence for the 7 

different scaffolds with rotator cuff tendon cells on Day 3 and Day 7. The results indicate that the 

cells were continuously proliferating from Day 3 to Day 7, and the rate of proliferation was 

influenced by the presence of the coating and the structural design of the scaffold. This shows that 

all six scaffolds and their coatings are nontoxic and biocompatible. 

 

Figure 4.33 Percentage reduction alamarBlueTM fluorescence for collagen and HA coated 
scaffolds with rotator cuff tendon cells (Inner layer: B = Braided, K = Knitted) 
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On comparing the percentage reduction of the six scaffolds, Scaffold 1 (bilayer braided 

with round yarns) and Scaffold 2 (bilayer braided with trilobal yarns) showed significantly higher 

reductions compared to other scaffolds. This indicates that the scaffolds with round and trilobal 

yarns had the highest viability and proliferation of cells among all the scaffolds. On comparing 

scaffolds with and without coatings, the percentage reduction of the scaffolds with coatings was 

significantly higher than those without. This suggests that the collagen coating followed by a 

hydroxyapatite coating was non-toxic and promoted cell proliferation. The scaffolds with a braided 

inner layer showed higher percent reduction compared to the scaffolds with a knitted inner layer. 

The scaffolds with an inner knitted layer were more porous than the braided inner structures, which 

may have caused the cells to leak through the pores. Among the fibers with different cross-

sectional shapes, the scaffolds with 4DG fibers showed the lowest cell proliferation and viability. 

Among the three fibers, the yarns with 4DG fibers had a lower tenacity, and so had to be plied to 

fabricate the scaffolds. There is a possibility that the grooves in the yarn were compressed during 

the plying process and the scaffold was stiff and had a decreased pore size. The results obtained in 

this study were similar to those obtained in Chapter 3.  

Scanning Electron Microscopy (SEM) 

Method 

Scanning electron microscopy was used to observe the attachment of the cells to the 

scaffolds made with the PLA fibers having three different cross-sectional shapes. After 7 days of 

cell culture under static condition, the scaffolds were removed from the media and washed in 0.1M 

PBS buffer. Then the samples were fixed in a solution containing 3% glutaraldehyde and 1% 

sucrose for 10 minutes at room temperature. After fixation, the scaffolds were gently washed 3 

times each for 15 minutes in 0.1 PBS buffer. A graded series of ethanol solutions, namely 30%, 
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50% and 70% ethanol were used to dehydrate the samples for 30 minutes each at 4°C. Then the 

samples were further dehydarated with 95% ethanol for 30 minutes at 4°C followed by 100% 

ethanol three times each for 30 minutes. The second and third washes were at room temperature. 

The dehydrated samples were critical point dried for 15 minutes in a Samdri Model 795 critical 

point dryer and mounted on aluminum stubs with conductive carbon tape. The samples were stored 

in a desiccator overnight. The specimens were sputter coated with 20 nm of gold-palladium (Au-

Pd) alloy for 60 seconds using a Cressington Model 108 sputter coater. The sputter coated 

specimens were then viewed in a Joel JSM Model 6010 LA InTouchScopeTM Analytical Scanning 

Electron Microscope. An accelerating voltage of 20 kV and a working distance of 10 mm was used 

to acquire the images.  

Results 

The SEM images in Figure 4.34 show the level of cell attachment to the scaffolds prepared 

from yarns containing round, trilobal and 4DG fibers. From Figure (a), we can see several cells 

growing on the scaffolds with round fibers. At a higher magnification, Figure (b), we can see that 

the cells have spread out and are closely attached to the surface of the round fibers. Figure (c) 

shows the level of cell attachment to the scaffolds with trilobal fibers. A lot of cells were observed 

attached to the trilobal fibers in between the lobes. When looking at a higher magnification, Figure 

(d), we can see clusters of cells loosely attached to the lobe of the trilobal fibers. From Figure (e) 

we can see that the grooves of the 4DG fibers were compressed during plying and braiding. So it 

is difficult to observe if the cells are present or not. At a higher magnification, Figure (f) shows a 

cluster of cells attached loosely in between the lobes. When reviewing all the scaffolds, those 

fabricated from round fibers had the highest number of cells. This agrees with the alamarBlueTM 

result. On the scaffolds with trilobal and 4DG fibers, the cells were seen attached along the grooves 
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or lobes. However, note that the 4DG grooved fibers were compressed during plying and braiding 

so the cells could not attach themselves to the grooves or lobes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.34 SEM image of cells seeded on scaffolds at day 7. a,b) scaffolds with round yarns; 
c,d) scaffolds with trilobal yarns and e,f) scaffolds with 4DG yarns 
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4.5. Conclusions 

In conclusion, a series of biodegradable bilayer scaffolds were successfully fabricated 

using PLA multiflament yarns with three different filament cross sections, namely round, trilobal 

and grooved (4DG). Plasma-initiated polymerization was effective in grafting maleic acid onto the 

PLA surface and genipin, a naturally occurring crosslinking agent was used as a spacer molecule 

for successful immobilization of collagen on the surface. The collagen was attached uniformly to 

the surface of the scaffolds. 

Among the two methods used for coating hydroxyapatite onto the scaffold surfaces (spray 

and dip coating), dip coating was found to be more effective. This was due to the fact that during 

spray coating only a few areas of the scaffolds were exposed to the HA solution, whereas with dip 

coating, more areas of the scaffold came in contact with the HA solution.  This in turn increased 

the amount of HA coating on the scaffolds. Thus, dip coating is the preferred approach to coat 

hydroxyapatite onto the surface of the scaffolds. 

The surface coatings were not harmful to cells, and in fact promoted cell proliferation on 

and within the scaffolds. However, further cell studies are required to demonstrate that these 

bilayer scaffolds have the potential to be used for tissue regeneration at a tendon bone junction. 

Among the various prototype scaffolds, the braided bilayer scaffolds made from round and trilobal 

fibers showed better cell attachment, viability and proliferation. Although cells were seen attached 

to the grooves of the 4DG fiber, the process of plying and braiding the 4DG fibers compressed 

them together thereby blocking and closing the grooves. For this reason, Scaffold 1 (a bilayer 

braided with round yarn) and Scaffold 2 (a bilayer braided with trilobal yarns) were selected to be 

included in the next cell viability study.  
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CHAPTER 5 - REGENERATION OF TENDON BONE JUNCTION TISSUE BY 

CULTURING MESENCHYMAL STEM CELLS ON THE BIPHASIC SCAFFOLDS 

5.1. Introduction 

Collagen is widely used in tendon tissue engineering scaffolds due to its biocompatibility 

and it serves as a key protein component in extracellular matrix. Hydroxyapatite is used in bone 

repair and regeneration due to its chemical similarity with mineralized bone. So the primary 

objective of this study was to evaluate the performance of two preferred bilayer braided scaffolds 

with immobilized collagen and an hydroxyapatite coating by an in vitro cell culture technique 

using mesenchymal stem cells to engineer tendon bone junction tissue. The effect of mechanical 

stimulation on the proliferation and differentiation of the mesenchymal stem cells was evaluated. 

In addition, the effect of changing the PLA fiber cross sectional shape from round to trilobal on 

cellular behavior was also studied.  

This chapter discusses the fabrication of the scaffolds, testing methods and results. The 

specific aims are: 

1. To evaluate the physical characteristics, such as total porosity, pore size distribution and 

mechanical properties including the uniaxial tensile properties of the two preferred scaffolds 

from Chapter 4. 

2. To study the cytocompatibility and cell proliferation of the two preferred scaffolds from 

Chapter 4 by culturing mesenchymal stem cells under static conditions. 

3. To study the formation of tendon bone junction tissue by culturing mesenchymal stem cells 

on the two preferred scaffolds from Chapter 4 by applying mechanical stimulation in a 
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dynamic stretching bioreactor developed at North Carolina State University's Wilson 

College of Textiles. 

4. To develop an appropriate microscopic analytical approach to visualize and study the effect 

of PLA fiber cross-sectional shape on cell behavior. 

5.2. Materials 

Two types of prototype scaffolds, a PLA bilayer braided scaffold using round fibers and a 

PLA bilayer braided scaffold using trilobal fibers were included in this study. The scaffolds were 

first flattened and heat set with a flat iron at 60 °C. The scaffolds were treated with radio frequency 

plasma in helium and oxygen to activate the PLA fiber surface. This was followed by maleic acid 

grafting, and genipin attachment prior to collagen immobilization. The scaffolds were cut into 

strips and coated with hydroxyapatite at one end by dipping into a hydroxyapatite solution (Figure 

5.1). The hydroxyapatite coated end was designed to mimic the bone region. The fabrication of 

the scaffolds is described in Chapter 3, and the immobilization of collagen and the coating of 

hydroxyapatite is described in Chapter 4.  
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Figure 5.1 Scaffolds attached on a glass slide and one end immersed in hydroxyapatite solution 

 

5.3. Physical Characterization of the Scaffolds 

5.3.1. Total Porosity and Pore Size Distribution 

Total porosity is defined as that component within the boundary of a solid which contains 

an inherent network of voids, channels and open spaces. In other words, it is the measurement of 

the total void space within a material. The nature and extent of a porous structure affect the cellular 

response and biocompatibility of a tissue engineering scaffold. It also affects the transport and 

distribution of cells, nutrients and waste products through the thickness of the scaffold structure. 

Total porosity can be measured by the ratio of pore or void volume to the total volume of a porous 

material and it is always expressed as a percentage [170].   
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The total porosity of the scaffolds can be calculated from the following equation: 

Total porosity (%) = 91 − ;(
;.
< × 100 = =1 − >

9?@
A@ <

;.
BC × 100 = (1 − >

9 ?@
(E×F×G)<

;.
B) × 100 

Where, 

ds = the density of the scaffold in g/cm3, 

dp = the density of the polymer in g/cm3, 

ms = the mass of the scaffold in g, 

vs = the volume of the scaffold in cm3, 

w = the width of the scaffold in cm, 

l = the length of the scaffold in cm, 

h = the thickness of the scaffold in cm. 

In order to measure the total porosity, each sample was cut into 1cm long strips and 

conditioned overnight at 65±3% RH at 20±2 °C. A minimum of 5 specimens were tested for each 

sample. The density of the PLA polymer was assumed to be 1.24 g/cm3[171]. The width of the 

specimens was measured with Vernier calipers, while the thickness was measured on a SDL Model 

94 thickness gauge. The mass values were measured using a Mettler Model H80 weighing balance. 

The pore size is a measurement of the dimensions of an individual pore or void space within 

a scaffold structure. It is important to measure the pore size and pore size distribution to know 

whether the particular scaffold is ideal for the specific type and size of cell. In this study scanning 

electron microscopy was used to determine the average individual pore size and the pore size 

distribution of the two braided scaffolds. A minimum of 10 pores were visualized and measured 

using Image J software and the average values were calculated. 
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5.3.2. Results 

Ten measurements were taken from each of the samples. For the PLA bilayer braided 

scaffold made with round yarns, the average mass was found to be 0.0133 g, the average thickness 

was 0.12 cm and average width was 0.30 cm, whereas for the PLA bilayer braided scaffold made 

with trilobal yarns had an the average mass of 0.0144 g with an average thickness was 0.21 cm 

and average width was 0.30 cm. These values were plugged into the equation described in the 

previous section 5.3.1, and the total porosity of the PLA bilayer braided scaffold with round fibers 

was found to be 64.2% and the total porosity of the PLA bilayer braided scaffold with trilobal 

fibers was 80.6%. An ideal tissue engineering scaffold should have a total porosity in the range of 

50 to 80% to support the cells and the diffusion of nutrients through the thickness of the scaffold 

[172]. Both the scaffolds are within the required range suggesting that the scaffolds have the ability 

to support cell and tissue ingrowth and transfer of oxygen and nutrients. On comparing the two 

scaffolds, trilobal PLA bilayer braided scaffold had higher porosity compared to the scaffolds with 

round yarns. This may be due to increased surface area of the scaffolds because of the presence of 

trilobal fibers.  

From the SEM images it was seen that the pore size opening at the intersection of the yarns 

was close to zero, while there were some pores ranging in size from 2 - 35 µm between individual 

fibers in the scaffold with round fibers, and pore sizes ranging between 22 - 169 µm in the scaffold 

with the trilobal fibers (Figure 5.2). The total porosity and average pore size of the scaffold with 

trilobal fibers was significantly higher than they were for the scaffold with round fibers. 
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Figure 5.2 SEM images of bilayer braided scaffolds made from a) round fibers at 500x and b) 
trilobal fibers at 50x 

 

5.4. Mechanical Properties 

5.4.1. Methods 

The ultimate tensile strength of the two PLA bilayer braided scaffolds using round and 

trilobal fibers was measured in the axial direction on an MTS Model Q-test/5 Universal Testing 

Machine at 65% RH and 70°F (Figure 5.3). TestWorks software was used to record and analyze 

the results obtained from the mechanical tester. The samples were divided into two groups: One 

group was tested in a dry condition and the other group was tested in a wet condition after being 

immersed in PBS solution overnight. Five specimens were tested for each sample. The test 

specimens were cut to a length of 3 inches so that they were long enough to be clamped. A 250 lb 



 
 162 

load cell was used with a grip pressure of 80psi. The gauge length was set to 10 mm and the cross 

head moved at a constant speed of 30 mm/min until the specimen failed.  

 

Figure 5.3 MTS Model Q Test mechanical tester used to measure the scaffold’s mechanical 
properties  

 

The maximum load, elongation at the maximum load and elongation at break were 

recorded for each of the scaffolds. The stress-strain curves were also recorded. The Young’s 

modulus, E, was determined from the slope of the initial linear portion of the stress-strain curves.  

The following equation was used to determine the Young’s modulus: 

𝐸 = 	
𝑇𝑒𝑛𝑠𝑖𝑙𝑒	𝑠𝑡𝑟𝑒𝑠𝑠
𝑇𝑒𝑛𝑠𝑖𝑙𝑒	𝑠𝑡𝑟𝑎𝑖𝑛 = 	

𝜎
𝜀 = 	

𝐹/𝐴
∆𝐿/𝐿 = 	

𝐹	 × 	𝐿
𝐴	 ×	∆𝐿 
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Where, E = Young’s modulus (MPa), F= Absolute force applied to the fabric (N), 

A=Original cross-sectional area of the scaffold (mm2), DL = Extension of the scaffold in the axial 

direction (mm) and L = Original gauge length (mm). The standard deviation was calculated and 

used to generate the error bars in Figures 5.5 - 5.7. A standard two tailed t-test was carried out to 

identify significant differences between the scaffolds (p<0.05). 

5.4.2. Results 

The typical stress-strain curves of the scaffolds with round and trilobal fibers under dry 

and wet conditions are shown in Figure 5.4. From the graphs, we can see that the two scaffolds 

have different tensile properties. The dry bilayer braided scaffold with round fibers had the highest 

elastic modulus among all the samples, whereas the wet scaffolds with trilobal fibers had the lowest 

elastic modulus. Whereas, the scaffolds with round fibers performed at the maximum stress level. 

All the four samples had a relatively long toe region, which was most likely due to uncrimping or 

stretching of the braided structure due to loading. 

 

Figure 5.4 Typical stress-strain curves of scaffolds with round and trilobal fibers under dry and 
wet condition 
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The ultimate tensile strength and Young’s modulus was measured in the axial direction. 

Figure 5.5 shows the ultimate tensile strength of the four samples. The tensile strength of the 

scaffold with round fibers was significantly higher than the scaffold with trilobal fibers (p ≤ 0.05). 

The tensile strength of the scaffold with round fibers under dry conditions was significantly higher 

than under wet conditions (p=0.0024), whereas for scaffolds with trilobal fibers, the tensile 

strength under dry condition was marginally higher than under wet condition but not significantly 

greater (p=0.765). Though both the scaffolds were made of PLA, the scaffolds with trilobal fibers 

had more surface area and was more porous so the scaffolds with trilobal fibers absorbed more 

moisture than scaffolds with round fibers.  

The tensile strength of tendons ranges from 50 to 150 MPa depending on the location and 

the tensile strength of cortical bone is 150 MPa [173]. The tensile strength of the scaffolds with 

both round and trilobal fibers ranges from 120 MPa to 175 MPa, which is in the appropriate range 

of tensile strengths for both tendons and cortical bone.  

 

Figure 5.5 Tensile strength of scaffolds with round and trilobal fibers under dry and wet 
conditions 
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The mean elongation at break values of the two types of scaffolds under dry and wet 

conditions are shown in Figure 5.6. The dry and wet scaffolds with trilobal fibers had significantly 

lower elongation at break compared to the scaffolds made with round fibers. However, when 

comparing the test results under dry and wet conditions for each type of scaffold, no significant 

difference was observed. 

 

Figure 5.6 Elongation at break for the scaffolds with round and trilobal fibers under dry and wet 
conditions 

 

The elastic modulus or Young’s modulus is calculated from the slope of the linear region 

of the stress-strain curve. The results are shown in Figure 5.7. Both the dry and wet scaffolds with 

round fibers had significantly higher moduli than the scaffolds with trilobal fibers (p≤0.05). 

However, there was no significant difference between the dry and wet results for the two types of 

scaffolds with round and trilobal fibers. From the literature, the elastic modulus of tendon is 

reported in the range 100 to 250 MPa and the elastic modulus of bone is in the range of 500-1000 

MPa depending on the location [106]. The enthesis should have an elastic modulus in between that 

of tendon and bone. So, neither scaffold has a high enough elastic modulus that will correspond to 
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the rigidity of bone, but both scaffolds have an elastic modulus within the expected range for 

tendon tissue regardless of whether it is tested under wet or dry conditions. 

 

Figure 5.7 Elastic modulus of scaffolds with round and trilobal fibers under dry and wet 
conditions 

 

5.5. Invitro Cell Culture Study 

5.5.1. Method 

Adipose-derived human mesenchymal stem cells obtained from ATCC (PC5-500-011) 

were used in this study. The purchased cells were quickly thawed in a water bath at 37°C after 

removing them from liquid nitrogen. They were then resuspended in T-75 flasks in complete 

growth media containing 485 ml mesenchymal stem cell (MSC) basal medium, 10 ml MSC 

supplement, 6ml L-alanyl-L-glutamine, 0.5 ml gentamicin-amphotericin B Solution, 0.5 ml 

pencillin-streptomycin-amphotericin B solution and 0.5 ml phenol red as per the ATCC protocol. 

The cells were cultured in an incubator with 5% CO2 at 37°C until the cells reached 70 to 80% 

confluency. The medium was replaced every 2 days. The cells were then passaged and cultured to 

obtain enough cells to seed on the scaffolds.  
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The bioreactor system used in this study was developed at the NCSU Wilson College of 

Textiles [80]. The bioreactor system (Figure 5.8), which can operate inside an incubator, consists 

of multiple bioreactor plates with a single motor, a power cord with a branched connector and a 

portable battery pack. 

 

Figure 5.8 Block diagram of Bioreactor system 

 

The bioreactor system consists of a flat plate, a 100 ml petri dish containing the main disc 

attached to a C-shaped piece at the bottom, a thin specimen holder with holes and an adjustable 

arm with a spin motor as shown in Figure 5.9. The flat plate, main disc, C-shaped piece and thin 

specimen holder were laser cut from a sheet of low-density polyethylene (LDPE). 
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Figure 5.9 Bioreactor plate containing the specimens 

 

The stretching motion is driven by the two cylindrical neodymium magnets, one of which 

is fixed to the spin motor and the other is glued to the main disc. When the motor spins, the magnet 

on the motor moves to a place on the main disc where it faces the opposite end of the magnet on 

the plate, the plate magnet is driven to the motor magnet and the arms under the plate magnet 

swing to the side. Thus, the specimen placed on the plate is also stretched in the uniaxial direction.   

The amount of stretching of the scaffolds is controlled by the initial distance between the two 

magnets, which are adjusted by the knobs on the adjustable arms. The initial distance was set at 

2.5 mm to achieve 5% strain. The portable battery pack supplied the power to run the bioreactor 

inside the incubator without the need for any electrical leads from outside. The bioreactor was 

operated for 48 hours and then the battery pack was taken out and charged for 9 hours. After 9 

hour the bioreactor was again operated for 48 hours. This cycle was repeated till the end of the cell 

culture study.  

The collagen immobilized scaffolds were cut into 3 cm lengths and hydroxyapatite was 

coated on one end by dipping the specimen in 7% hydroxyapatite solution. For the static culture, 

the scaffolds were placed in a 12 well plate with one scaffold in each well and for the dynamic 
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culture the scaffolds were clamped between the specimen holders of the bioreactor. The scaffolds 

and the components of the bioreactor system were then sterilized using ethylene oxide gas in an 

Auprolene Model AN74ix sterilizer (Anderson Products, Inc) for 12 hours at ambient temperature 

followed by aeration in a chemical hood for 48 hours to remove any remaining ethylene oxide. 

The scaffolds were seeded with 105 cells each. All the samples were transferred to the incubator 

for 7 days of static culture followed by 14 days of dynamic culture. The media was changed every 

two days. The biological performance was evaluated in terms of cell viability and proliferation 

using an alamarBlue™ assay, in terms of cell attachment and penetration by laser scanning 

confocal microscopy (LCSM) with a live/dead stain, and in terms of gene expression using 

quantitative real time polymerase chain reaction (RT-PCR).  

 

 

Figure 5.10 Mesenchymal stem cells static culture on the scaffolds in a 12 well plate (left) and by 
means of dynamic culture in a bioreactor system (right) 
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5.5.4. Analysis 

5.5.4.1. AlamarBlueTM Assay 

Method 

Cell viability and proliferation was evaluated using the alamarBlue™ assay.  At Day 7, 14 

and 21, both scaffolds were removed from the static culture and at Day 21, the scaffolds were 

removed from the dynamic culture and transferred into a new well plate and new media was added. 

A 10% alamarBlue™ (Invitrogen) solution was added to the new plate containing the scaffolds. 

The well plates were covered with aluminum foil and kept in an incubator at 37℃ and 5% CO2 

for 4 hours. At the end of the incubation time, 100 μl media from each specimen was transferred 

into a 96-well plate. Three replicates were analyzed for each specimen. The level of fluorescence 

was measured at 540 nm excitation and 590 nm emission wavelength using a Synergy micro-plate 

reader. A 10% alamarBlue™ solution in media was used as the negative control and an autoclaved 

10% alamarBlue™ solution in media was used as the positive control to determine the percent 

reduction of alamarBlue™ which was calculated by the following equation: 

Percentage Reduction of alamarBlue™  (%) = 

"#$%&'()'*)'	%,	-.')/0'*1"#$%&'()'*)'	%,	*'234/5'	)%*4&%#
"#$%&'()'*)'	%,	.%(/4/5'	)%*4&%#1"#$%&'()'*)'	%,	*'234/5'	)%*4&%#

	× 	100 

Statistical comparisons were made between the two mean values using a standard t-test. 

The alpha value was assumed to be 0.05. Values less than or equal to 0.05 were considered 

statistically significant. 
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Results 

The alamarBlue™ solution turned purple/pink due to cell metabolic activity after 4 hours 

of incubation with cells seeded on the scaffolds confirming that the cells seeded on the scaffolds 

were viable (Figure 5.11). Percentage reduction of alamarBlue™ is the quantitative measure of 

cell metabolic activity of the cells on the scaffolds compared to the positive control. The higher 

the cell metabolic activity, the higher the cell proliferation. Figure 5.12 shows the percentage 

reduction in alamarBlue™ fluorescence for the two scaffolds with mesenchymal stem cells on 

Days 7, 14 and 21 under static conditions.  

 

Figure 5.11 10% alamarBlueTM  in the media after 4 hours of incubation with cells seeded on the 
scaffolds 
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Figure 5.12 Percent reduction in alamarBlueTM fluorescence for the bilayer braided scaffolds 
with mesenchymal stem cells during different periods of culture 

 

The percent reduction for alamarBlue™ on Day 21 was significantly greater than the 

reduction on Day 7 for the bilayer braided scaffolds with both round and trilobal fibers (p£0.05). 

which indicates that the cells continued to proliferate from Day 7 to Day 21 on both scaffolds. On 

comparing the scaffolds performance at different time periods, there was no significant difference 

between the scaffolds on Days 7 and 14, but on Day 21 the scaffold with trilobal fibers showed a 

significantly higher percent reduction for alamarBlue™ than the scaffold with round fibers under 

static conditions (p=0.0232). On the other hand, under dynamic conditions it was the scaffold with 

round fibers that showed a significantly higher percent reduction over the trilobal fibers on Day 

21 (p=0.055).  
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Figure 5.13 shows the comparison of percent reduction in alamarBlue™ fluorescence 

under static and dynamic conditions on Day 21. For scaffolds with round fibers the increase in 

percent reduction due to mechanical stimulation was not significant, but for scaffolds with trilobal 

fibers, the percent reduction in alamarBlue™ fluorescence was reduced significantly due to 

mechanical stimulation (p=0.0226).  

Thus, the scaffolds with trilobal fibers showed better proliferation at Day 21 under static 

conditions. However, the extent of cell proliferation was reduced by introducing mechanical 

stimulation. For the scaffolds with round fibers, the cell proliferation due to mechanical stimulation 

was marginally higher but not significantly greater (p>0.05).  

In order to check the variability of the scaffolds with round and trilobal fibers under static 

and dynamic conditions, an F-test was carried out. From the F test results (round F=9.4239; trilobal 

F=12.3568), it was seen that the variance between the mean values of the two populations (static 

and dynamic) was significantly different (Fvalue > Fstatistic). This indicates that the effect of 

mechanical stimulation was significantly different for the two scaffolds. 
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Figure 5.13 alamarBlueTM assay results at Day 21 on static and dynamic cell culture  

 

5.5.4.2. Laser Scanning Confocal Microscope (LSCM) using Live/Dead Stain 

The migration and attachment of mesenchymal stem cells along the surface and internal 

structure of the bilayer braided scaffolds with round and trilobal fibers were observed under a laser 

scanning confocal microscope after static and dynamic culture. The live and dead cells were 

identified and visualized using a live/dead cell double staining kit (Sigma-Aldrich). The kit 

consists of two components, namely component A-calcein-AM, a non-fluorescent dye penetrates 

inside living cells to produce an intense green fluorescence and component B-ethidium 

homodimer-1 (EthD) enters dead cells to react with damaged membrane to produce bright red 

fluorescence. The component B cannot interact with live cells due to their intact plasma membrane.  
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Method 

The staining kit consisted of calcein AM, 4mM in anhydrous DMSO and EthD-1, 2mM in 

a 1:4 DMSO:water solution. In order to prepare the samples for viewing under the confocal 

microscope, a staining stock solution was prepared by adding 20uL of EthD and 5uL of calcein 

AM to 10 ml of sterile 1xDPBS. On Days 7 and 21, the old media was removed from the well 

plate containing the two different scaffolds cultured under static condition and washed with DPBS 

three times. On Day 21, the two different scaffolds were taken from the bioreactor and transferred 

to a well plate and the scaffolds were washed with DPBS three times. The staining solution was 

then added to the scaffolds in the well plate and incubated for 45 minutes at room temperature. 

After incubation, the samples were mounted on cover slips and observed under a Zeiss LSM 880 

Laser scanning confocal microscope (Carl Zeiss Micro Imaging, USA) (Figure 5.14) at 488 nm 

and 561 nm excitation wavelengths for calcein AM and EthD-1 respectively. The difference in 

wavelength of the two components in the staining kit enabled us to identify the live and dead cells. 

If the cells were alive, they appeared green under the confocal microscope and if the cells were 

dead, they appeared red in color. The images were acquired and analyzed using Zen software (Carl 

Zeiss Micro Imaging, USA). 
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Figure 5.14 Zeiss LSM 880 laser confocal scanning microscope used for imaging scaffolds with 
live/dead stained MSCs  

 

Results 

The extent of migration and attachment of cells on the two scaffolds were determined using 

confocal microscopy. Images were taken by scanning the surface and a series of sections 

throughout the thickness and combining them together to identify the live and dead cells through 

the thickness of the scaffold. Figures 5.15 and 5.16 show cell attachment on both scaffolds at Day 

1 and Day 7. The cells were seen attached and migrating along the fibers on both scaffolds. On the 

scaffold with round fibers, the cells appeared to be attached and were migrating along the fibers, 

whereas on the scaffold with trilobal fibers, the cells appeared to be attached to the lobes in 

between the fibers. Furthermore, there were more cells on both scaffolds at Day 7 compared to 

Day 1, indicating that the cells have proliferated during the 7 days of culture. The ratio of the 

amount of green fluorescence compared to red suggested that there were more live cells than dead 

cells on both scaffolds at Days 1 and 7. 
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Figure 5.15 Confocal microscopic images of scaffolds with a) round fibers and b) trilobal fibers 
on Day 1 cultured with mesenchymal stem cells 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 Confocal microscopic images of scaffolds with a) round fibers and b) trilobal fibers 
on Day 7 cultured with mesenchymal stem cells  
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Figures 5.17 and 5.18 show the extent of cell attachment on both scaffolds at Day 21 under 

static and dynamic culture conditions respectively. The extent of proliferation increased from Day 

7 to Day 21 on both scaffolds under static and dynamic conditions. There are more cells on the 

trilobal fibers compared to the round fibers on Day 21 under static condition. On comparing the 

static and dynamic culture conditions, the scaffolds under static conditions appeared to have more 

cells attached compared to the samples exposed to dynamic culture. This is particularly apparent 

on the scaffolds with trilobal fibers. These results agree with the alamarBlue™ assay data. The 

distribution of the cells under static conditions is more uniform than under dynamic culture, but 

there appeared to be no difference in cell morphology between the cells cultured under dynamic 

and static conditions. The ratio of live cells to dead cells was positive on both the scaffolds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 Confocal microscopic images of scaffolds with a) round fibers and b) trilobal fibers 
on Day 21 after static culture with mesenchymal stem cells 

 

  



 
 179 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18 Confocal microscopic images of scaffolds with a) round fibers and b) trilobal fibers 
on Day 21 after dynamic culture with mesenchymal stem cells 

 

In order to view the morphology of the cells attached to the round and trilobal fibers, 

images were taken at higher magnification (40x). Figure 5.19 shows that the cells are more aligned 

and attenuated on the round fibers, compared to the cells attached to the lobes of the trilobal fibers 

which also seem to have spread between the fibers. 
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Figure 5.19 Confocal microscopic images taken at 40x magnification showing the attachment of 
mesenchymal stem cells on a) round and b) trilobal fibers 

 

Cell migration through the thickness of the scaffolds was confirmed by the three-

dimensional images obtained by stacking the scans through the thickness of the scaffold in the z-

direction. Figures 5.20 and 5.21 shows the three-dimensional images of the scaffolds with round 

and trilobal fibers on Days 1,7 and 21 under static and dynamic conditions. From the images we 

can see the progress of cell proliferation and migration through the thickness of the scaffolds from 

Day 1 to Day 21. Cells were distributed evenly throughout the scaffolds on both round and trilobal 

fibers. Thus, it is evident that both the braided scaffold structures were able to promote cell 

viability, proliferation and migration. 
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 Figure 5.20 Three dimensional images of the MSCs scaffolds with round fibers on a) Day 1, b) 
Day 7, c) Day 21 under static culture and d) Day 21 under dynamic culture 

a 

b 

c 
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Figure 5.21 Three dimensional images of the MSCs on the scaffolds with trilobal fibers on a) 
Day 1, b) Day 7, c) Day 21 under static culture and d) Day 21 under dynamic culture 

a 

b 

c 
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5.5.4.3. Real Time Polymerase Chain Reaction (RT-PCR) 

Method 

Real time polymerase chain reaction (RT-PCR) was used to detect the tenogenic, 

osteogenic and chondrogenic differentiation of the mesenchymal stem cells seeded on the four 

different types of scaffolds. At the end of the 21 day culture, the scaffolds with round and trilobal 

fibers were removed together with their attached cells from the static and dynamic cultures so as 

to detect the expression of gene specific markers. Cells seeded on the well plate for 21 days were 

used as the control. An untreated scaffold was also included in the study. Sample preparation for 

qPCR involved two steps: (i) extraction of mRNA and (ii) synthesis of cDNA. The total sample 

RNA was isolated from the four scaffolds and the control cells using an RNeasy Mini Kit (Qiagen, 

Cat# 74104) according to the manufacturer’s instructions. The RNA samples, which were labelled 

as control, untreated, trilobal dynamic, trilobal static, round static and round dynamic, were kept 

on ice for further analysis. 2 μl of each RNA sample were used for RNA quantitation. ND-1000 

Spectrophotometer (NanoDrop) was used to quantitate the RNAs that were isolated. The 

concentration and A260/A280 ratio were noted for each sample. The complementary DNA 

(cDNA) of the total RNA was synthesized using Applied Biosystems high capacity cDNA reverse 

transcription kit (Fisher Scientific, cat # 4368814), which was followed according to the 

manufacturer’s instructions. The thermal cycler used was T100 thermal cycler from Bio-Rad 

(Figure 5.22) and the cycle conditions were set as shown in Table 5.1 according to manufacturer’s 

protocol 
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Table 5.1 Thermal cycle conditions for cDNA synthesis 

Settings Step 1 Step 2 Step 3 Step 4 

Temp 25°C 37°C 85°C 4°C 

Time 10 minutes 120 minutes 5 minutes ¥ 

 

 

 

 

 

 

 

Figure 5.22 Thermal cycler (left) and Real time PCR system (right)  

 

The changes in gene expression levels for collagen I, the tenogenic markers: scleraxis and 

tenomodulin, the osteogenic markers: osteocalcin and RUNX2 and the chondrogenic markers: 

SOX9 and aggrecan were evaluated. The experimental data were normalized using glyceraldehyde 

3-phosphate dehydrogenase (GADPH) as the house keeping gene. The RT-PCR mixture contained 

1ng/µl cDNA, 10 µM forward and 10 µM reverse primers and 2X Power SYBR green PCR master 

mix (thermoFisher Scientific, Cat# 4367659). The qPCR reactions were performed with a 

StepOnePlus Real time PCR system (Applied Biosystems) (Figure 5.22) and the cycle conditions 

were set as shown in Table 5.2. 
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Table 5.2 Thermal cycling parameters for relative gene expression 

Cycle Repeats Step Time Temp (ºC) 

1 1 1 5:00 95 

  1 0:30 95 

2 40 2 0:30 60 

  3 0:30 72 

 

The primer sequences of selected genes from RT-PCR are summarized in Table 5.3. Three 

replicates were included for each sample and the data were analyzed for relative gene expression 

using the ∆∆𝐶𝑇 method. 

 

Table 5.3 Sequence of primer pairs used in the RT PCR analysis 

Gene Forward primer Reverse Primer 

Collagen I 5’ CTTTGGAGCCAGCTTGGA 3’ 5’ GTGGGCTTCCTGGTGA 3’ 

Scleraxis 5’ CGAGAACACCCAGCCCAAAC 3’ 5’ ACCTCCCCCAGCAGCGTCT 3’ 

Tenomodulin 5’ TTGAAGACCCACGAAGTAGA 3’ 5’ ATGACATGGAGCACACTTTC 3’ 

Osteocalcin 5’ CAGGCGCTACCTGTATCAATG 3’ 5’ TCTGGAGTTTATTTGGGAGCAG 
3’ 

RUNX2 5’ GTGATAAATTCAGAAGGGAGG 
3’ 5’ GTACATGACAAGGTGCGGCTC 3’ 

SOX9 5’ CATGAGCGAGGTGCACTCC 3’ 5’ TCGCTTCAGGTCAGCCTTG 3’ 

Aggrecan 5’ GCTACCCTGACCCTTCATC 3’ 5’ AAGCTTTCTGGGATGTCCAC 3’ 

GADPH 5’ CACATGGCCTCCAAGGAGTAA 3’ 5’ GTACATGACAAGGTGCGGCTC 3’ 
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Results 

The RNA concentration of the four samples and control obtained from NanoDrop are 

shown in Table 5.4. The A260/A280 purity ratio and the concentration value show that the RNA 

was isolated and extracted successfully from all the samples.  Figures 5.23 and 5.24 shows the 

gene expression of various markers specific to tenogenic, osteogenic and chondrogenic 

differentiation on the scaffolds with the round and trilobal fibers with the cells grown under static 

and dynamic culture conditions. Figure 5.24 shows that the scaffold with the trilobal fibers cultured 

under static conditions showed the highest expression of collagen among all the scaffolds.  

Table 5.4 Quantitation of RNA samples using NanoDrop 

Sample Concentration (ng/ul) A260/A280 

Control 16 1.97 

Untreated 13.3 2.05 

Trilobal dynamic 28.1 1.98 

Trilobal static 57.7 2.06 

Round static 48.9 2.02 

Round dynamic 58.8 2.01 

 

From Figure 5.23 a and b, we can see that the scaffold with trilobal fibers under dynamic 

culture conditions showed the highest expression of tenogenic and osteogenic markers among all 

the scaffolds. And from Figure 5.23 c, we can see that the scaffold with round fibers cultured under 

static conditions showed the highest expression of SOX9, whereas the scaffold with trilobal fibers 

cultured under dynamic conditions showed the highest expression of aggrecan.  
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Figure 5.23 Gene expression results of a) Tenogenic, b) Osteogenic and c) Chondrogenic 
markers 
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Figure 5.24 Gene expression results of Collagen I 

 

Overall, both the scaffolds showed upregulation of tendon and bone markers compared to 

the untreated scaffolds, suggesting that the presence of collagen and hydroxyapatite coating 

induced differentiation of mesenchymal stem cells.  The scaffold with trilobal fibers under 

dynamic culture conditions generated particularly higher levels of gene expression. In conclusion, 

the cross-sectional shape of the fibers influenced the differentiation of cells as reported previously 

in Chapter 3. In addition, mechanical stimulation of the trilobal fibers increased the differentiation 

of mesenchymal stem cells to form tendon bone junction tissue. 
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5.6. Visualization of the Attachment of Cells on Fibers with Different Cross Sectional Shapes  

5.6.1. Method 

Confocal microscopic images showed that the cells were attached and aligned along the 

fibers. It also showed that the cells were attached to the lobes of the trilobal fibers and that the cells 

were able to migrate through the thickness of the scaffold. However, these images didn’t show 

how the fiber cross-section affected the cell morphology, or how the cells were attached to each 

layer of the bilayer braided scaffolds. In order to further visualize the attachment of the cells on 

the scaffolds, two methods were used. One technique was to use optical light microscopy and the 

other technique used scanning electron microscopy.  

5.6.1.1. Sample Preparation for Light Microscopy 

After 21 days of culture with mesenchymal stem cells, the bilayer braided scaffolds with 

round and trilobal fibers and cells attached were immersion and fixed in 2% paraformaldehyde / 

2.5% glutaraldehyde / 0.15M sodium phosphate buffer at pH 7.4.  The samples were washed for 

10 minutes 3 times with 0.15M sodium phosphate buffer at pH 7.4, followed by post-fixation in 

1% osmium tetroxide / 0.15M sodium phosphate buffer at pH 7.4 for 1 hour.  After washing with 

deionized water three times, each for 15 minutes, the scaffolds were dehydrated through an 

increasing series of aqueous ethanol solutions (30%, 50%, 75%, 90%, 100%, 100%) each for 15 

minutes.  Following dehydration, the samples were infiltrated and encapsulated with PolyBed 812 

epoxy resin (Polysciences, Warrington, PA) using 3 changes of fresh resin over 2 days and 

allowing the resin to penetrate for 8 hours or overnight. The scaffolds were then transferred to 

fresh resin in flat molds and polymerized for 2 days at 60˚C. The scaffolds were sectioned with a 

diamond knife at 1µm thickness using a Leica Ultracut T Ultramicrotome (Leica Microsystems, 
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Inc, Buffalo Grove, IL) (Figure 5.25). The sections were mounted on slides and stained with 0.1% 

toluidine blue in 1% sodium borate. Coverslips were placed on the sections mounted on the slides 

and were examined and photographed with an Olympus BX-61 microscope (Olympus Americas 

Corp., Waltham, MA) equipped with a Retiga 4000R CCD camera (QImaging, Surrey BC, 

Canada) and Volocity v6.3 software (PerkinElmer, Inc., Waltham, MA) (Figure 5.25). 

 

 

 

Figure 5.25 Leica Ultracut T Ultramicrotome (left) and Olympus BX-61 microscope (right) that 
was used to prepare and observe toluidine stained sections 
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5.6.1.2. Sample Preparation for Scanning Electron Microscopy 

 The scaffolds were fixed and dehydrated as described in the sample preparation for optical 

light microscopy.  The dehydrated samples were then transferred in 100% ethanol to a Tousimis 

Samdri-795 critical point dryer (Tousimis Research Corporation, Rockville, MD).  The samples 

were critical point dried using a 20-minute cycle with liquid carbon dioxide as the transitional 

solvent (Figure 5.26). The scaffolds were mounted onto 13mm diameter aluminum stubs with 

carbon conductive adhesive tape.  The samples were sputter coated with 8nm of 

platinum/palladium alloy (80Pt: 20Pd) in a Cressington 208HR sputter coater (Ted Pella, Inc., 

Redding, CA) (Figure 5.26).  Images were taken using a Zeiss Model Supra 25 FE scanning 

electron microscope operating at 5 - 10kV and using the SE2 detector, 30µm aperture, and an 

approximate working distance of 20 to 26mm (Carl Zeiss Microscopy, LLC, Peabody, MA) 

(Figure 5.27). 

 

 

 

Figure 5.26 Critical point dryer (left) and sputter coater (right) used to prepare the SEM samples 
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Figure 5.27 Scanning electron microscope that was used to observe the attachment of cells to the 
scaffolds 

 

5.6.2. Results 

Figures 5.28 and 5.29 show the cross-sectional view of the bilayer braided scaffolds with 

round and trilobal cross-sectional fibers respectively. The cells were stained blue, and the nuclei 

of the cells appears as dark blue. It was observed for both scaffolds, that the cell density on the 

inner layer was greater than on the outer layer. The outer layer was more porous to allow 

penetration of cells through to the inner layer. The cells appear to be uniformly spread throughout 

the scaffold. The morphology of the cells attached to round fibers was different from that of the 

cells attached to the trilobal fibers. The cells attached to the round fibers appear to have a spherical 

morphology and may be smaller in size compared to the cells that appear elongated and flatter 

attached to the trilobal fibers. In addition, cells were found in between the trilobal fibers. 
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Figure 5.28 a) Cross-sectional image of cells attached to round fibers (4ox magnification). 
Microscopic views of b) outer layer and c) inner layer (200x magnification) 
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Figure 5.29 Cross-sectional image of cells attached to trilobal fibers (40x magnification). 
Microscopic views of b) outer layer and c) inner layer (200x magnification) 
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Figure 5.30 Microscopic image of cells attached to round fibers (top) and trilobal fibers (bottom) 
(400x magnification) 

 

50 µm 
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In order to view the morphology in greater detail, optical images were taken at higher 

magnification (Figure 5.30). From these images, it is clearly visible that the cells on the round 

fibers appears to be spherical in shape and followed the round cross section of the fiber, whereas 

the cells on the trilobal fibers had a flattened and extended morphology. The cells appeared to be 

attached to the lobes of the trilobal fibers and were stretched out to reach the lobes of the 

neighboring fibers. 

In order to further view the cell attachment and morphology of cells attached to each layer, 

the scaffolds with both round and trilobal fibers were carefully cut layer by layer as shown in 

Figure 5.31.  They were then observed by SEM.  

 

 

Figure 5.31 SEM images to show how the sections were cut to view the cell distribution on each 
layer 
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Figures 5.32 and 5.33 show the SEM images of cell attachment to the various layers of the 

bilayer scaffold containing round fibers, and Figures 5.34 and 5.35 show the cell attachment to the 

various layers of the scaffold containing trilobal fibers. The layers of both scaffolds were not 

smooth, and they were covered with extracellular matrix (ECM). For both scaffolds the cell density 

on the inner layers was greater than the top surface and the inner region of the outer layer.  This 

suggests that the cells migrated from the outer to the inner layers. In fact the cell density on the 

top surface of the inner layer was the highest for both scaffolds. There were also cells on the inner 

region of the inner layer. The cell density of the scaffolds with trilobal fibers was greater than for 

the scaffolds with round fibers. This suggests that the greater cell penetration was possible with 

the trilobal fiber scaffolds which may be a reflection on the higher total porosity of the scaffold 

with trilobal fibers.  

The morphology of the cells attached on the round and trilobal fibers were different (Figure 

5.36 and 5.37). Filipodia like structures were visible on the cells attached to both scaffolds with 

round and trilobal fibers. The cells on the round fibers appeared to be spherical in shape and were 

flattened against the surface of the round fibers, whereas the cells attached to the trilobal fibers 

had an extended or elongated morphology and were stretching between one lobe of the fiber and 

the lobes of the neighboring fibers. The cross-sectional images of the scaffold with round fibers 

(Figure 5.36) shows that some cells were attached together in clumps and were not fully attached 

to the round fibers. On the other hand, the cross-sectional images of the scaffold with trilobal fibers 

(Figure 5.37) shows that most cells occupied the lobes of the fiber, and the lobes were not 

compressed during processing. In addition, the cells on both scaffolds were aligned along the fiber 

axis, which is also the direction of mechanical stimulation. This suggests that inclusion of 

mechanical stimulation trains the cells to develop an oriented morphology, and the scaffolds 
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support the cells so they can withstand the stretching and compression forces due to mechanical 

stimulation. 

 

Figure 5.32 SEM images of scaffolds with round fibers showing (a, b) top region of outer layer 
and (c, d) inner region of outer layer on round scaffolds 
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Figure 5.33 SEM images of scaffolds with round fibers showing (a, b) top region of inner layer 
and (c, d) inner region of inner layer on round scaffolds 
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Figure 5.34 SEM images of scaffolds with trilobal fibers showing (a, b) top region  of outer layer 
and (c, d) inner region of outer layer on trilobal scaffolds 
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Figure 5.35 SEM images of scaffolds with trilobal fibers showing (a, b) top region of inner layer 
and (c, d) inner region of inner layer on trilobal scaffolds 

a b 

c d 
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Figure 5.36 SEM images of scaffolds with round fibers showing cell attachment to the round 
fibers (left) and cell morphology taken at higher magnification (right) on round scaffold 

 

 

 

Figure 5.37 SEM images of scaffold with trilobal fibers showing cell attachment to the trilobal 
fibers (left) and cell morphology taken at higher magnification (right) on trilobal scaffold 
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5.7. Conclusions 

The total porosity and pore size distribution of both the round and trilobal PLA bilayer 

braided prototype scaffolds were in the desired range for tissue engineering scaffolds. Even though 

the tensile strength of the scaffolds was lower than that of bone tissue, it was greater than the 

requirement for tendon tissue. The enthesis should have a tensile strength in between that of tendon 

and bone tissue.  So both prototype scaffolds have the potential to be used for enthesis repair. 

Mesenchymal stem cells (MSCs) proliferated from Day 1 to Day 21 on both the scaffolds under 

static and dynamic culture. Mechanical stimulation inhibited cell proliferation on the trilobal 

scaffolds but marginally improved cell penetration and differentiation. In addition, the 

immobilization of collagen and the coating of hydroxyapatite induced differentiation of MSCs 

making it an ideal technique to develop scaffolds for the regeneration of tendon bone junction 

tissue. Cells were seen attached to the fibers in between the lobes of the trilobal scaffolds, and the 

trilobal scaffolds showed superior gene expression irrespective of the culture conditions. This 

suggests that the cross-sectional shape of fibers not only plays an important role in cell attachment, 

but also affects the differentiation of cells. This is the first study to report that fiber cross sectional 

shape has been shown to influence cell differentiation. This is also the first study to visualize the 

attachment of mesenchymal stem cells on fibers with different cross-sectional shapes. 
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CHAPTER 6 - CONCLUSIONS AND FUTURE WORK 

6.1. Conclusions 

The primary goal of this study focused on using appropriate textile technologies and 

surface treatments to engineer a biodegradable biphasic scaffold which mimics the components of 

both tendon and bone for the regeneration of tendon bone junction tissue. A number of specific 

objectives have been achieved as discussed below: 

1. A series of biodegradable bilayer scaffolds was successfully fabricated using braiding 

and knitting techniques from poly(lactic acid) (PLA) yarns consisting of either round 

or grooved (4DG) fiber cross-sections. The primary objective was to mimic the 

mechanical and biological properties of tendon tissue. The structural and biological 

evaluation reported in Chapter 3 suggests that structural design of the scaffolds 

supported proliferation, attachment and differentiation of murine TGF β Type II 

receptor-expressing joint progenitor cells. The use of braiding and knitting techniques 

was successful in creating a tubular bilayer structure where the outer layer was porous 

to allow cell migration and inner layer was less porous to prevent the leakage of cells 

into the central hollow lumen. By applying a post-fabrication heat setting treatment, 

the braided scaffolds also maintained their structural stability and avoided shrinkage.  

Another important observation from this study was that the scaffolds with grooved 

(4DG) fibers induced better differentiation compared to scaffolds with round fibers, 

which indicates for the first time that fiber cross sectional shape can influences cell 

differentiation.  
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2. In addition to the two fiber cross-sectional shapes; round and grooved (4DG), a third 

fiber cross section with three lobes, called trilobal, was used to fabricate additional 

scaffold prototypes. Radio frequency plasma-initiated polymerization was effective in 

grafting maleic acid onto the PLA surface, and genipin, a naturally occurring 

crosslinking agent, was used as a spacer molecule for successful immobilization of 

collagen on the fiber surface. The results from analytical methods such as FTIR, XPS, 

TOF-SIMS and SEM confirmed that collagen was attached uniformly to the surface of 

the scaffolds. A structural gradient to mimic tendon bone junction tissue was achieved 

by coating hydroxyapatite on one end of the scaffold. Although, XPS and TOF-SIMS 

results indicated that dip coating was preferred to spray coating, the hydroxyapatite 

coating was not perfectly even and its uniformity needs to be improved. The biological 

evaluation of the surface modified scaffolds showed that the surface coatings were not 

harmful to the cells, and in fact promoted cell proliferation on and within the scaffolds. 

Among the various prototype scaffolds, the braided bilayer scaffolds made from round 

and trilobal fibers showed superior cell attachment, viability and proliferation.  

3. The total porosity and pore size distribution of both PLA bilayer braided scaffolds with 

round and trilobal fibers were within the desired target range for tissue engineering 

scaffolds. The bilayer braided structural design provided improved dimensional 

stability and the tensile strength of the scaffolds lay in between the tensile strengths of 

tendon and bone tissues. This suggests that these scaffolds have the potential to mimic 

the mechanical properties of tendon bone junction tissue.  The biological response was 

evaluated in terms of in vitro cell viability, proliferation, attachment and differentiation 

together with optical microscopic analysis of the scaffolds. These experimental 
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findings suggest that adipose derived mesenchymal stem cells have the potential to be 

used successfully with these surface modified bilayer braided scaffolds for engineering 

tendon bone junction tissue. Adding mechanical stimulation to the in vitro assay 

marginally improved cell differentiation, particularly for those scaffolds with trilobal 

fibers which did not lose their structural integrity over the culture period of 3 weeks. 

As reported earlier in Chapter 5, it was observed that the cross-sectional shape of the 

fibers not only plays an important role in cell attachment, but also affects the direction 

in which cells differentiate. This is the first study to report that fiber cross-sectional 

shape influences cell differentiation, and this is the first report to visualize the 

attachment of cells on fibers with different cross-sectional shapes. 

The design of the bilayer braided scaffold to form a structural and chemical gradient by 

functionalizing and applying different coatings to the two ends of the scaffold is the first time such 

a biphasic structure has been reported for a biomedical application. This study confirms the 

feasibility of using an advanced biphasic biodegradable braided scaffold for the regeneration of 

tendon bone junction tissue. In addition, it is anticipated that the application of fibers with cross-

sections other than round will be advantageous due to their increased surface area, and they will 

be readily scalable for the manufacture of commercial biomedical products in the future.  

6.2. Future Work 

Even though this study has achieved the primary goal of developing a tubular scaffold 

using textile technology, applying surface modification techniques to create a biphasic scaffold to 

mimic the tendon and bone region and stimulating the growth of interfacial tissue using mechanical 

and biochemical stimuli, there are several recommendations in terms of the fabrication of the 
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scaffold and experimental design that need to be considered in order to further improve the 

regeneration of tendon bone junction tissue. 

1. The application of different cross-sectional shaped fibers was advantageous. The 

presence of grooved (4DG) fibers and trilobal fibers improved cell penetration and 

differentiation. However, the wall thickness of the 4DG fibers was thin, which resulted 

in low strength and the grooves collapsed during processing. For this reason, we 

recommend improving the strength of the 4DG yarns or combining them with trilobal 

fibers so as to improve the mechanical properties and structural integrity of the 

scaffolds. 

2. The material selection for the scaffolds can be improved. In this study, PLA was the 

polymer because it has been widely used to develop biomedical devices and it is one 

of the polymers that has been approved by FDA. However, it is a hydrophobic synthetic 

polymer with limited cytocompatibility. So, adding a natural polymer such as collagen 

fibers might improve the scaffolds.  

3. It was found that the immobilized collagen on the scaffold's surface was uniform, but 

the hydroxyapatite coating was not evenly applied throughout the scaffold. This could 

be improved by further activating the collagen coated surface with radio frequency 

plasma before dipping it in the hydroxyapatite solution. The amount of time the 

samples are dipped in the hydroxyapatite solution can also be increased from overnight 

to 48-72 hours to improve the effectiveness and uniformity of the coating. Another 

technique is to attach a composite plug such as calcium phosphate/bioglass (CP/BG) 

on one end of the braided scaffold to mimic the bone region. 
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4. The uniaxial tensile properties of the scaffolds were evaluated in this study, but the 

tendon bone junction is a complex interface which connects two tissues with different 

mechanical properties.  So, it is important to study other mechanical properties of the 

scaffolds such as dynamic tensile performance under cyclic loading and suture 

retention strength. 

5. The gene expression was studied at only one time point in this study, but it is important 

to evaluate the gene expression at multiple time points to evaluate the overall 

differentiation of mesenchymal stem cells into tendon and bone cells over time. 

6. Finally, in vivo animal studies such as using a rabbit model and clinical trials are 

important and necessary to evaluate the clinical capability of the specially designed 

scaffolds for the regeneration of tissue that spans the tendon bone junction. 
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