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Abstract 

 

The tendon-to-bone interface exhibits gradients in tissue organization, with 

variation in chemical, physical and biological properties for each. After injury, 

a mechanically weaker and structurally disorganized tissue is formed. Tissue 

engineering approaches have focused on developing and investigating tissue-

engineered scaffolds to replicate the native biological, structural, and 

mechanical features of the tendon-to-bone interface site. The idealized 

technique for regenerating the interface is to design a multi-phased scaffold 

with multiple zones, and multiple cell types to functionally restore the 

structural, cellular, and mechanical properties of the tendon-to-bone interface. 

Hydrogel scaffolds derived from the extracellular matrix (ECM) of mammalian 

tissues have been successfully used to promote tissue repair in vitro and in vivo. 

In this study, ECM hydrogels prepared from demineralized and decellularized 

bovine bone were investigated to evaluate the osteoinductive properties of 

these hydrogels in the presence and absence of osteogenic medium, and their 

ability to act as a carrier for local delivery of cells and growth factors. 

Decellularized bone matrix (bECM) hydrogels stimulated osteogenic 

differentiation in C2C12 mouse myoblast cells and mouse primary calvarial cells 

(mPCs) even in the absence of osteogenic medium. Moreover, these hydrogels 

demonstrated stable release of human serum albumin (HSA); the release 



III 
 

kinetics of proteins from hydrogels was dependent on bECM hydrogel 

concentration. 

Hydrogels derived from decellularized equine tendon extracellular matrix were 

also prepared; decellularized tendon matrix (tECM) hydrogels had distinct 

structural and biological properties and it supported human mesenchymal 

stem cells (hMSCs) attachment and proliferation. tECM enhanced hMSCs 

tenogenic differentiation and suppressed osteogenic differentiation, while the 

presence of bECM greatly induced hMSCs osteogenic differentiation and 

suppressed tenogenic differentiation. 

An electrospun scaffold was produced using decellularized bovine bone 

extracellular matrix (bECM), to contribute to multi-phased scaffold design, and 

to present this unique ECM material in a new advanced form. In the present 

research, we optimised a method to electrospin decellularized bovine bone 

extracellular matrix (bECM) without the addition of any other materials as a 

potential improvement for cell adhesion, proliferation and differentiation. 

bECM was dissolved in 50/50 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol/ 

Trifluoroacetic acid. A high voltage was applied to the bECM solution and fibers 

were collected as a uniform mesh, the solutions were electrospun for 3 hours 

at 20°C in 40% relative humidity. We assessed the biological activity and 

osteogenic capability in vitro of electrospun bECM scaffolds in comparison to 

electrospun gelatin scaffolds using mouse primary calvarial cells (mPCs) and 

human mesenchymal stem cells (hMSCs). 
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Overall, the results of the three experimental chapters suggest the utility of 

these bone ECM and tendon ECM hydrogels, with the electrospun ECM in 

designing a gradient hydrogel scaffold for tendon-to-bone interface tissue 

engineering.  
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Chapter 1. General Introduction 

 

1.1 Tissue engineering and regenerative medicine 

 

1.1.1 Background and overview 

Tissue engineering was first defined by the National Science Foundation 

workshop in 1988 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 or improve tissue 

function’[4]. However, while the tissue engineering field was emerging as a 

new approach, the principle of replacing damaged tissue with another was 

used in the 16th century by an Italian Gasparo Tagliacozzi (1546–99), Professor 

of Surgery and Anatomy at the Bologna University, in 1597 he published his 

work ‘De Custorum Chirurigia per Insitionem’ (The Surgery of Defects by 

Implantation), which described in details the nose replacement procedure he 

performed using forearm flap. 

Tissue engineering is a discipline that aims to relate principles from both 

engineering and life sciences to produce biological substitutes that are fully 

functional from the start, or that develop in vivo into the required functionality 

to restore, maintain, or improve damaged tissues or whole organs [5]. In 
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general, tissue engineering strategies has three common principles: utilization 

of isolated cells, deliver bioactive molecules such as growth factors, and 

scaffold matrices with or without the incorporation of cells [6] (Figure 1). 

Regenerative medicine is a wide field that share the same aims with tissue 

engineering of replacing and regenerating human cells and rebuilding tissues 

and organs in order to restore or establish normal function. However, 

regenerative medicine focuses on biological principles of self-healing and the 

use of stem cells [7].  

In the early twentieth century, transplant surgeries gained pace with successful 

organ transplants including: pancreas, liver, heart and lung. However, the high 

doses of immunosuppressants used to prevent graft rejection meant that the 

risk of infection was high [8]. The goal of regenerative medicine is to be able to 

maintain the body function after a destructive disease when the traditional 

medicine can only cure them by replacing the patient whole organ [9]. Despite 

this, the terms “tissue engineering” and “regenerative medicine” have become 

mostly interchangeable with the focus of both fields being cures instead of 

treatments. 
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Figure 1: Concept of tissue engineering, cell harvest from biopsy or stem cells (1), cell isolation and expansion (2), cell seeding 
into scaffold (3), in vitro culturing (4), scaffold implantation (5). 
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1.2 Overview of the enthesis: tissue interface at the tendon-to-

bone insertion 

 

 The musculoskeletal system consists of bone, cartilage, muscle, tendon, 

ligament and other connective tissues that provides support and stability for 

the human body and facilitates its movement. The attachment of soft material 

of ligaments and tendons to the hard bone should present high level of stress 

because of the difference in stiffness between the connective tissues and bone, 

but the presence of special transitional tissue known as enthesis has solved this 

problem. The enthesis connects tendons and ligaments to bone with an 

interface region, which can transfer the stress between the soft tissue and hard 

tissue and consequently eases joints motion [10-12].  

There are two types of entheses based on the type of tissue present at the 

attachment site: fibrous enthesis are usually present where tendon or ligament 

is connected directly to the bone with dense fibrous tissue, e.g. the tibial 

attachment of the medial collateral ligament (MCL) of the knee. Fibrous 

entheses are further classified as either ‘bony’ or ‘periosteal’ to indicate 

whether the tendon inserts directly into the bone or indirectly to it via the 

periosteum respectively [13, 14].  

The second type is fibrocartilaginous enthesis; this type of enthesis is 

characterized by layer of fibrocartilage that connects fibrous tendon tissue to 
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bone [13, 15]. Fibrocartilaginous entheses are more common than fibrous 

entheses and received more attention in the literature, likely because injuries 

are more common in fibrocartilaginous tendon-to-bone insertions such as 

those of the anterior cruciate ligament (ACL), Achilles tendons and rotator cuff 

[10, 16, 17] (Figure 2). 
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Figure 2: The anatomy of fibrocartilaginous enthesis. 
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1.3 Structure and function of fibrocartilaginous enthesis 

 

The enthesis exhibits gradients in tissue organization that are classified into 

four distinct zones of tissue: tendon/ligament, fibrocartilage, mineralized 

fibrocartilage, and bone (Figure 3) .These four zones have different mechanical 

properties that are essential for the enthesis function [10, 11].  

 

1.3.1 Tendon/ligament  

Tendon/ligament is the first part of the insertion site, it consists of pure dense 

fibrous connective tissue, where linearly aligned collagen type I is the main 

component of the extracellular matrix (ECM), with small amount of collagen  

type III, elastin, and proteoglycans [17, 18]. Elongated fibroblasts are the 

dominant cells in the tendon/ligament tissue zone [19] (Figure 4). 

 

1.3.2 Non-mineralized fibrocartilage 

Non-mineralized fibrocartilage is the next zone, heavily populated by 

fibrochondrocytes. The ECM consists of collagen type II and III and small 

amounts of collagen type I and X, as well as proteoglycan aggrecan [19-21] 

(Figure 4). This zone has an important role in reducing the stress generated 

from the bending collagen fibers in the ligament/tendon zone during joint 

movement[22].  
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Figure 3: Histological section of a normal rat supraspinatus tendon-to-bone fibrocartilaginous 
enthesis, toluidine blue-stained section from a rat supraspinatus tendon-to-bone insertion is 
shown; scale bar = 200mm. The four different zones of the fibrocartilaginous enthesis are indicated. 
Source : figure reprinted with permission from reference [1]. 



9 
 

 

1.3.3 Mineralized fibrocartilage 

The third zone is mineralized fibrocartilage. Hypertrophic fibrochondrocytes 

are the dominant cells in this zone, which are round and bigger than 

fibrochondrocytes found in the non-mineralized fibrocartilage zone. ECM 

consists of predominantly collagen type II, with some amounts of aggrecan and 

collagen type I and X [10, 19, 20, 22] (Figure 4). 

The actual junction of the tendon to bone insertion site is characterized in this 

zone, which creates irregular boundary with the subchondral bone, this 

irregularity provides the mechanical integrity of the insertion site [22, 23]. 

 

1.3.4 Bone  

The final zone is bone, which contains osteoclasts, osteocytes, and osteoblasts, 

as well as collagen type I and carbonated apatite mineral [12, 19] (Figure 4). 

 

1.4 Healing process of tendon to bone insertion  

 

Understanding the mechanism of tendon to bone insertion healing is essential 

for developing new scaffolds for soft tendon to hard bone interface tissue 

engineering. The construction of a tissue with cellular and component gradient 

such as entheses are poorly understood. Moreover, it has been reported that  
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Figure 4: Structure and composition of fibrocartilaginous entheses. The four different zones of the fibrocartilaginous enthesis; tendon, fibrocartilage, 
mineralized fibrocartilage, and bone are indicated with their main extracellular matrix components and cellular types. Collagen fibres become less organised 
and mineral content increases as the tendon tissue reaches the bone. 
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the healing process occurs through the formation of fibrovascular scar tissue 

and does not restore the native tendon to bone insertion formed during 

embryological development [10, 18, 24, 25]. The development process of 

interface tissue involves a combination of biomolecular and biophysical cues. 

However, the specific cues involved in this process are still unknown [26-28].  

Thomopoulos and colleagues previously reported it is likely that the gradation 

of the biological factors present in the tendon bone insertion site stimulate 

gradation in cell differentiation and subsequent tissue formation [26, 29, 30]. 

However, this gradation has not shown to be regenerated during tendon to 

bone insertion healing. Therefore, the resultant fibrovascular scar tissue has 

shown to be mechanically weaker and ineffective in recreating the original 

insertion site [26, 31, 32]. Thomopoulos et al. reported an excessive scar tissue 

formation with absence of any fibrocartilage tissue in a rat rotator cuff model 

[33]. 

The healing process takes place in four stages: the first stage is inflammation, 

followed by proliferation, then matrix synthesis, and the last stage is 

remodeling. During the first stage, inflammatory and marrow derived cells are 

recruited at the enthesis site, cytokines and growth factors such as TGF-beta 

and PDGF are released at this stage, with ingrowth of blood vessels and nerves 

caused by the growth factors stimulation and hypoxia [31, 34, 35]. At the 

proliferative and matrix synthesis stages stem cell proliferation and 

differentiation take place, as well as degradation in the provisional matrix by 
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matrix metalloproteinases and serine proteases. New extracellular matrix is 

synthesized by the healing cells at matrix synthesis stage. Remodeling of newly 

formed bone, interfacial tissue and graft occur during the remodeling stage 

with the formation of collagen fibers between tendon and bone [18, 36-39]. 

Mineralization, establishment of collagen fibers and fibrocartilage formation 

are essential factors for the regeneration of enthesis. Development of an 

insertion site requires number of elements such as: biological cues, mechanical 

properties, and specific composition and function of the four zones of the 

fibrocartilaginous enthesis [26]. Thus, it is very difficult and challenging to 

regenerate the native tendon to bone interface site with the specific properties 

of each zone. 

 

1.5 Strategies for interface tissue engineering 

 

There has been much interest in regenerating entheses due to their functional 

importance, and the fact that these critical tissue transitions lack their normal 

structure after healing. Fibrocartilaginous enthesis healing usually results in the 

formation of fibrovascular scar with poor mechanical properties [40, 41]. 

Therefore, enthesis injures do not heal effectively without surgical 

intervention. Tissue engineering strategies have been applied in the field of 

interface tissue engineering in order to develop a scaffold system capable of 

retaining the consistent integration between tendon and bone tissues, as well 
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as replicating the complex gradation cellular and biochemical composition [42]. 

To develop a scaffold for tendon to bone insertion site fixation, a number of 

factors must be taken in consideration including structural and mechanical 

properties of the enthesis, scaffold composition and cell populations [10, 43]. 

 

1.5.1 Scaffold Design for Tendon-to-Bone Interface Tissue Engineering 

The rotator cuff is a group of four muscles (supraspinatus, infraspinatus, teres 

minor and subscapularis) and their associated tendons inserted into bone  [44, 

45]. The Rotator cuff is an example of a complex tendon to bone insertion site, 

consisting of four zones: tendon, fibrocartilage, mineralized fibrocartilage, and 

bone [46]. The zonal distribution of extracellular matrix allows sustainable 

tensile and compressive stresses and enables gradual transition in strain across 

the interface site [47].  

Rotator cuff tears are very common; they can be managed surgically or 

conservatively. However, tendon to bone insertion healing is poor and 

associated with high failure rate [18]. The most commonly used techniques for 

rotator cuff repair are: the traditional open repair; it evolves an incision with 

detachment of one of the shoulder muscles to gain access to the torn tendon. 

The second technique is arthroscopic repair; an arthroscope is inserted through 

small incision. The third technique is mini-open repair; an arthroscope is used 

to remove any damaged tissue or bone spurs, then a small incision is made to 

repair the rotator cuff [48].
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Figure 5: Rotator cuff anatomy. 
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1.5.1.1 Growth factors 

Although the specific signals and cues responsible for stem cell differentiation 

in tendon to bone interface tissues are still unknown, previous studies have 

shown enhancement in tendon to bone cell proliferation and differentiation 

with the aid of some growth and differentiation factors. It was hypothesised 

that growth factors used to promote chondrogenic differentiation would 

provide the required stimulus for enthesis formation given the similarity 

between the fibrocartilage and the hyaline cartilage [49]. Transforming growth 

factor-β1 (TGF-β1) [50, 51], transforming growth factor-β3 (TGF-β3) [52], bone 

morphogenetic protein-2 (BMP2) [52, 53], and bone morphogenetic protein-7 

(BMP7) [50, 52] have been shown to promote chondrogenesis of mesenchymal 

stem cells (MSCs). Among these growth factors BMP2 is especially interesting 

for interface regeneration purposes, since is it has been reported that BMP2 at 

low doses (50 ng/ml) could induce chondrogenic differentiation of MSCs and 

upregulate the expression of collagen type II. In addition, the administration of 

BMP2 at high doses (100 to 400 ng/ml) could induce chondrocyte hypertrophy 

and promote the expression of collagen type X, alkaline phosphatase and 

osteocalcin [54]. 

Based on that Hashimoto et al. used BMP2 to induce ectopic ossicle formation 

in flexor digitorum communis tendon in a rabbit model to provide a starting 

point for enthesis formation. The tendon-ossicle complex was transferred onto 

the surface of rabbit tibia, and the insertion of the complex in the proximal tibia 

was confirmed with histomorphological examination. These results  suggest 
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that using BMP2 can assist the regeneration of tendon to bone interface [55]. 

Moreover, BMP12 administered in several carriers has been shown to 

accelerate enthesis healing in sheep models [56]. 

Other growth factors used in the literature to enhance enthesis repair include 

granulocyte colony-stimulating factor (G-CSF) [57], transforming growth factor 

beta-3 (TGF-β3) [58], and fibroblast growth factor-2 (FGF2) [59]. 

 

1.5.1.2 Cell based scaffolds 

Seeding therapeutic cells in biodegradable scaffolds has become the most 

commonly used and well-established scaffolding approach in tissue 

engineering [60]. In addition, stem cells have emerged as a promising cell 

source because of their ability to differentiate into several cell types and 

consequently regenerate different tissues [5]. 

Several cell types can be identified in the tendon to bone insertion site 

including elongated fibroblasts, chondrocytes, hypertrophic chondrocytes, 

osteoblasts, osteoclasts, and osteocytes. Several cell culture strategies have 

been developed to mimic the complex cellular composition of the enthesis. 

Wang et al. reported that the addition of human ligament fibroblasts and 

osteoblasts to a hydrogel scaffold initiated fibrocartilage formation. However, 

the fibrocartilage-like interface was not formed in vitro during the culture 

period examined and there was not any evidence of interface tissue 

regeneration [61]. In a similar approach, Cooper et al. (2014) cultured NIH 3T3 
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mouse fibroblasts and 3T3-E1 mouse calvarial osteoblasts on poly-l-lactic acid 

(PLA) woven fabric; a transition zone was created between the two regions to 

allow fibroblasts and osteoblasts interaction (Figure 6). Unfortunately, the 

glycosaminoglycan and collagen content measured by Alcian Blue staining and 

Hydroxyproline did not show any significant differences between scaffold 

regions [3]. 

Mesenchymal stem cells (MSCs) have the potential to differentiate into various 

musculoskeletal tissue types; including fibroblasts chondrocytes and 

osteoblasts [62]. Soon et al. (2007) coated tendon allograft with bone marrow 

derived mesenchymal stem cells (BMSCs) in fibrin gel to reconstruct anterior 

cruciate ligament (ACL) in a rabbit model, the results suggested that 

fibrocartilage zone was formed with an enhancement in the mechanical 

properties of the repaired enthesis [63]. Comparable results were obtained by 

Nourissat et al. when  injected BMSCs in fibrin glue into  an enthesis  in a rat 

model [64]. Furthermore, the transduction of BMSCs with scleraxis (a 

transcription factor that is thought to direct tendon development during 

embryogenesis) or with matrix metalloproteinase (MMP) gene improved the 

healing of tendon to bone insertion site [41, 65]. 
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Figure 6: Schematic shows the fibroblast (FB) and osteoblast (OB) seeding on poly-l-lactic acid 
(PLA) scaffolds are co-cultured to make a tendon region and a bone region on the scaffold. 
The seeding area is shown as the red area in the bottom schematic. There is a transition zone 
between the two regions where both cells interact. For analysis, the scaffold is sectioned into 
equal thirds to measure the FB, OB, and transition regions. Source: figure reprinted with 
permission from reference [3]. 
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There are very few studies published in the literature exploring the use of 

adipose derived stem cells (ASCs) in tendon to bone interface tissue 

engineering, even though many studies have reported the capacity of these 

cells to regenerate tendon [66, 67], ligament [68], cartilage [69, 70], bone [71, 

72], and osteochondral [73, 74] tissues. Min et al. (2014) investigated the effect 

of reverse gradients of dual platelet derived growth factorβ (PDGF-BB) and 

bone morphogenetic protein-2 (BMP2) concentrations on ASCs differentiation 

to regenerate tendon to bone interface. The results illustrated that ASC 

differentiation was mediated by gradients of biological molecules stimulated 

by gradient growth factor concentrations [75]. 

 

1.5.1.3 Biomaterials 

Synthetic and natural biomaterials have been widely used for regeneration of 

tendon and bone tissues; these biomaterials have reported success in vitro and 

in vivo. However, these studies mostly described the regeneration of either 

bone or tendon tissue, and did not describe the regeneration of the insertion 

site.    

Biomaterials used in bone tissue engineering include calcium phosphate 

ceramics [76], collagen [77-79], alginate[80], decellularized bone matrices [81]  

and polylactic-co-glycolic acid (PLGA) [82, 83]. Additionally, collagen [84, 85], 

poly-L-lactic acid (PLLA) [86], and decellularized tendon matrices [87, 88] have 

been used for tendon tissue engineering. 
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Technological advancements in tissue-engineered biomaterials have 

contributed to improving the enthesis repair outcomes. For example, scaffolds 

that connect the tendon to bone may provide reinforcement during the healing 

process; on the other hand, it must be strong to endure the physiological and 

pathophysiological loading of the joint [89, 90]. A number of preclinical devices 

have failed to repair entheses because of the insufficient mechanical and 

structural properties of the graft material used [91, 92]. 

Electrospinning technique is a distinctive technique that uses electrostatic 

forces to produce spatially aligned or randomly oriented, thin nanofiber sheets; 

electrospun polymers have also been used in preclinical augmentation of the 

tendon-bone interface [93, 94]. The advantages of an electrospun scaffold are 

wide range of materials, pore size and surface area control, density, fibril 

alignment, and mechanical properties [95]. Moreover, the functional 

properties can be modified during or after the electrospinning process, for 

example Kolluru et al. modified the micromechanical properties of electrospun 

PLGA fibers using crystalline coating of hydroxyapatite [96].  

The use of electrospinning techniques to fabricate biomaterials for tendon-to-

bone tissue engineering holds promises for mimicking the micro-pattern of the 

native enthesis and spatial deposition of biomolecules to help guide 

regeneration of the enthesis. 
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The multi-tissue structure of the tendon to bone insertion site represents a 

significant challenge in the field of interface tissue engineering, initial attempts 

to design scaffold for enthesis repair focused on hybrid biomaterial scaffolds to 

mimic the graded structure of the native enthesis.  Soo Kim et al. constructed 

collagen based multilayer scaffold consists of four different layers: (a) a tendon 

layer composed of collagen; (b) an uncalcified fibrocartilage layer composed of 

collagen and chondroitin sulfate; (c) a calcified fibrocartilage layer composed 

of collagen and less apatite and (d) a bone layer composed of collagen and 

apatite [97]. The results showed gradual transition in the mechanical 

properties across the scaffold, with proliferation of human fibroblasts, 

chondrocytes, and osteoblasts in each corresponding layer [97]. In a similar 

approach, Sahoo et al. developed a hybrid scaffold made of knitted microfibers 

coated with: (a) poly (ε-caprolactone), (b) poly (D, L-lactide-co-glycolide) 

nanofibers, (c) collagen type I. This work demonstrated that the coating 

techniques could modulate the mechanical properties of each layer of the 

hybrid scaffold and consequently enhance different cell type proliferation in 

the hybrid scaffold [98]. Similar results were obtained by Li et al. and Erisken et 

al. when developed a scaffold of electrospun nanofibers with a gradient in 

mineral composition, the gradient in mineral content resulted in spatial 

gradient in the stiffness of the scaffold and the behaviour of the seeded cells 

[99, 100]. 
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The stratified scaffolds described above were designed to mimic the multi-

tissue structure of the tendon-to-bone insertion site. As such, given the 

complexity of the interface site and the need to support the related tissue-

specific cell phenotypes, there is emerging interest in designing scaffolds with 

gradations in properties.  

 

1.5.1.4 Extracellular matrix bioscaffolds 

Extracellular matrix (ECM) is a 3D network made of the secreted components 

of the tissue resident cells; it is composed of functional and structural proteins 

including collagen, growth factors, fibronectin and proteoglycans (Figure 7). 

ECM provides appropriate microenvironment for the cellular constituents and 

direct cell behaviour such as proliferation and differentiation via biochemical 

and biomechanical cues [101, 102].  

Decellularization of tissues is a common strategy for creating biologic scaffold 

materials composed of extracellular matrix; the advantages of using 

extracellular-derived scaffolds are the 3D ultrastructure and ECM composition. 

ECM integrity, ultrastructure, as well as the vascular, lymphatic and nervous 

networks, can be preserved with an appropriate decellularization process [103, 

104]. Moreover, the extent of decellularization has also been shown to impact 

host response, with ineffective decellularization of small intestinal ECM (SIS-

ECM) stimulating a pro-inflammatory response [105]. 
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 Figure 7: Structure of extracellular matrix and its composition. Source: 
available online: https://opentextbc.ca/biology/chapter/3-3-eukaryotic-
cells/  

https://opentextbc.ca/biology/chapter/3-3-eukaryotic-cells/
https://opentextbc.ca/biology/chapter/3-3-eukaryotic-cells/
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In the past decade, bioscaffold materials composed of ECM derived from 

human or animal tissues and organs have become available as regenerative 

medicines for the repair and regeneration of musculoskeletal tissues with 

examples of available clinical products are;  dCELL®  (Tissue Regenix Ltd, Leeds, 

UK), Permacol (Tissue Science Laboratories, Covington, Georgia), and Restore 

(DePuy Orthopaedics, Warsaw, Indiana). 

In addition to the above, ECM scaffolds are biodegradable and can play critical 

roles in cell signalling and tissue homeostasis by providing necessary biological 

stimulus for appropriate tissue development [103, 104, 106]. Tissue 

development depends on the recruitment and differentiation of 

stem/progenitor cells [106, 107], as well as the elicitation of an immune 

response from the host (Figure 8) [108, 109]. Proper decellularization of the 

source tissue to produce ECM scaffolds is crucial as cell remnant may be 

retained with ineffective decellularization processing and these have been 

shown to be associated with an extreme inflammatory response that can 

interfere with constructive remodeling outcomes [105].  

Previous studies have demonstrated some growth factors that been released 

upon the degradation of ECM scaffold, these GFs provide bioactive cues 

required for cell viability, motility, and differentiation and they consequently 

induce tissue regeneration (Figure 8) [110, 111]. Examples of these GFs are:  

basic fibroblast growth factor (bFGF), vascular endothelial growth factor 

(VEGF), insulin-like growth factor and hepatocyte growth factor in addition to 

cryptic peptides [112-114]. Based on that many studies have reported that ECM 
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scaffolds differ in initiating host response through the release of different 

growth factors and cryptic peptides, because each tissue has its specific 

biochemical composition. Thus, it has been suggested that biological scaffolds 

derived from homologous tissues had superior function and were more 

suitable for tissue repair compared to scaffolds derived from non-homologous 

tissues [113-115].  

ECM scaffolds have been used successfully to support constructive remodeling 

of various tissues, these scaffolds have been introduced in different forms 

including sheets [116], powder [117], tubular [118], whole organ [104], and 

hydrogels [81]. The sheet and powder ECM are very popular for topical wound 

dressings, while tubular ECM devices have been used in many studies for 

regeneration of cardiovascular and gastrointestinal tissues [119, 120]. 

Moreover, whole organs were decellularized to generate a 3D scaffold with the 

native tissue architecture, such methods were used for several lung, heart and 

liver applications [121-123].  

In recent years, methods have been available to enzymatically digest ECM 

materials to form a liquid dispersion that can be injected and induced to form 

a hydrogel under physiologic conditions in situ [124]. ECM hydrogels have been 

used to promote the constructive remodeling for different tissues including 

ischemic myocardium and central nervous system [125, 126]. Such scaffolds 
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Figure 8: Schematic overview of skeletal muscle reconstruction using an ECM scaffold. 
Implantation followed by degradation of an ECM scaffold releases GFs and bioactive peptides 
responsible for eliciting immune response and consequently the recruitment, proliferation, and 
differentiation of multi-potent stem/progenitor cells. Wound-specific factors determine cell 
fate resulting in site specific-tissue remodeling. Source: reprinted with permission from 
reference [2]. 
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have the advantage of being delivered in a minimally invasive manner, fill an 

irregular shaped space, and as a carrier for drugs, growth factors and cells [127, 

128]. 

Furthermore, ECM bioscaffolds have been introduced to the tendon and bone 

regeneration field; several studies have used scaffolds derived from 

decellularized bone extracellular matrix and have shown to successfully 

promote bone formation in vivo [129-131]. Also scaffolds derived from 

decellularized tendon extracellular matrix were explored; Yang et al. reported 

that tendon ECM extracted proteins enhance tenogenic differentiation of 

human adipose stem cells [88].        

The clinical use of scaffolds for enthesis repair has reported some few 

successful attempts in human patients. Scaffold devices derived from 

extracellular matrix have had limited number of follow-up studies on human 

patient [132].  Example of ECM derived scaffold is GraftJacket; acellular human 

decellularized dermal allograft, has shown some promising results after 

implantation clinically in small cohorts of patients, the magnetic resonance 

imaging scans confirmed the attachment of the scaffold to the native tissue. 

Moreover, patients with GraftJacket showed improvement in external rotation 

strength compared to preoperative metrics [133, 134]. However, GraftJacket 

expressed some potential failure mechanisms upon further cadaveric and 

laboratory studies related to suture pull-through and breakage [135, 136]. 
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These data suggest that several criteria play a role in the success of scaffold-

based repair of an enthesis such as the structural and mechanical properties of 

the scaffold as well as the suture techniques used in the procedure. Fisher et 

al. have used extracellular matrix bioscaffold derived from porcine small 

intestine submucosa (SIS) in conjunction with a sheet form of ECM-SIS to heal 

a surgically transacted anterior cruciate ligament (ACL) in a goat model. The 

application of ECM-SIS hydrogel and sheet was found to accelerate the healing 

process [137]. However, clinical studies have reported less favourable 

outcomes with the use of Restore, an ECM scaffold derived from small intestine 

submucosa, whereby magnetic resonance imaging scans revealed that 10 out 

of 11 Restore-augmented repairs failed [138]. A further controlled trial of 30 

patients with rotator cuff tears showed that unaugmented patients were 7% 

more likely to heal than Restore-augmented patients [139]. 

 

The use of ECM derived scaffolds is increasing in the orthopaedic field, their 

utilization for enthesis repair represents a different and better strategy 

compared to the previous orthopaedic approaches. However, the ideal 

mechanical, structural, and biological properties of ECM scaffolds for enthesis 

repair have not been fully defined yet. 
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1.6 Aims and Objectives 

 

Despite the advancement and innovative approaches to many aspects of tissue 

engineering, the generation of a functional tendon to bone interface tissue has 

not yet been achieved. There is a pressing need to create a functional tendon 

to bone construct that can mimic the graded structural and cellular 

heterogeneity of the native tissue.  

 

The aim of this thesis was to design a gradient bECM/tECM bioscaffold with 

different conditions to induce mesenchymal stem cells (MSCs) differentiation 

into multiple interface-specific lineages.  
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The aims of the following results chapters are as follows: 

Chapter 3: 

 To assess the osteogenic inducing capability of hydrogels derived from 

bovine bone ECM in vitro 

 To demonstrate the ability of these hydrogels to promote bone 

regeneration 

 To assess bone ECM ability as a carrier for local delivery of cells and 

growth factor 

Chapter 4: 

 To develop a protocol to produce a hydrogel from decellularized equine 

tendon extracellular matrix  

 To determine the structure and mechanical properties of tendon ECM  

 To assess the ability of tendon ECM to induce tenogenic differentiation 

in hMSCs 

 To analyse the potential of bone ECM to induce osteogenic 

differentiation in hMSCs 
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Chapter 5: 

The aim of this chapter is to produce an electrospun scaffold using 

decellularized bovine bone extracellular matrix (bECM) to serve in the long 

term as a base for the gradient scaffold with bone ECM and tendon ECM 

hydrogels 

 To optimise a method to electrospin decellularized bovine bone 

extracellular matrix (bECM) 

 To assess the biocompatibility of electrospun bECM and compare it to 

electrospun gelatin 

 To assess the osteogenic capability in vitro of electrospun bECM 

scaffolds in comparison to electrospun gelatin  
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Chapter 2. General Materials and Methods 

 

2.1 Gel production 

 

2.1.1 ECM hydrogel 

ECM gel was produced as previously described [81, 124, 128]; decellularized 

ECM from bone or tendon in a powdered form were added to a solution made 

up of 1mg/ml porcine pepsin (Sigma–Aldrich) in 0.01N HCl and stirred for up to 

96h at room temperature to create ECM digest solutions. Gels were formed by 

mixing them with 0.1 N NaOH (sigma-Aldrich, UK) (1/10 of the volume of digest 

solution) and 10× PBS (Thermo Fisher Scientific, UK) (1/9 of the volume of 

digest solution) on ice. The solution was made up to the final volume with 1× 

PBS then placed at 37°C for gelation to occur. 

 

2.1.2 Collagen type I hydrogel 

Gels from rat tail collagen type I (Corning™, Fisher Scientific, UK) were made 

following the manufacturer’s instructions; the volume of the pre-gel collagen 

to be used was calculated as following: ((final volume × final collagen 

concentration in mg/ml)/ concentration of pre-gel collagen). Then 10× PBS 

(final volume /10) was mixed with 1 N NaOH (volume of pre-gel collagen to be 

added × 0.023) and added to pre-gel collagen on ice, the final volume was made 

up with dH2O then placed at 37°C for gelation to occur. 
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2.2 General cell culture 

 

2.2.1 C2C12 mouse myoblast cell line 

The C2C12 mouse myoblast cell line was purchased from Sigma-Aldrich (UK), 

Lot: BN23942. Cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM, Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS) and 1% 

penicillin/streptomycin, 1mM L-Glutamine. Cultures were maintained at 37°C 

and 5% (v/v) CO2 as monolayers on tissue culture treated polystyrene. When 

cells were confluent (80%) they were passaged by trypsinisation and reseeded 

at 1/10th of this density. Passage procedure for a T75 flask was as follows: 

culture medium was aspirated from the flask and the cell monolayer washed 

with 10 ml in phosphate buffer saline (PBS). After aspiration of the PBS, 5 ml of 

trypsin/EDTA (Sigma-Aldrich) was added to the flask, and incubated at 37°C for 

up to 5 min. The trypsin was deactivated by the addition of 10 ml of culture 

medium and the resulting suspension was centrifuged at 200xg for 5 minutes. 

The supernatant was aspirated and the cell pellet resuspended in fresh culture 

medium for further seeding. 

 

2.2.2 Mouse primary calvarial cells 

Mouse primary calvarial cells (mPCs) were extracted in house from skulls of 

neonatal mice 1-3 day old as previously described [140]. mPCs were cultured 
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in Alpha MEM (αMEM, Lonza), supplemented with 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin, and 1mM L-Glutamine. Cultures were 

maintained at 37°C and 5% (v/v) CO2 as monolayers on tissue culture treated 

polystyrene. When cells were confluent (80%) they were passaged by 

trypsinisation and reseeded 1/3rd and 1/5th of this density. Passage procedure 

for a T75 flask was as follows: culture medium was aspirated from the flask and 

the cell monolayer washed with 10 ml in phosphate buffer saline (PBS). After 

aspiration of the PBS, 4 ml of trypsin/EDTA (Sigma-Aldrich) was added to the 

flask, and incubated at 37°C for up to 5 min. The trypsin was deactivated by the 

addition of 11 ml of culture medium and the resulting suspension was 

centrifuged at 200xg for 5 minutes. The supernatant was aspirated and the cell 

pellet resuspended in fresh culture medium for further seeding. 

 

2.2.3 Primary human bone-marrow mesenchymal stem cells  

Primary human bone-marrow mesenchymal stem cells (hMSCs) were 

purchased from Lonza (Cologne, Germany). hMSCs were cultured in 

mesenchymal stem cell growth medium (MSCGM) (PT-3001, Lonza) 

supplemented with mesenchymal cell growth supplement (MCGS), L-glutamine 

and GA-1000 (SingleQuots™, Lonza).  Cultures were maintained at 37°C and 5% 

(v/v) CO2 as monolayers on tissue culture treated polystyrene. When cells were 

confluent (80%) they were passaged by trypsinisation and reseeded at seeding 

density: 5,000-6,000 cells per cm2. Passage procedure for a T175 flask was as 

follows: culture medium was aspirated from the flask and the cell monolayer 
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washed with 20 ml in HEPES buffered saline solution (CC-5024, Lonza). After 

aspiration of the HEPES, sufficient volume of Clonetics™ trypsin/EDTA (CC-

3232, Lonza) solution was added (approx. 0.05 ml/cm2), and incubated at 37°C 

for up to 6 min. The trypsin was deactivated by the addition of equal volume of 

MSCGM™ culture medium and the resulting suspension was centrifuged at 

600xg for 5 minutes. The supernatant was aspirated and the cell pellet 

resuspended in fresh culture medium for further seeding. 

 

2.2.4 Cryopreservation 

Cells were preserved and saved for later use in liquid nitrogen, the 

cryopreservation medium was made of: fetal bovine serum (FBS) 

supplemented with 10% (v/v) dimethyl sulphoxide (DMSO) (Sigma-Aldrich,UK), 

for hMSCs cryopreservation medium was made of: 85% MSCBM ,10% DMSO 

and 5% Human serum albumin (HSA) (w/v). Cells were trypsinised and 

centrifuged as appropriate to the cell type. 

Cells were then resuspended in cryopreservation media at 500,000 to 

2,000,000 cells per ml in cryovials, and stored at -80°C overnight then placed in 

liquid nitrogen until required. 

 

2.2.5 Thawing cells after cryopreservation 

Cryovials were warmed in water bath (37°C) for no longer than 1 min, the 

thawed cell suspension were then added to 5 ml culture medium and 
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centrifuged as appropriate for each cell type. Finally, cell pellets were 

resuspended in pre-warmed culture medium and seeded into desired flasks. 

 

2.2.6 Cell viability assessment  

The proliferation of cells was assessed with PrestoBlue (ThermoFisher) over 

several days; a solution of 10% PrestoBlue and 90% culture medium was added 

to each well and incubated for 1h and 30 min at 5% CO2 and 37°C. Triplicate 

100µl were transferred to 96 well plate to measure fluorescence (Ex 560 nm/ 

Em 590 nm) on a Tecan Infinite M200 plate reader.  

 

2.2.7 Immunohistochemical staining for osteogenic proteins 

The osteogenic differentiation of cells was assessed by immunohistochemical 

staining for osteogenic marker proteins. Briefly, cells were fixed with 3.7% 

paraformaldehyde (PFA) for 2h, washed with PBS and permeabilized with 0.1% 

Triton X-100 (Sigma, UK) in PBS for 45 mins, cells were washed 3 x 5 min then 

blocked. The blocking solution was made up of PBS containing 1% (w/v) BSA 

(Sigma, UK) and 3% (v/v) serum from the animal in which the secondary 

antibody was raised. Donkey serum (sigma, UK) for Anti-osteopontin primary 

antibody, goat polyclonal (R&D Systems) and goat serum (sigma, UK) for Anti-

osteocalcin primary antibody, rabbit polyclonal (Millipore, UK). The blocking 

solution was removed then 1:200 dilution of primary antibody in 1% BSA in PBS 

was added and incubated at 4°C overnight. Samples were washed 3x5 min with 
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PBS then 1:200 dilution of secondary antibody; Alexa Fluor 546 (red) donkey 

anti-goat IgG. (Invitrogen, UK) and Alexa Fluor 488 (green) goat anti-rabbit IgG 

(Invitrogen) in 1% BSA in PBS was added and left for 1 h at room temperature, 

followed by final wash 3x5 min with PBS.  Staining was then imaged on an 

inverted fluorescent microscope.  Control wells of no primary and only 

secondary antibody were imaged to determine background fluorescence. 

 

2.3 Statistical analysis 

 

All data are presented as mean ± standard deviation, and experiments were 

run separately at least three times, one-way or two-way analysis of variance 

(ANOVA) determined statistical significance of two-group comparisons and 

multiple-group comparisons. Statistical analyses were performed using 

GraphPad Prism 6 software, significance was defined as **** indicates 

p<0.0001; *** indicates p<0.001; ** indicates p<0.01 and * indicates p<0.05 for 

all statistical analyses.  
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Chapter 3. Hydrogel Scaffold Derived from Decellularized 

Bone Matrix with Osteogenesis-Inducing Activity and 

Protein Carrier Ability  

 

3.1 Introduction 

 

Clinically, replacement of damaged bone tissue due to trauma, tumours, or 

other diseases is still a major challenge. To date, autologous bone grafts are 

considered the gold standard for fracture repair and bone restoration. 

However, autografts and allografts have a number of limitations including 

donor site morbidity, limited availability of graft material, and potential of 

disease transmission with allografts [141-143].  

The increasing clinical demand for bone substitutes has driven attention 

towards biological scaffold materials composed of extracellular matrix (ECM) 

of decellularized tissues, as they have been shown to facilitate the 

reconstruction of many different tissues [88, 104, 144, 145]. This property 

arises from the retention of ECM molecular components such as growth 

factors, proteoglycans and glycosaminoglycans [88, 146]. A number of 

decellularized ECM scaffolds have been used to repair tissues; design 

requirements for these scaffolds differ depending on the tissue of interests and 

type of application. ECM hydrogels have previously been derived from native 
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tissues including bone [81] , small intestinal submucosa [125], skin [128], and 

urinary bladder [124].  

ECM is tissue-specific and its components differ based on the source of tissue 

[101, 146]. Previous reports have suggested that biological scaffolds derived 

from site-specific tissues are more suitable for tissue repair than non-site 

specific scaffolds such as the liver [123, 147, 148], skin tissue [148], and 

cardiovascular [149]. 

Hydrogel scaffolds derived from decellularized and demineralized bovine bone 

extracellular matrix, have been previously investigated as a biologic scaffold 

with distinct structural, mechanical and biological properties [81]. Further 

studies of the bone ECM hydrogel have shown that the incorporation of growth 

factors within ECM/alginate hydrogels enhanced skeletal tissue repair within  

ex vivo chick femur defects [130, 131] and increased in vivo tissue 

mineralization and bone formation [129]. However, in these applications it was 

not clear whether the osteoinductive properties arose from the addition of 

osteogenic growth factors or from the bone derived ECM hydrogels. Moreover, 

previous studies have reported that high BMP doses in clinical use may 

contribute to numerous adverse effects in humans not seen in rodent animal 

models [150-152]. The osteogenic potential of decellularized and 

demineralized bone matrices in the absence of osteogenic inducers (growth 

factors or osteogenic medium) is still an under-researched area, and a 

quantitative, sensitive and reliable assessment is needed to evaluate the 
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osteoinductive activity of these biomaterials without the incorporation of 

osteogenic inducers.  

The aim of this chapter is: (1) to assess the osteogenic inducing capability of 

hydrogels derived from bovine bone ECM in vitro using the pluripotent 

myoblast C2C12 cell line and mouse primary calvarial cells (mPCs), in the 

presence and absence of osteogenic inducers (osteogenic medium). For this 

objective, we prepared bECM and DBM hydrogels and examined their 

biological activity and osteogenic capability in comparison to collagen type I 

hydrogels; the expression levels of osteogenesis-specific genes and proteins 

were analysed, (2): to demonstrate the ability of these hydrogels to promote 

bone regeneration and act as a carrier for local delivery of cells and growth 

factor.   
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3.2 Materials and methods 

 

3.2.1 Preparation of DBM and bECM hydrogels 

Demineralized bone matrix (DBM) and decellularized bone matrix (bECM) were 

prepared as previously described [81].  Briefly, cancellous bone segments were 

selected from fresh bovine tibias harvested from 12–24 month old animals 

from an EU certified butcher (J. Broomhall Ltd, Eastington, UK) (Figure 9A). 

Cancellous bone segments were washed with 0.1% w/v Gentamicin in 

phosphate-buffered saline (PBS). Segments were immersed in liquid nitrogen 

and ground in coffee mill (Tefal, 200W). 

Bone granules were demineralised using an adaptation of previously reported 

methods [153] and as previously reported by Sawkins et al. [81]. Briefly, the 

granules were demineralized in 0.5N HCL (25ml/g bone) for 24h at room 

temperature under agitation at 300 rpm.  The demineralized granules were 

then washed with distilled water and the lipids extracted with a 1:1 mixture of 

chloroform and methanol (Fisher Scientific, Loughborough, UK) for 1h, 

followed by rinsing with methanol then distilled water. The DBM then was 

frozen with liquid nitrogen, lyophilized for 24h and stored at -20°C until 

required. 
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The demineralized bone granules were then decellularized by adaptation of a 

previous method [154]. DBM granules were washed with distilled water and 

decellularized with 0.05% trypsin (Sigma–Aldrich, Poole, UK) and 0.02% 

ethylenediamine tetraacetic acid (EDTA) (Sigma–Aldrich) at 37°C for 24h. The 

decellularized bone matrix (bECM) then was washed with PBS with 1% w/v 

penicillin/streptomycin for 24h at 4°C, followed by snap freezing, and 

lyophilization for 24h then stored at -20°C (Figure 9B). 

A hydrogel was produced following the method of enzymic digestion, 

solubilization and neutralisation given in 2.1.1. (Figure 9C).
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A B C 

Figure 9: Production of ECM hydrogel from bone. (A) Bovine tibiae bone were subjected to mineral, lipid and cell removal 
procedures to produce (B) decellularized bone (bECM) prior to pepsin digestion and solubilization to form an ECM hydrogel (C). 
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3.2.2 SDS-PAGE and BCA assay 

15µl pepsin digested ECM samples of the same concentration (10mg/ml) of 

DBM and bECM were treated with 1µl 50mM Dithiothreitol (DTT) reducing agent 

(Thermo Scientific), mixed with 5µl NuPage LDS sample buffer (Novex, life 

technologies, USA), and heated at 70°C for 10 min. Samples were then loaded 

into wells of pre-cast NuPAGE gels (NuPage 10% Bis-Tris Gel, life technologies, 

USA) and separated by electrophoresis in MES running buffer for 45 min at 

200V.  Gels were stained with Coomassie Blue for 20 min, and then washed 

with 10% acetic acid (Fisher Scientific).  

BCA assay was performed to determine variations in total protein 

concentration between bECM and DBM hydrogels; pepsin digested bECM and 

DBM were assayed in triplicates following the manufacturer’s instructions 

(Thermo Scientific).  

 

3.2.3 C2C12 osteogenic differentiation 

C2C12 were cultured on the surface of 8mg/ml bECM, DBM and collagen type 

I hydrogels. Briefly the digests were neutralized to the desired concentration 

and kept on ice at 4°C, 0.5ml of 8mg/ml gel was added to 12 well plate and 

incubated at 37°C for 1 h. Once the hydrogels were formed 4x10⁴ C2C12 cells 

were added to the surface of the gels and cultured for 7 days in medium.   

Two different media were used: rich-serum medium consisted of Dulbecco’s 

Modified Eagle Medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal 
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calf serum (FCS) and 1% penicillin/streptomycin, 1mM L-Glutamine, and low-

serum medium: Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) 

supplemented with 2% horse serum and 1% penicillin/streptomycin, 1mM L-

glutamine.  Cells were maintained at 37°C and 5% CO2. Osteogenic 

differentiation was determined by alkaline phosphatase activity assay. 

 

3.2.4 Alkaline phosphatase activity assay  

Intracellular alkaline phosphatase (ALP) is a marker for early differentiation of 

osteoblast-like cells [155], and was used here to measure differentiation 

stimulated by bECM hydrogels.  ALP activity was evaluated with a commercial 

phosphatase substrate Colorimetric kit following the manufacturer’s 

instructions (Abcam, UK).  

A digestion solution was made of 0.5% collagenase from Clostridium 

histolyticum (Sigma, USA), 1% Bovine serum albumin (BSA, Sigma) in Hank's 

Balanced Salt Solution (HBSS, Gibco). bECM and collagen type I hydrogels were 

digested with the digestion solution and centrifuged at 300xg for 5 minutes 

then homogenized in the assay buffer and centrifuged to remove insoluble 

material at 13,000 x g for 3 mins following the manufacturer’s instructions. 

Samples were incubated at room temperature for 60 minutes with 5mM p-

Nitrophenyl Phosphate (pNPP). Absorbance was then read at 405 nm using 

Tecan Infinite M200 plate reader (Tecan UK, Reading, UK). Assaying of ALP 

standards was also performed to derive a standard curve that could be used to 

quantify ALP concentration within the samples. The live cell count was 
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determined on a haemocytometer by staining dead cells with Trypan blue 

(Sigma-Aldrich, UK).  

 

3.2.5 mPCs osteogenic differentiation 

Mouse primary calvarial cells  were cultured on tissue culture plastic (TCP) and 

surface of 8mg/ml bECM, DBM, and collagen type I, at 4x10⁴ cells per well in 

12-well plate, in basal media: Alpha MEM (αMEM, Lonza), supplemented with 

10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 1mM L-

Glutamine (basal media). Cells were also cultured with osteogenic media: basal 

media supplemented with 50 μg/ml L-ascorbic acid (Sigma-Aldrich), 50 mM β-

glycerophosphate (Merck), and 10 μM dexamethasone (Sigma-Aldrich). mPCs 

used in the study were between third to fifth passages. 

 

3.2.6 Immunohistochemical staining for mouse osteopontin and 

osteocalcin 

The osteogenic differentiation of mPCs was assessed by immunohistochemical 

staining for the osteogenic marker proteins osteocalcin and osteopontin, these 

are widely used as indicators of pre-nodule protein structures [156-158]. 

Immunohistochemical staining for the osteogenic marker proteins osteocalcin 

(OCN) and osteopontin (OPN) in mPCs and hMSCs was performed as described 

previously in section (2.2.7). 

 



47 
 

3.2.7 Real time qPCR analysis 

On Day 21 bECM, DBM, and collagen type I hydrogels were treated with the 

digestion solution described above in section (3.2.4), mPCs were collected and 

resuspended in TRIZOL reagent (Thermofisher). RNA was isolated using RNA 

extraction kit (Qiagen) according to the manufacturer’s protocol. First standard 

cDNA was synthesized using First strand synthesis system (Invitrogen).  

Taqman PCR primers (Applied Biosystems, Life Technologies) were used: ALP 

(Assay ID: Mm01187112_m1), RUNX2 (Assay ID: Mm00501584_m1), SPP1 

(Assay ID: Mm00436767_m1), Bglap (Assay ID: Mm03413826_mH), β-actin 

(Assay ID: Mm01324804_m1). The real-time qPCR reactions were performed in 

7500 fast real-time PCR system (Applied Biosystems). The method used: an 

initial denaturation step at 95°C for 10 min followed by 40 cycles of 15 s at 95°C 

and then 1 min at 60°C. The expression levels of the four genes were obtained 

from the threshold PCR cycle-values (Ct), and ΔΔCt method was used to 

calculate relative gene expression normalized to β-actin. Briefly, the threshold 

cycle (Ct) was obtained as the fractional cycle number at which the amount of 

amplified target reached a fix threshold. Data normalization was performed by 

subtracting Ct value of the β-actin from that of the target gene. The ΔΔCt was 

calculated as the difference of the normalized Ct value (ΔCt) of the target gene 

and control samples. ΔΔCt =ΔCt target gene -ΔCt control. The fold change in 

gene expression was calculated as 2-ΔΔCt. 
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3.2.8 Controlled release of proteins from bECM hydrogel 

bECM hydrogels were prepared at 5 different concentrations (6, 8, 10, 12 and 

14mg/ml bECM) in pipette tip. To study the release of protein from bECM 

hydrogel scaffold, 1ml of each hydrogel sample was prepared on ice and loaded 

with 1ug/ml fluorescent tag HSA before the gelation occur, then they were 

incubated at 37°C for 2h to form a hydrogel. The hydrogels were then placed 

in 12-well plate and covered with 2ml PBS incubated at 37°C on GyroTwister 

GX-1000 (Labnet) (Figure 10). Samples of the supernatant to measure HSA 

release were taken alternative days until day 11 and then on days 14, 18, 23, 

and 28, fluorescence measured at emission 518 nm, excitation 488 nm using 

Tecan Infinite M200 plate reader (Tecan UK, Reading, UK). 
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Figure 10: Controlled release of proteins form bECM hydrogels. bECM hydrogel at different 
concentrations loaded with 1µg/ml fluorescent tag HSA, placed in 12-well plate and covered 
with 2ml PBS. 
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3.3 Results 

 

3.3.1 Protein content of demineralized and decellularized bone matrix 

SDS-PAGE analysis showed that consistent protein patterns were seen in bECM 

and DBM. bECM contained a number of proteins that were also present in 

DBM. Proteins were separated according to their molecular weight and 

represented with bands on the gel, DBM exhibited darker bands which may be 

an indication of higher protein concentration (Figure 11A). 

The total protein content, expressed as the final protein content divided by the 

weight of bECM and DBM in pre gel solutions, was 1.649% ± 0.030% for bECM 

and 1.925% ± 0.034% for DBM assessed by BCA (Figure 11B).
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Figure 11: Quantification of bECM and DBM proteins was assessed by (A) SDS-PAGE and (B) the BCA assay; results are mean ± SD 
of triplicate measurements (p < 0.01). 
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3.3.2 C2C12 osteoblastic differentiation in different culture conditions 

Since the components present in serum are not well characterized, two 

different media were used in this study; rich serum media (10% fetal calf 

serum) and low serum media (2% horse serum) to assess the osteogenic 

inducing capability of these hydrogels in different culture conditions. 

Moreover, it was reported previously that low serum media induces C2C12 

myoblastic differentiation [159]. C2C12 cells cultured on bECM with both rich 

and low serum media were observed to have different morphologies (Figure 

12A & B) and higher ALP levels compared to C2C12 cells cultured on collagen I 

(Figure 12C & D).  

The osteogenic differentiation of C2C12 cells was assessed with ALP assay; the 

obtained values were converted to quantitative results through a standard 

curve created using standard alkaline phosphatase. C2C12 cells showed higher 

induction of ALP activity when grown on bECM hydrogels compared to cells 

grown on collagen in the presence of both media (Figure 13).
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Figure 12: C2C12 differentiation on 8mg/ml bECM in rich-serum medium (A) low-serum medium (B) and on 8mg/ml collagen 
type I in rich-serum medium (C) low-serum medium (D). 
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Figure 13: Alkaline phosphatase activity in C2C12 cultured on 8mg/ml bECM and collagen type I in both rich and low serum media, 
ALP activity was measured using p-nitrophenylphosphatase as a substrate, and normalized to active cell number. Statistical 
significance of expression **** indicates p < 0.0001 
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3.3.3 Expression of osteogenic proteins in mouse primary calvarial 

cells 

The formation of pre-nodules was assessed after 21 days by 

immunocytochemistry staining for the osteogenic marker proteins osteocalcin 

and osteopontin. Staining of expressed ECM proteins OPN and OCN were 

observed in mPC cells cultured on bECM and DBM in osteogenic and basal 

medium (Figure 14); these proteins were only observed in osteogenic medium 

in cells cultured on coll I and TCP with negligible staining seen in mPCs cultured 

on coll I and TCP  in  basal medium (Figure 15). 

Alizarin red and von Kossa staining were performed to assess the formation of 

calcified matrix or bone nodules, but all attempts were unsuccessful because 

the gels took up alizarin red and von Kossa stain (data not shown). 
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Figure 14: Expression of osteopontin and osteocalcin in mouse primary calvarial cells cultured on bECM and DBM hydrogels with osteogenic 
and basal medium. OPN and OCN expression was assessed by immunocytochemistry on day 21. Control samples were treated with secondary 
antibody only. 
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Figure 15: Expression of osteopontin and osteocalcin in mouse primary calvarial cells cultured on coll I hydrogel and TCP with osteogenic and 
basal medium. OPN and OCN expression was assessed by immunocytochemistry on day 21. Control samples were treated with secondary 
antibody only. 
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3.3.4 mRNA expression of osteogenic markers  

Osteogenic differentiation of mPCs was further assessed by RT-qPCR analysis 

for expression of four genes: osteopontin (OPN), osteocalcin (OCN), runt 

related transcription factor 2 (RUNX-2) and alkaline phosphatase (ALP). mPCs 

were cultured at 4x10⁴ cells per well in 12-well plate for 21 days on 8mg/ml 

bECM, DBM, and coll I hydrogels in osteogenic and basal media, mPCs were 

cultured on TCP as well and used as a control. 

 

Figure 16A shows the expression of ALP is upregulated in all cultures treated 

with osteogenic media, but this expression was highest in cells cultured on 

bECM with osteogenic media. With basal media ALP was only expressed in cells 

cultured on DBM and bECM. OPN (Figure 16B) showed similar expression, it 

was expressed in all cells cultured with osteogenic media, and in cells cultured 

on bECM and DBM with basal media. RUNX-2 and OCN (Figure 16C and D) were 

upregulated in all samples but the expression was maximised in bECM with 

osteogenic media.  
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Figure 16: RT-qPCR of osteogenic markers ALP (A), OPN (B), RUNX2 (C), and OCN (D) expression in mouse primary calvarial 
cells (mPCs) seeded on bECM, DBM, coll I hydrogels and TCPS cultured in basal and osteogenic medium. Expression of each 
target gene normalized to β-actin. Data shown is mean ± SD of 3 independent experiments (n=3). Statistical significance of 
expression **** indicates p<0.0001; *** indicates p<0.001; and * indicates p<0.05. 
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3.3.5 HSA release from bECM hydrogels  

HSA loaded bECM hydrogels were placed in phosphate buffer saline (PBS), and 

shaken at 37°C, samples of PBS were taken at different time points to measure 

HSA released. Figure 17 shows the release profile of HSA from bECM hydrogels. 

Based on the results, we suggested that diffusion was the main driving force, 

the release kinetics were dependent on bECM concentration in each hydrogel. 

Approximately 75% of HSA was rapidly released in the first 2 hours from 

6mg/ml bECM; the percentage of HSA released was decreased by increasing 

the bECM hydrogel concentration, to reach its minimal values 30% HSA 

released from 14mg/ml bECM (Figure 18).
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Figure 17: Release profiles of HSA from bECM hydrogels of different concentrations, release was assessed alternative days until day 
11. 
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Figure 18: The cumulative mass release of HSA expressed as a percentage of the theoretical loading mass, release was assessed 
alternative days until day 11. 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0

0

2 0

4 0

6 0

8 0

1 0 0

T im e  (h o u rs )

H
S

A
 r

e
le

a
s

e
d

 (
%

)

6 m g /m l   b E C M

8 m g /m l   b E C M

1 0 m g /m l b E C M

1 2 m g /m l b E C M

1 4 m g /m l b E C M



63 
 

3.4 Discussion 

 

ECM based materials hold great promise for bone regeneration because of the 

bioactive properties of the native material providing cells with adhesion sites 

and biological factors that aid in cell proliferation and differentiation [160, 

161]. bECM, and DBM hydrogels were prepared from bovine bone, using an 

adapted acidic demineralization process [153], and an enzymatic 

decellularization protocol [154]. Demineralized and decellularized bone 

granules were solubilized and induced by neutralizing the pH and salt 

concentration as previously reported [162] (Figure 9). BCA assay and SDS-PAGE 

results showed that the bECM hydrogel contains most of the proteins presents 

in the DBM, the similar protein profile between DBM and bECM indicated the 

preservation of biochemical composition of bone tissue after decellularization 

process (Figure 11). 

Cell morphology, proliferation, differentiation and apoptosis are modulated by 

chemical and mechanical cues secreted from surrounding ECM, these 

biomacromolecules provide various bio-signals guiding cellular behaviour [163, 

164]. Morphological differences can be noted between C2C12 cells cultured on 

bECM gels compared to cells cultured on collagen. This may be an indication 

that C2C12 cells were differentiated into osteoblast-like phenotype cells on 

bECM gels, while C2C12 cells grown on collagen differentiated into myoblastic 

cells in both media. C2C12 cells cultured on collagen in different culture 

conditions appeared to be in spatially resolved colonies, with well spread 
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morphology, and tight packing (Figure 12A and B). Whereas C2C12 cells on 

bECM in different culture conditions appeared to be more irregular in shape, 

more elongated and less highly spread, with long stress fibres running in many 

different directions (Figure 12C and D). The changes in morphology observed 

may be the effect of an osteogenic response to bECM hydrogels [165]. 

Previous studies have shown that the presence of specific factors can stimulate 

transdifferentiation of C2C12 myoblasts into osteoblasts [166-168]. The 

osteogenic capability of bECM hydrogels was measured in vitro with the 

myoblastic C2C12 cell line, by co-incubation of bECM and type I collagen with 

C2C12 cells with low and rich serum mediums.  Differentiation was assessed by 

activity of alkaline phosphatase (ALP), ALP is an enzyme found in bone and it 

catalyses the hydrolysis of phosphate monoesters [155], the p-nitrophenyl 

phosphate (pNPP) assay can be used to detect ALP enzyme, pNPP acts as a 

phosphatase substrate. 

The results indicate that C2C12 myoblasts cultured on bECM in the presence of 

both media had higher induction levels of ALP activity compared to C2C12 

myoblasts grown on collagen type I, this can be an indication that bECM 

hydrogel induced transdifferentiation of C2C12 myoblasts into osteoblasts 

(Figure 13). 
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The osteogenic differentiation was further assessed by immunocytochemistry 

staining for osteogenic proteins osteocalcin (OCN) and osteopontin (OPN), 

these two proteins are expressed and localised within nodular structures [169].  

In primary calvarial cells, OPN and OCN were expressed in DBM and bECM gels, 

the level of expression in samples induced with osteogenic media was higher 

than the samples treated with basal media (Figure 14).  mPCs cultured on TCP 

and collagen I only expressed OPN and OCN when treated with osteogenic 

media (Figure 14). 

This observation was enhanced by quantitative RT-PCR analysis for four 

osteogenic markers (ALP, RUNX-2, OCN and OPN), these four markers are 

expressed during osteogenesis, and they range from early markers: ALP and 

RUNX-2, intermediate: OPN, and late marker OCN [170-172]. 

The four genes were expressed on bECM and DBM, with and without the 

induction of the osteogenic medium. In addition, mPCs cultured on bECM 

hydrogels expressed higher level of the four genes compared to mPCs cultured 

on DBM. Moreover, the osteogenic differentiation was further enhanced in the 

presence of osteogenic supplements (Figure 16). ALP, RUNX2, OCN, and OPN 

were upregulated in mPCs cultured on TCP and collagen I hydrogel with 

osteogenic medium, and minimum expression of the four genes was seen in 

mPCs cultured on collagen I hydrogel with basal medium (Figure 16). 
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Previous studies have revealed that ECM act as a reservoir for growth factors 

[102, 173] and bECM hydrogel scaffolds retain endogenous growth factors that 

may give these scaffolds their osteoinductive properties [88].  It is hypothesised 

that adding exogenous growth factors like BMP2 will enhance the 

osteogenesis, and VEGF vasculagenseis of the cells seeded in bECM scaffolds. 

Moreover, number of growth factors has been used previously to induce and 

enhance osteogenic differentiation, such as transforming growth factor-β (TGF-

β), insulin like growth factor-2 (IGF-2), and fibroblast growth factor (FGF) [172, 

174-177]. In this study, we assessed the ability of bECM as a carrier for local 

delivery of proteins, HSA protein was studied as a model protein and the 

release kinetic was analysed to different hydrogels with bECM concentration 

range between 6 and 14mg/ml. 

 

The results of this chapter reveal that the presence of bECM and DBM 

hydrogels can enhance the osteogenic differentiation of two cell types: mPCs 

and C2C12 without the induction of osteogenic supplements. Furthermore, 

bECM hydrogels demonstrated stable release of HSA; the release kinetics of 

proteins from hydrogels was dependent on the bECM hydrogel concentration. 

These findings support the potential to use bECM and DBM as scaffolds for 

bone tissue engineering. 
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Chapter 4. Hydrogel Scaffolds Derived from Decellularized 

Tendon and Bone Extracellular Matrices Selectively 

Enhance MSC Tenogenic and Osteogenic 

Differentiation for Tendon-to-Bone Interface Tissue 

Engineering 

 

4.1 Introduction 

 

Rotator cuff tears (RCT) are among the most common shoulder injuries. Despite 

various surgical techniques for rotator cuff (RC) repairs, incomplete healing 

after the rotator cuff repair has been reported with rate of structural failure 

ranged from 20% to 90% [178-183]. A number of factors play a role in the RC 

repairs such as patient age, tear size, tendon quality, muscle atrophy, 

degradation and chronicity [183-185]. 

Tissue engineering techniques provide a promising future for the rotator cuff 

repair; previously successful results have been reported in treating tendon 

injuries with the use of combination of cells, biomaterials and bioactive factors 

[66, 186-188]. However, most of these studies described the regeneration of 

the tendon tissue but not the tendon insertion site that links between two 

tissues differ in their physical, chemical and biological properties [189]. 
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As mentioned previously, tendon/ligament-to-bone interface exhibits gradient 

in tissue with specific cellular composition, structural, and biomechanical 

properties for each tissue type, this gradations in structure facilitates joint 

movement. Injuries are very common in the anterior cruciate ligament (ACL), 

the Achilles’ tendon and the rotator cuff group, and they require surgical repair 

and regeneration of soft tendon/ligament-to hard bone tissue in order to 

restore the original strength of the junction [17, 26, 189, 190]. Current methods 

for ACL repair include autograft, allograft, xenograft, or synthetic graft. 

However, allografts and xenografts  have led to immunogenic responses [191, 

192]. Moreover, ACL reconstruction failure rate increased from 6 to 20% 

following the utilization of allografts compared to autografts [193]. The most 

common procedure in ACL reconstruction is autografting technique [194, 195]. 

However, reconstruction using autografts has been shown to be limited by 

donor-site morbidity [196].  

An alternative approach is the use of manufactured scaffolds [197, 198]. 

However, few scaffolds have shown success in clinical studies [199]. Although 

there are a number of approved devices (e.g. Intergraft (carbon fiber), Gore-

Tex ACL (polytetrafluoroethylene), and Kennedy Ligament Augmentation 

Device (polypropylene)) the devices have shown poor results with high rupture 

rate associated with the use of Intergraft [200], and joint instability and high 

rate of inflammation with the use of Gore-Tex and Kennedy[201]. 

 

 



69 
 

Previous preclinical studies have suggested that tissue-engineered scaffolds 

hold promises over traditional autograft reconstruction due to the elimination 

of donor-site morbidity risk, the ability to manufacture these scaffolds to mimic 

the structural and mechanical properties of the native enthesis, and the 

possible incorporation of biological or chemical in tissue-engineered scaffold to 

enhance cellular proliferation and differentiation [197, 202, 203].  

Recently, adult mesenchymal stem cells (MSCs) have been used widely for 

tissue regeneration; MSCs can be directed to differentiate into a specific 

lineage in vitro through growth factors stimulation [175, 176, 204-206].  

To date, a number of biomaterials has been used as scaffolds to direct the 

differentiation of stem cells to desired lineage to regenerate hard and soft 

tissues [205, 207-209]. Among these scaffolds biological scaffold materials 

composed of extracellular matrix (ECM) are considered as a promising method 

to regulate the differentiation of stem cells [88, 210-212].  

Currently, ECM bioscaffolds are processed and marketed for rotator cuff 

repair[213]. Such scaffolds have the advantages of providing the chemical and 

structure environment for host cells, due to the retention of the biological 

factors, and the 3D structure, which believed to enhance the biology of repair 

healing [213, 214]. However, number of limitations were associated with these 

scaffolds as described previously.  
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The hypothesis of this chapter was that decellularized ECM scaffolds derived 

from decellularized bone and tendon extracellular matrix seeded with MSCs 

could aid the reconstruction of tendon-bone insertion. To test this hypothesis 

we produced a hydrogel from decellularized equine tendon extracellular matrix 

(tECM), and determined its structure and mechanical properties. We tested the 

ability of these hydrogels to induce tenogenic differentiation in MSCs, and 

compared that with decellularized bone extracellular matrix (bECM); we also 

analysed the potential of bECM to induce osteogenic differentiation in MSCs. 

The long-term aim of this work is to design a gradient scaffold with these two 

hydrogels for tendon-bone insertion engineering. 

 

4.2 Materials and methods 

 

4.2.1 Preparation of tendon extracellular matrix hydrogel  

Tendon samples were decellularized using a previously reported method [215]. 

Briefly, Equine flexor digitorum superficialis tendons were aseptically 

harvested from the forelimbs of horses (Figure 19A) and the samples were 

sectioned into 4 mm thick pieces.   

Tendon samples were sorted into untreated group to serve as control and 

treated group. Four freeze/thaw cycles were applied to tendon samples, then 

they were covered with the detergent solution made of 2% Sodium dodecyl 

sulfate (SDS, Sigma) in 1M Tris-HCl (Sigma) pH 7.8 under agitation at 4°C for 
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48h. Tendon samples were then rinsed in PBS six times to remove residual 

detergent before incubation in a solution of 0.05% trypsin, 0.05% EDTA (Sigma–

Aldrich, Poole, UK) for 10 minutes then washed with water.   

These were then incubated at 4°C for 24 hours with 1 µl/ml of a mammalian 

tissue protease inhibitor cocktail (Sigma, USA), to inhibit any residual trypsin 

then incubated in 0.2 mg/ml DNase-I (AppliChem, Germany) for 30 min.   The 

samples were washed with 95% ethanol (Sigma-Aldrich) for 2h at 4°C, then with 

PBS with 1% w/v penicillin/streptomycin under agitation for 24 h at 4 °C. The 

resulting tECM then was snap frozen, lyophilized for 24h and stored at -20°C 

until required (Figure 19B). Gels were produced following the method of 

enzymic digestion, solubilization and neutralisation given in 2.1.1 (Figure 19C).
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C A B 

Figure 19: Production of ECM hydrogel from tendon. (A) Equine flexor digitorum superficialis tendons were subjected to cell 
removal procedures to produce (B) decellularized tendon (tECM) prior to pepsin digestion and solubilization to form an ECM 
hydrogel (C). 
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4.2.2 Assessment of Cellular content 

Representative samples of the treated group and untreated group were fixed 

with 10% neutral buffered formalin and embedded in 30% sucrose over night 

at 4°C, then transferred into custom-made mould filled with optimum cutting 

temperature compound (OCT), samples were then frozen in a bath of 

Isopentane (Sigma), which has been cooled in liquid N2. Sections were cut with 

cryostat at 8-10 um thickness transferred to a glass slide then stained with 

haematoxylin and eosin (H&E), followed by 3 washes in PBS, nuclei were 

stained blue, whereas the cytoplasm and extracellular matrix had varying 

degrees of pink staining. Diamidino-2-phenylindole, dilactate (DAPI, Invitrogen) 

was added in mounting solution for nuclear staining. The samples were viewed 

using an inverted fluorescence microscope. 

 

4.2.3 Assessment of collagen content 

Solubilized collagen in pepsin digests of the tECM was determined using Sircol 

collagen assay kit (Biocolor Ltd., UK), following the manufacturer’s instructions. 

Blank pepsin solution was prepared and served as negative control. 
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4.2.4 Scanning electron microscopy (SEM) 

The surface morphology of tECM and collagen type I were analysed by scanning 

electron microscopy (SEM). 300µl of gels were fixed with 5% glutaraldehyde for 

1h at room temperature, followed by 3.7% paraformaldehyde at 4°C overnight. 

Fixed hydrogels were washed with Milli Q water and dehydrated using ethanol 

baths (20-100%). Samples were gold-coated with blazers SCD030 gold sputter 

coater after performing critical point drying (CPD). The surface morphology of 

the hydrogels was examined by scanning electron microscopy (SEM), using a 

JEOL 6060LV imaging system.  

 

4.2.5 Turbidimetric gelation kinetics 

tECM and collagen type I gels were formed by neutralizing the salt 

concentration and pH of the pre-gel solution as described previously [81, 124, 

128]. Pre-gel solutions were prepared at 4 and 8mg/ml on ice, 100ml was 

transferred to cold 96-well plates, the plates were then placed in 37°C Tecan 

Infinite M200 plate reader (Tecan UK, Reading, UK).  

Turbidimetric gelation kinetics was evaluated spectrophotometrically at 405 

nm every 3 min for 1 h and 30 min. Six measurements (n=6) were performed 

for each hydrogel and concentration, the readings were then scaled from 0 (at 

time 0) to 1 (at maximum absorbance); (NA=( A-A0)/ (Amax-A0)) where NA is the 

normalized absorbance, A is the absorbance at a given time, A0 is the initial 

absorbance, and Amax is the maximum absorbance [128]. 
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The time to half gelation (t1/2) defined as the time to 50% absorbance, gelation 

rate (S) was defined as the slope of linear region of the gelation curve, and the 

lag time (tlag) was defined as the intercept of the linear region of the gelation 

curve with 0% absorbance [128]. 

 

4.2.6 In vitro hMSCs culture and viability  

hMSCs were cultured on the surface of 4 and 8mg/ml tECM and collagen type 

I hydrogels with mesenchymal stem cell growth medium (MSCGM) (PT-3001, 

Lonza). The proliferation of hMSCs was assessed with PrestoBlue 

(ThermoFisher) over several days as described in section (2.2.6). Cells used in 

this work were between passage three and five. 

 

4.2.7 hMSCs multipotent differentiation and cellular morphology on 

bECM and tECM 

hMSCs were tested for the potential to differentiate towards the osteogenic, 

adipogenic and chondrogenic lineages, all procedures were performed 

following Lonza’s Poietics human mesenchymal stem cells instructions.  

hMSCs were cultured on the surface of 8mg/ml bECM, and tECM hydrogels. 

Briefly, the pre-gels were kept on ice at 4°C and transferred to 12-well plates; 

0.5ml of 8mg/ml gel was added to each well. Once the hydrogels were formed 

4x103 hMSCs were added to the surface of the gels and cultured for 7 days in 

basal medium (MSCGM), cells were maintained at 37°C and 5% CO2. The 
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morphology and distribution of hMSCs cultured on bECM and tECM hydrogels 

were observed and imaged on an inverted microscope. 

 

4.2.8 Quantitative PCR analysis 

The expression levels of tenogenic and osteogenic gene markers in hMSCs 

cultured on tissue culture plate (TCP) and surface of 8mg/ml tECM, bECM and 

collagen type I were assessed by qPCR analysis on day 7, 15 and 21  as described 

in section (3.2.7). For osteogenic differentiation basal and osteogenic medium 

were obtained from Lonza (PT-3001 and PT-3002, Lonza), for tenogenic 

differentiation basal medium was prepared as: Alpha MEM (αMEM, Lonza), 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 

0.1mM L-ascorbic acid (Sigma-Aldrich) and 1mM L-Glutamine. Tenogenic 

medium: basal medium supplemented with 50ng/ml BMP12 (Fisher scientific), 

100ng/ml IGFI (R&D systems), and 2ng/ml FGF2 (R&D systems). 

Taqman PCR primers (Applied Biosystems, Life Technologies) were used; 

primers for tenogenesis marker genes including scleraxis (SCX) (Assay ID: 

Hs03054634_g1), tenascin-C (TNC) (Assay ID: Hs01115665_m1), and 

tenomodulin (TNMD) (Assay ID: Hs00223332_m1). Osteogenesis marker genes 

including runt-related transcription factor2 (RUNX2) (Assay ID: 

Hs00231692_m1), alkaline phosphatase (ALP) (Assay ID: Hs01029144_m1), 

osteopontin (SSP1) (Assay ID: Hs00959010_m1) and osteocalcin (Bglap) (Assay 

ID: Hs01587813_g1). The ΔΔCt method was used to calculate relative gene 

expression normalized to β-actin (Assay ID: Hs01060665_g1). 
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4.3 Results 

 

4.3.1 Cellular and collagen content of decellularized tendon 

extracellular matrix 

Successful decellularization process should result in having extracellular matrix 

(ECM) free from its inhabiting cells [104, 169]. This can be assessed by DAPI and 

(H&E) staining for cell nuclei. 

Images shows that the decellularization has removed all cell nuclei (Figure 20B 

& D), while cell nuclei appears in the untreated tendon sections (Figure 20A & 

C). 

The soluble collagen content was quantified; every mg of the decellularized 

tECM had 0.62 ± 0.09 mgs of collagen.
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A B 

C D 

Figure 20: Decellularization of tendon ECM sections was assessed by imaging and analysis of DAPI staining (A and B) and (H&E) 
staining (C and D). (A and C) images represent a control untreated sample, (B and D) represent the decellularized samples. 
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4.3.2 Hydrogel morphology 

Scanning electron microscopy (SEM) evaluation of the surface of tECM and 

collagen type I hydrogels showed that tECM hydrogel possessed a randomly 

oriented fibrillar structure similar to collagen type I [216] at 4 mg/ml (Figure 

21A & C) and 8mg/ml (Figure 21B & D). Both hydrogels formed fiber network 

with interconnecting pores, tECM fiber organization (Figure 21C & D) appeared 

to be similar to collagen fiber organization (Figure 21A & B).  
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C D 

Figure 21: Scanning electron micrographs of (A) Coll I hydrogel 4mg/ml, (B) Coll I hydrogel 8mg/ml, (C) tECM hydrogel 4mg/ml, 
(D) tECM hydrogel 8mg/ml. All images 3000x magnification. 
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4.3.3 Turbidimetric gelation kinetics  

The turbidimetric gelation kinetics of tECM and collagen type I were 

characterized spectrophotometrically at 4 (Figure 22A) and 8mg/ml (Figure 

22B). Gelation parameters: lag time, gelation rate, and time to 50% gelation 

were calculated (Table 1). The turbidimetric gelation kinetics for tECM and 

collagen type I gels at both concentrations showed a sigmoidal shape (Figure 

22A & B). The lag phase (tlag) and time to 50% gelation was shorter in collagen 

type I than tECM hydrogels at 4 and 8mg/ml (Table 1), with higher gelation rate 

(S) in collagen type I when compared to tECM hydrogel at both concentrations 

(Table 1). Gelation kinetics showed to be independent of concentration. 
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Figure 22: Turbidimetric gelation kinetics of tECM and Coll I hydrogels at 4mg/ml (A) and 8mg/ml (B) concentrations. Data represent means 
± SD for n = 6.  

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60 70 80 90 100

N
o

rm
al

iz
e

d
 A

b
so

rb
an

ce

Time (min)

coll I 8mg/ml

tECM 8mg/ml

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40 50 60 70 80 90 100

N
o

rm
al

iz
e

d
 A

b
so

rb
an

ce

Time (min)

coll I 4mg/ml

tECM 4mg/ml

B A 



83 
 

Table 1: Results from the turbidimetric analysis of the tECM and collagen type I gelation 
kinetics. 

 

 

  

Material S t1/2 tlag 

Coll I 4mg/ml 0.1169 6.02 4.54 

Coll I 8mg/ml 0.1165 7.17 5.98 

tECM 4mg/ml 0.0442 13.15 10.24 

tECM 8mg/ml 0.0417 15.92 9.90 
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4.3.4 In vitro hMSCs culture and viability 

hMSCs cultured on tECM and collagen type I hydrogels at 4 and 8mg/ml were 

viable after day 3 and day 7 (Figure 23A & B). Increased proliferation was 

observed between day 3 and day 7, with no significance differences in viability 

based on hydrogel concentration or type (Figure 23A & B).
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Figure 23: Proliferation of hMSCs on (A) Coll I and tECM 4mg/ml hydrogels, (B) Coll I and tECM 8mg/ml hydrogels after 3 and 7 days. 
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4.3.5 hMSCs multipotent differentiation and cellular morphology on 

bECM and tECM  

Multi-lineage differentiation assays demonstrated that hMSCs were able to 

differentiate into chondrocytes, adipocytes and osteoblasts. Chondrogenic 

differentiation was assessed by Alcian Blue staining (Figure 24A), adipogenic 

differentiation was assessed by Oil Red O staining (Figure 24B), and osteogenic 

differentiation was assessed by Alizarin Red staining (Figure 24C). 

hMSCs were cultured at low density on the surface of tECM and bECM 

hydrogels and treated with basal medium, to observe the effect of each 

hydrogel on hMSCs differentiation.  

hMSCs cultured on tECM were observed to be elongated fibroblasts similar in 

shape to tenocytes (Figure 25A), while hMSCs cultured on bECM were observed 

to have morphology similar to osteoblasts (Figure 25B); this may be an 

indication that hMSCs were differentiated into tenogenic lineage on tECM 

hydrogels (Figure 25A), while hMSCs cultures on bECM differentiated into 

osteogenic lineage (Figure 25B).
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Figure 24: Multi-lineage differentiation of hMSCs, (A) Alcian blue staining showing chondrogenic differentiation of hMSCs. (B) Oil red O staining showing 
adipogenic differentiation of hMSCs. (C) Alizarin Red S staining showing osteogenic differentiation of hMSCs (Scale bar = 50µm). 

C A B 
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A B 

Figure 25: Morphology of hMSCs cultured on (A) 8mg/ml tECM hydrogel, (B) 8mg/ml bECM hydrogel (n = 6). 
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4.3.6 Gene expression 

hMSCs tenogenic and osteogenic differentiation was further assessed by RT-

qPCR analysis for expression of eight genes, three specific for tenogenic 

differentiation: scleraxis (SCX), tenascin-C (TNC), and tenomodulin (TNMD). In 

addition, four specific for osteogenic differentiation: osteopontin (OPN), 

osteocalcin (OCN), Runt related transcription factor 2 (RUNX-2) and Alkaline 

phosphatase (ALP). hMSCs were cultured for 7, 15 and 21 days on 8mg/ml 

bECM, tECM, and coll type I hydrogel in osteogenic, tenogenic and basal 

medium, hMSCs were cultured on TCPs as well and used as a control. 

Figure 26A shows the expression of SCX is upregulated in hMSCs cultured on 

coll I and tECM with both basal and tenogenic media. However, significant 

differences were observed in the expression level between cell cultures on 

tECM and coll I at day 7, 15, and 21 in both media. TMND and TNC showed 

similar expression, they were expressed in cells cultured on coll I and tECM with 

basal and tenogenic media (Figure 26B and C), TMND expression was 

significantly higher in hMSCs cultured on tECM compared to coll I at day 7 and 

15 in both media (Figure 26B). 

Osteogenic gene markers (ALP, OCN, OPN, and RUNNX2) were expressed at 

lower levels in hMSCs cultured on tECM and coll I hydrogels at day 7, 15 , and 

21 in both basal and tenogenic media (Figure 27). 

Different results can be observed in Figure 28, the expression of ALP was 

upregulated in all cells cultured on bECM, coll I, and TCP and treated with 

osteogenic media, with minimal expression seen at day 15. In basal media ALP 



90 
 

was upregulated in all samples but the expression was maximised at day 7 

(Figure 28A).  

Upregulation in OCN expression levels were seen at day 15 and 21, hMSCs had 

significantly higher expression levels of OCN when cultured on bECM compared 

to coll I in basal media at day 21 (Figure 28B). Similar results were seen in Figure 

26C the highest expression levels of OPN were observed at day 21 in cells 

cultured on bECM with basal and osteogenic media. Furthermore, hMSCs 

cultured on coll I expressed OPN only when treated with osteogenic media, 

with minimal expression seen with basal media.  RUNX2 was upregulated in all 

cells cultured on bECM and coll I with basal and osteogenic media, highest level 

of expression were observed in cells cultured on bECM and treated with 

osteogenic media Figure 28D .    

 

Figure 29 shows downregulation in tendon specific gene markers (SCX, TNMD, 

and TNC) in hMSCs cultured on bECM hydrogels. However, hMSCs cultured on 

coll I with basal media expressed both tenogenic gene markers SCX at day 7, 15 

and 21 (Figure 29A), and TNC at day 7 and 15 (Figure 29C). 
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Figure 26: RT-qPCR of tenogenic gene markers SCX (A), TNMD (B), and TNC (C) expression in human 
mesenchymal stem cells (hMSCs) seeded on tECM, coll I hydrogels and TCP cultured in basal and 
tenogenic medium. Expression of each target gene normalised to β-actin. Data shown is mean±SD 
of 3 independent experiments (n=3). Statistical significance of expression **** indicates p<0.0001; 
*** indicates p<0.001; ** indicates p<0.01; and * indicates p<0.05 
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Figure 27: RT-qPCR of osteogenic gene markers: ALP (A), OCN (B), OPN (C), and RUNX2 (D) expression in 
human mesenchymal stem cells (hMSCs) seeded on tECM, coll I hydrogels and TCP cultured in basal and 
tenogenic medium. Expression of each target gene normalised to β-actin. Data shown is mean±SD of 3 
independent experiments (n=3). Statistical significance of expression **** indicates p<0.0001; *** 
indicates p<0.001; ** indicates p<0.01; and * indicates p<0.05 
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Figure 28: RT-qPCR of osteogenic gene markers: ALP (A), OCN (B), OPN (C), and RUNX2 (D) expression 
in human mesenchymal stem cells (hMSCs) seeded on bECM, coll I hydrogels and TCP cultured in basal 
and osteogenic medium. Expression of each target gene normalised to β-actin. Data shown is mean±SD 
of 3 independent experiments (n=3). Statistical significance of expression **** indicates p<0.0001; *** 
indicates p<0.001; ** indicates p<0.01; and * indicates p<0.05 
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Figure 29: RT-qPCR of tenogenic gene markers SCX (A), TNMD (B), and TNC (C) expression in 
human mesenchymal stem cells (hMSCs) seeded on bECM, coll I hydrogels and TCP cultured 
in basal and osteogenic medium. Expression of each target gene normalised to β-actin. Data 
shown is mean±SD of 3 independent experiments (n=3). Statistical significance of expression 
**** indicates p<0.0001; *** indicates p<0.001; ** indicates p<0.01; and * indicates p<0.05 
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4.4 Discussion 

 

The goal of this study was to engineer a hydrogel scaffold to mimic the natural 

tendon-to-bone interface tissue. In an effort to achieve this goal we have 

produced a hydrogel derived from decellularized tendon extracellular matrix 

(tECM), and determined its structural and biological properties. We 

hypothesize that tECM hydrogel will enhance the tenogenic differentiation of 

hMSCs, and a hydrogel derived from decellularized bone extracellular matrix 

(bECM) will enhance the osteogenic differentiation of hMSCs. While MSCs have 

been widely studied in bone tissue engineering [217-220], less study has been 

carried out in the field of engineering a 3D biomaterial to enhance MSC 

tenogenic differentiation. Previous work has suggested that tenogenic 

differentiation can be enhanced through cell alignment and elongation using 

two dimensional substrate [221-223] and growth factors such as bFGF, IGF-1, 

GDF-5, GDF-7 and BMP12 [224-230]. Therefore, the aim of this chapter was to 

evaluate whether a hydrogel scaffold derived from tendon ECM can induce 

hMSCs tenogenic differentiation.  

Equine flexor digitorum superficialis tendon ECM was decellularized using a 

previously reported method [215], and a hydrogel was derived from the 

decellularized material by digesting it with pepsin and inducing the gelation 

under relevant pH, and salt concentration [162]. The efficiency of the 

decellularization process is dependent on the type of the tissue and the 

method used [231]. Cell removal from a tissue can be assessed by staining the 
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cell nuclei,  tECM samples were sectioned and stained with (H&E) and DAPI, 

control untreated samples were stained as well. Images in Figure 20 show that 

no cells nuclei can be observed with DAPI staining in the decellularized samples 

compared to untreated sections (Figure 20A & B). Similar results were obtained 

with the (H&E) staining (Figure 20C & D).  

The soluble collagen content of tECM materials was 0.62 ± 0.09 mg collagen in 

each 1mg decellularized tECM. Collagen type I is the main component of 

tendon tissue, and has been previously used as a scaffold in tendon tissue 

engineering. Therefore, it has been used in this study as comparator material 

in the evaluation of the structural, mechanical and in vitro cell response 

characteristics.  

SEM imaging showed that tECM and coll I have similar fiber node density at 4 

and 8mg/ml. Fiber node density can influence the mechanical strength of the 

scaffold [232], which in turn may have implications on in vivo cell behaviour.  

The components responsible of tECM gelation are unknown but it is most likely 

due to the presence of self-assembly collagen monomers, previous work 

demonstrated the ability of collagen molecules to self-assemble into fibrils and 

form fibrous network [233-236].  

The turbidimetric gelation kinetics of tECM gels were slower than collagen type 

I at 4 and 8mg/ml, this is most likely due to the presence of other molecules 

such as glycosaminoglycans (GAGs) and different type of collagen which can 

modulate collagen self-assembly[235]. 
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Primary human bone-marrow mesenchymal stem cells (hMSCs) were able to 

grow and attach to the tECM gels, after 3 and 7 days incubation there was not 

significance differences in cells number cultured on tECM compared to collagen 

type I.  

To create a functionalized 3D scaffold which promotes the regeneration of the 

tendon-to-bone interface, MSCs need to proliferate and then undergo 

appropriate differentiation and specific matrix remodeling on the scaffold in 

order to replace tissue at site of injury. Extracellular matrix regulates cell 

behaviour, and it has been found that tissue derived ECM can induce tissue 

specific differentiation of MSCs [237-239]. Clear morphological differences can 

be noted between hMSCs cultured on tECM gels compared to cells cultured on 

bECM, hMSCs appear on tECM more elongated with less fibers (Figure 24A), 

while hMSCs appear on bECM in more irregular shape, with long stress fibres 

running in many different directions Figure 24B).  

The morphological differences were further supported with the results of real 

time qPCR analysis, which revealed enhanced tenogenesis of hMSCs cultured 

on tECM based on the expression of tenogenic gene markers (Figure 26). The 

expression of SCX a tendon-specific transcription factor [27] was higher in 

hMSCs cultured on tECM compared to coll I at day 7, 15 and 21. Similar results 

can be noted with TNMD a transmembrane glycoprotein which has a role in 

tendon proliferation and maturation [240], TNC an ECM glycoprotein tenascin-

C modulates cell migration, proliferation and cellular signalling [241] was 
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upregulated in tECM group with and without tenogenic medium compared to 

coll I and TCP group at day 7, 15 and 21 (Figure 26).  

Moreover, there was downregulation in osteogenic gene markers (ALP, RUNX2, 

OCN and OPN) (Figure 27), these four markers are specific markers during 

osteogenesis, and they range from early markers: ALP and RUNX2, 

intermediate: OPN and late marker OCN [170-172]. 

In contrast, hMSCs cultured on bECM expressed higher levels in osteogenic 

gene markers (ALP, RUNX2, OCN and OPN) compared to coll I and TCP at day 7, 

15 and 21 in the presence of basal and osteogenic medium (Figure 28), also 

bECM reduced tenogenic differentiation of hMSCs when cultured on bECM 

with very minimal expression levels of tenogenic gene markers (SCX, TNMD and 

TNC) at day 7, 15 and 21 (Figure 29). 

 

Our findings show that tECM hydrogel induced hMSCs tenogenic 

differentiation and suppressed osteogenic differentiation and bECM hydrogel 

induced hMSCs osteogenic differentiation and suppressed tenogenic 

differentiation. tECM and bECM induced hMSCs differentiation into multiple 

interface-specific lineage (tendon and bone), which may have potential benefit 

over the currently used non-site specific ECM grafts, primarily tECM/bECM are 

site-specific ECM and they supported hMSCs tenogenic and osteogenic 

differentiation respectively, without the induction of tenogenic and osteogenic 

media, the ability to regenerate multiple tissue may overcome the limitations 
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associated with current available grafts for enthesis repair ; together these data 

provide a new approach to design a gradient hydrogel scaffold for tendon-to- 

bone interface tissue engineering. 
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Chapter 5. Novel Electrospun Decellularized Bone 

Extracellular Matrix for Bone Tissue Engineering  

 

5.1 Introduction  

 

Biological scaffolds composed of ECM are widely used to facilitate the 

functional reconstruction of numerous tissue types. They are produced by 

chemical, enzymatic, or physical decellularization process. ECM scaffolds have 

shown efficacy in both pre-clinical animal studies and human clinical 

applications [242-245]. However, the decellularization process may alters the 

biochemical and ultrastructure of the ECM and accordingly, alters the host 

tissue response to the ECM scaffold following implantation [104, 246, 247]. 

Therefore, there is a great need to develop new tools to reconstruct the 

resultant ECM and the tissue architecture after the decellularization process. 

Among the currently known fabrication techniques, electrospinning has been 

shown to be a straightforward and effective way to design and produce 

nanofibrous scaffolds that recapitulate the native extracellular matrix (ECM) 

[248, 249]. This approach has been widely employed to fabricate number of 

polymers such as; natural proteins [250-252], synthetic polymers [253, 254], 

and combinations of natural and synthetic polymers [255-257].  
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Electrospun scaffolds have attracted considerable attention in the bone tissue 

engineering field as it was considered that nanofibrous structure of the 

electrospun scaffold may provide an appropriate environment for bone-

associated cells and their progenitor/stem cells to grow and proliferate [258]. 

Moreover, it has been reported that osteoblastic differentiation and 

mineralization were enhanced with the use of nanofibrous scaffolds compared 

to a dense substrate of polymers [259]. Even though the in vivo studies for 

electrospun scaffolds application in bone regeneration and tissue engineering 

approach are still an under-researched area, several reports of electrospun 

scaffolds with large surface area, high porosity, and mechanical and structural 

properties similar to the native bone ECM have highlighted the potential of 

these scaffolds to serve as an ideal bone substitutes [260].  

Polyurethane and polyesterurethane electrospun scaffolds possessed good 

mechanical properties. However, the slow degradation of these scaffolds might 

interfere with tissue turnover and remodeling [261]. Several other polymers 

have been fabricated with the electrospinning technique for bone tissue 

engineering such as: poly(ε-caprolactone) (PCL), a degradable polymer that 

demonstrated good support for MSCs proliferation, and enhanced the 

osteoblastic differentiation of MSCs in osteogenic media [262, 263].  Similar 

results were reported with electrospun poly-l-lactide (PLA) and osteoblastic 

cells [264]. Natural polymers like collagen, silk, and chitosan have also been 

processed by electrospinning for bone tissue engineering because of their 
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favourable proprieties as they support cell adhesion, biodegradable, with 

minimal inflammatory reaction [265-268]. 

Moreover, electrospinning has facilitated the utilization of (ECM) by either act 

like a carrier for the ECM or by electrospinning a mixture of ECM and other 

materials. Baiguera at al. have shown that incorporation of gelatin with rat 

decellularized brain ECM enhanced the differentiative potential of 

mesenchymal stromal cells [269], further studies has investigated different 

decellularized ECM particles blended with polycaprolactone polymer [270] and 

hybrid mat consist of electrospun poly(ester-urethane)urea and 

electrosprayed decellularized porcine dermis ECM hydrogel [162]. 

To date, no study has yet been reported that has explored the potential of 

electrospinning decellularized ECM without the incorporation of other 

materials. The aims of this chapter were to utilise the results from the previous 

two chapters and produce an electrospun scaffold using decellularized bovine 

bone extracellular matrix (bECM) to serve in the long term as a base for the 

gradient scaffold with bone ECM and tendon ECM hydrogels. In the present 

research we optimised a method to electrospin decellularized bovine bone 

extracellular matrix (bECM) without the addition of any other materials as a 

potential improvement for cell adhesion, proliferation and differentiation.  We 

assessed the biological activity and osteogenic capability in vitro of electrospun 

bECM scaffolds in comparison to electrospun gelatin scaffolds using mouse 

primary calvarial cells (mPCs) and human mesenchymal stem cells (hMSCs).  
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5.2 Materials and methods 

 

5.2.1 Solvent selection for bECM and gelatin materials 

Bovine bone extracellular matrix was decellularized as previously mentioned 

(1.2.1). The lyophilized decellularized bone granules (55mg/ml) were dissolved 

in Trifluoroacetic acid (TFA) (Thermo Fisher, UK) and Dichloromethane (DCM) 

(Sigma-Aldrich, UK)/TFA mixture (v/v, 75/25, 50/50, 25/75). In addition, the 

bone granules were dissolved in 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol (HFP) 

(Sigma-Aldrich, UK) and HFP/TFA mixture at different ratios (v/v, 75/25, 50/50, 

25/75). Gelatin type A (Sigma, UK) was dissolved in hexafluoro-2-propanol 

(HFP) at 55mg/ml. The solutions were kept stirring at room temperature for 

periods range from 4 to 18 hours before the electrospinning process. 

 

5.2.2 Electrospinning 

bECM and gelatin solutions were loaded into a plastic syringe with a 23-gauge 

needle (spinneret). The syringe was placed in a syringe pump (Harvard 

Apparatus, UK) and set to solution flow rate 1ml/hr. A 22 kV voltage was 

applied to the spinneret and fibres were collected on rotating mandrel 

positioned 15 cm away from the needle tip, mandrel speed was set to 50 rpm. 

The solutions were electrospun for 3 hours at 20°C in 40% relative humidity. A 

schematic of the complete electrospinning equipment is shown in Figure 30.
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1ml/hr 

15cm air gap 

Syringe pump 

bECM solution Mandrel 

Motor 

Syringe 

22kV 

Spinneret 

Figure 30: A schematic of the electrospinning apparatus. bECM solution is passed through a syringe placed on a syringe pump facing the mandrel, a high voltage supply is 
applied to the spinneret causing an electric potential between the spinneret and the grounded mandrel forcing the fibers to be ejected from the spinneret and deposited 
on the rotating mandrel. 
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5.2.3 Crosslinking of the electrospun fibres 

Electrospun fibres were crosslinked using a mixture of N-(3-

dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDC) (Sigma-

Aldrich, UK) and N-hydroxysuccinimide (NHS) (Sigma-Aldrich, UK) [271].  

Crosslinking was carried out by mounting small circular samples of the mats in 

the Scaffdex CellCrown™ system, and incubating the samples in 10ml 

ethanol/water (90% v/v) buffer containing 25mM EDC, 10 mM NHS overnight 

at 4°C. After removal of the crosslinking solution samples were washed with 

phosphate-buffered saline (PBS) supplemented with 20% v/v 

penicillin/streptomycin overnight at 4°C. A further washing step was 

performed with PBS. The crosslinked samples were sterilized with ultra violet 

irradiation for 30 min on each side of the scaffold, and soaked in PBS at 4°C 

until use. 

 

5.2.4 Morphology  

Samples of electrospun bECM and electrospun gelatin before and after 

crosslinking were gold-coated with blazers SCD030 gold sputter coater. The 

morphology of the electrospun scaffolds were examined by scanning electron 

microscopy (SEM), using a JEOL 6060LV imaging system. The diameter 

distribution of the electrospun fibre was determined by measuring at least 20 

fibers from three different samples using ImageJ software. 
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5.2.5 mPCs and hMSCs seeding onto electrospun scaffolds 

mPCs were seeded onto bECM electrospun scaffolds at 100k in 12 plates with 

basal media. 

in vitro cell viability was further assessed with hMSCs, cells were cultured on 

bECM electrospun and gelatin electrospun scaffolds at 100k in 12 well plate 

with mesenchymal stem cell growth medium (MSCGM). The proliferation of 

mPCs and hMSCs were assessed with PrestoBlue (ThermoFisher) over several 

days as described in section (2.2.6). 

 

5.2.6 Assessment of mineralisation 

The presence of mineralised nodules was assessed with von Kossa staining 

(Millipore, UK). mPCs were cultured on tissue culture plate (TCP) and 

electrospun bECM with osteogenic and basal medium, after 21 days cells were 

fixed in 10% (v/v) formalin. After rinsing the fixed cells were incubated with 

silver nitrate solution under UV light, then washed three times with deionized 

water and treated with sodium thiosulfate solution, final wash with deionized 

water was performed. Mineralized nodules were seen as dark brown to black 

spots. 
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5.2.7 Immunohistochemical staining for osteopontin and osteocalcin 

Immunohistochemical staining for the osteogenic marker proteins osteocalcin 

(OCN) and osteopontin (OPN) in mPCs and hMSCs was performed as described 

previously in section (2.2.7). Hoechst (Sigma-Aldrich, UK) applied for nuclei 

stain. 

 

5.2.8 Quantitative PCR analysis 

The expression levels osteogenic gene markers in hMSCs seeded onto bECM 

electrospun and gelatin electrospun scaffolds were assessed by qPCR analysis, 

on day 21 scaffolds were cut into small pieces and resuspended in TRIZOL 

reagent, RNA isolation and qPCR analysis were completed as described in 

(3.2.7). 

 

5.3 Results 

 

5.3.1 Selection of an appropriate solvent 

HFP was used previously as a suitable solvent for collagen type I electrospinning 

[250, 272, 273], and because collagen type I is the main component of bone 

ECM, solvents used in the literature to dissolve collagen were screened  to find 

the best solvent. 
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HFP was not able to fully dissolve bECM, but the resultant solution after 

filtering showed reasonable viscosity for electrospinning (Figure 31A & B). TFA 

dissolved bECM granules but the formed solution could not be fabricated into 

fibers by electrospinning, beads and drops were formed on the collector (Figure 

31C & D). 

DCM/TFA mixture with the volume ratio of 50/50 dissolved bECM powder, but 

it was not an appropriate solvent because a number of beads were formed on 

the collector after the electrospinning process (Figure 31E & F). 

The best solvent used in this study was HFP/TFA with the volume ratio of 50/50; 

TFA improved the solubility of bECM and formed a proper solution for 

electrospinning (Figure 31G & H). 
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Figure 31: Selection of an appropriate solvent for bECM electrospinning. (A & B) 100% 
HFP, (C & D), 100% TFA, (E & F) DCM/TFA with the volume ratio of 50/50, (G & H) 
HFP/TFA with the volume ratio of 50/50. 
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5.3.2 Electrospinning and crosslinking of bECM and gelatin fibers 

The solution of bECM granules in HFP/TFA with different volume ratio and 

different concentrations were electrospun under specific spinning parameters. 

It was found that smooth nanofibers were obtained with 55mg/ml bECM 

concentration and 50/50 HFP/TFA volume ratio (Figure 32). Gelatin type A was 

dissolved in 100% HFP at 55mg/ml and electrospun under the same conditions 

to be used as a comparator material in some experiments (Figure 35). The 

morphology of electrospun scaffolds were assessed by means of SEM analysis, 

the spun scaffolds were characterized by random arrangement of fibers, free 

of beads, and diameter range between 200_700nm before and after 

crosslinking. (Figure 32, Figure 33, Figure 35, and Figure 36). The mean 

diameter of the spun fibers was measured from SEM micrograph, which 

showed a slight reduction in fiber diameter after crosslinking process in both 

bECM and gelatin fibers (Figure 34 and Figure 37).
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Figure 32: Electrospinning of bECM. 55mg/ml bECM dissolved in 50/50 HFP/TFA volume ratio, 22 kV voltage was applied to 
the spinneret and fibres were collected on rotating mandrel positioned 15 cm away from the needle tip, mandrel speed was 
set to 50 rpm. The solutions were electrospun for 3 hours at 20°C in 40% relative humidity. 
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Figure 33: SEM images of bECM electrospun fibers after crosslinking. Electrospun bECM were crosslinked using a mixture of 
25mM N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDC) and 10mM N-hydroxysuccinimide (NHS). 



113 
 

 

  

2
0
0

3
0
0

4
0
0

5
0
0

6
0
0

7
0
0

2
0
0

3
0
0

4
0
0

5
0
0

6
0
0

7
0
0

0

1 0

2 0

3 0

4 0

F ib re  d ia m e te r  (n m )

F
r
e

q
u

e
n

c
y

A f t e r  c r o s s l in k in g

B e f o r e  c r o s s l in k in g

Figure 34: Distribution of fibre diameters of electrospun bECM before and after crosslinking. 
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Figure 35: Electrospinning of gelatin type A. 55mg/ml gelatin A was dissolved in 100% HFP, 22 kV voltage was applied to the 
spinneret and fibres were collected on rotating mandrel positioned 15 cm away from the needle tip, mandrel speed was set to 
50 rpm. The solutions were electrospun for 3 hours at 20°C in 40% relative humidity. 
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Figure 36: SEM images of gelatin electrospun fibers after crosslinking. Electrospun gelatin were crosslinked using a mixture of 
25mM N-(3-dimethylaminopropyl)-N′-ethyl-carbodiimide hydrochloride (EDC) and 10mM N-hydroxysuccinimide (NHS). 
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Figure 37: Distribution of fibre diameters of electrospun gelatin before and after crosslinking. 
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5.3.3 mPCs and hMSCs seeding onto electrospun scaffolds 

mPCs cultured on electrospun bECM were viable after day 2 and day 4, with 

increased proliferation between day 2 and day 4 (Figure 38). 

 hMSCs seeded onto electrospun bECM and electrospun gelatin were also 

viable after day 3 and day 7, with significant increase in proliferation between 

hMSCs cultured onto spun bECM and gelatin on day 7 (Figure 39).
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Figure 38: Proliferation of mPCs on electrospun bECM after 2 and 4 days. 
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Figure 39: Proliferation of hMSCs on electrospun gelatin and electrospun bECM after 3 and 7 days. 
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5.3.4 Von Kossa staining 

Mineralisation was assessed by von Kossa staining after 21 days of mPCs 

culture on tissue culture plate (TCP) and spun bECM with basal and osteogenic 

media. All samples exhibited positive staining when treated with osteogenic 

medium (Figure 40A & C). However, mineral deposition represented with black 

colour was only observed in cells cultured on spun bECM when treated with 

basal medium (Figure 40B & D).
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Figure 40: Von Kossa staining of mPCs cultured on tissue culture plate (TCP) (A & B) and electrospun bECM (C & D), with 
osteogenic medium (A & C ), and  basal medium (B and D). Black colour indicates mineral deposition. Scale bar: 50µm. 
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5.3.5 Expression of osteogenic proteins in mPCs and hMSCs 

Osteocalcin and osteopontin expression in mPCs cultured on electrospun bECM 

was assessed by immunocytochemistry on day 21, staining of expressed ECM 

proteins OPN and OCN were observed in all cells cultured on spun bECM with 

basal and osteogenic medium (Figure 41). 

Similar results were observed with hMSCs when cultured on spun bECM, OCN 

was expressed in all samples with basal and osteogenic medium (Figure 42A & 

E). However, staining of expressed OCN was only observed in hMSCs cultured 

on electrospun gelatin when treated with osteogenic medium (Figure 42C & G). 
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Figure 41: Expression of osteopontin (A & E) and osteocalcin (C & G) in mPCs cultured 
on electrospun bECM with osteogenic medium (A & C) and basal medium (E & G). 
Merge image shows OPN and OCN with Hoechst nuclear staining (B, D, F & H). 



124 
 

 

 

  

A B 

C D 

E F 

G H 

Figure 42:  Expression of osteocalcin in hMSCs cultured on electrospun bECM (A & E) 
and electrospun gelatin (C & G) with osteogenic medium (A & C) and basal medium 
(E & G). Merge image shows OPN and OCN with Hoechst nuclear staining (B, D, F & 
H). 
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5.3.6 mRNA expression of osteogenic markers 

Osteogenesis was further evaluated by RT-qPCR analysis for expression of four 

genes: osteopontin (OPN), osteocalcin (OCN), runt related transcription factor 

2 (RUNX-2) and alkaline phosphatase (ALP). hMSCs were cultured for 21 days 

on electrospun bECM and electrospun gelatin in osteogenic and basal media. 

Figure 43 shows the expression of the four genes is upregulated in all cultures 

treated with osteogenic medium, but this expression was highest in hMSCs 

seeded onto spun bECM with osteogenic medium. Moreover, there was 

significant differences in the four genes expression between hMSCs cultured 

on spun bECM compared to spun bECM when treated with basal medium. 
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Figure 43: RT-qPCR of osteogenic markers OPN (A), OCN (B), RUNX2 (C), and ALP (D) expression in hMSCs 
seeded onto electrospun gelatin and electrospun bECM cultured in basal and osteogenic medium. 
Expression of each target gene normalised to β-actin. Data shown is mean±SD of 3 independent 
experiments (n=3). Statistical significance of expression **** indicates p<0.0001; *** indicates p<0.001; 
** indicates p<0.01; and * indicates p<0.05 
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5.4 Discussion 

 

Biomaterials derived from decellularized ECM contain complex cues that 

influence cellular activity. These materials retain the biological and 

architectural features that highly bioactive. This bioactivity cannot be imitated 

by adding biomolecules to synthetic scaffolds because it is almost impossible 

to replicate the exact biomolecules and their concentration contained in ECM 

[112, 274-276]. The major limitation with decellularized ECM associated with 

difficulties to control shape and physical properties.  

On the other hand, electrospinning process has been widely used as a 

technique to produce nanofibrous scaffolds mimicking ECM structure, number 

of materials have been electrospun to fabricate scaffolds for applications in a 

variety of tissue engineering such as: bone [277], tendon [278], and cartilage 

[279]. 

To address the limitations associated with decellularized ECM, we electrospun 

these materials to improve porosity and handling and presented them within a 

platform that allows a control over ECM material properties.  

The aim of this chapter was the evaluation of electrospinning decellularized 

bone ECM, to obtain highly porous nanofibrous scaffolds that support mouse 

PCs and human MSCs adhesion, proliferation and osteogenic differentiation.  
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The choice of solvent plays a crucial role in the electrospinning process, it 

should be able to dissolve the polymer into solution and carry it towards the 

collector, then to vaporize quickly to leave the polymer fibers.  No study has 

been reported yet that electrospin decellularized bone ECM. Therefore, 

number of solvents has been screened to find the appropriate solvent to 

dissolve bECM and form a solution suitable for electrospinning. 

Several parameters can influence the morphology of the collected fibers, like 

the voltage applied, solvent, air gap distance and flow rate [280, 281]. Volatile 

solvents such as chloroform or 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol were 

appropriate solvents for electrospinning natural and synthetic polymers [282-

284]. 

Collagen type I is the most abundant protein in bone ECM [101, 285]. 

Therefore, we were interested in solvents used previously to dissolve collagen 

type I. HFP partially dissolved bECM powder and produced an appropriate 

solution for electrospinning bECM after filtering the solution. However, the 

protein component of bone ECM after the decellularization process is yet 

unknown and the undissolved granules could contain essential proteins for 

bone ECM (Figure 31A & B). 

Though bECM granules could be dissolved in TFA solvent, the resultant solution 

could not be fabricated by electrospinning into nanofibers, only beads and 

drops were formed on the collector (Figure 31C & D). 
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DCM/TFA mixture with the volume ratio of 50/50 also dissolved bECM powder 

and produced better solution for electrospinning. However, beads formation 

on the collector remain a problem with this solvent (Figure 31E & F). The 

addition of TFA to HFP with the volume ratio of 50/50 improved bECM solubility 

and formed a solution suitable for electrospinning (Figure 31G & H). 

The solution of bECM in HFP/TFA with different concentration and volume ratio 

of the solvent were electrospun. It was found that the nanofibers were 

obtained with no beads and drops, and showed typical fiber morphology under 

SEM when the concentration of bECM used was 55mg/ml with 50/50 volume 

ratio of HFP/TFA Figure 32. 

The electrospun bECM scaffolds were water soluble. Therefore, the 

nanofibrous scaffolds were crosslinked using EDC/NHS in in ethanol/water 

(90% v/v) Figure 33. 

The fibrous, beads free structure was retained after the crosslinking, the mean 

diameter of the electrospun bECM before and after electrospinning was 

measured from SEM micrographs, which was decreased slightly after 

crosslinking process (Figure 34), which is a common result previously discussed 

[286]. 

Gelatin Type A also processed uniform fibers that retained after crosslinking 

and it showed similar results in terms of the decrease of fiber diameter after 

crosslinking process as showed in Figure 35, Figure 36, and Figure 37. 
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Our results showed that seeding mPCs and hMSCs into electrospun bECM 

scaffolds was successful after in vitro culturing (Figure 38 and Figure 39), 

suggesting that the decellularization and electrospinning process preserved 

ECM structural component and did not remove or damage cellular binding sites 

crucial for cell adhesion and proliferation, which explains the significant 

increase in hMSCs proliferation on spun bECM compared to spun gelatin Figure 

39. 

We discussed in the first chapter the osteoinductive activity of bECM hydrogels, 

and we focused in this chapter in presenting bone ECM in new application while 

retaining their osteogenic potential. 

Mineralisation and nodule formation was assessed with Von Kossa staining in 

mPCs cultured on spun bECM; results showed electrospun bECM induced 

osteogenic differentiation in without the enhancement of osteogenic medium 

compared to mPCs cultured on TCP Figure 40.  

These results were further supported with immunocytochemistry staining for 

osteogenic proteins osteocalcin (OCN) and osteopontin (OPN), which were 

expressed in mPCs seeded into spun bECM with both basal and osteogenic 

media.  

hMSCs showed similar results when cultured on spun bECM, osteocalcin was 

expressed in all cells. However, hMSCs seeded into spun gelatin only expressed 

osteogenic protein osteocalcin when induced with osteogenic medium (Figure 

41 and Figure 42). 



131 
 

 

qPCR analysis revealed enhanced osteogenesis of hMSCs cultured on spun 

bECM based on the expression of four osteogenic gene markers: ALP, RUNX2, 

OPN and OCN compared to hMSCs cultured on spun gelatin (Figure 43). 

 

Our findings show that decellularized bovine bone extracellular matrix retained 

the osteogenic potential upon electrospinning, electrospun bECM scaffolds 

supported the attachment, proliferation, and osteogenic differentiation of two 

cell types: mPCs and hMSCs. These results open up opportunities to use 

decellularized bone ECM in new and wider range of clinical application, 

consequently enhance their contribution toward bone regeneration and repair.    
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Chapter 6. Summary and Future Direction 

 

Tendon-to-bone entheses allow proper transmission of forces from muscle to 

bone in the musculoskeletal system. Although injuries to the tendon-to-bone 

interface are very common in the orthopaedic field, their repair is often 

associated with high failure rates. Reconstruction of entheses, with the four 

zones of soft tendon tissue, fibrocartilage, mineralized fibrocartilage, and hard 

bone tissue is essential to restore the original strength of the insertion site. 

Therefore, enthesis regeneration represent a great challenge in the 

orthopaedic field. 

Tissue engineering provides an attractive platform for tendon-to-bone 

interface regeneration; it offers number of strategies to recapitulate the 

structural and cellular heterogeneity of the native tissue. Current clinical 

techniques used for enthesis repair, such as bridging and grafting, had high 

failure rate due to poor integration between the graft and the insertion site. 

Therefore, replicating the native biological, structural, and mechanical features 

of the tendon-to-bone interface is believed to be the ideal technique for 

designing tissue-engineered scaffold for enthesis repair. Development and 

investigation of scaffolds with multiple phases that direct MSCs differentiation, 

is needed to design a construct with multiple zones, multiple cell types, and 

consequently multiple mechanical properties to functionally restore the 

structural, cellular, and mechanical properties of the enthesis in order to 

improve the repair of this complex and unique interface site. 



133 
 

The aim of this work was to address the limitation associated with current 

available strategies for tendon-to-bone interface tissue engineering, by 

designing a gradient hydrogel bioscaffold with different conditions to induce 

mesenchymal stem cells (MSCs) differentiation into multiple interface-specific 

lineages. 

The first experimental chapter of this project focused on investigating the 

osteoinductive activity of demineralized and decellularized bone extracellular 

matrix, they were solubilized and induced to form a hydrogel. C2C12 myoblasts 

cultured on bECM in the presence of low and rich serum mediums appeared to 

be converted the differentiation pathway into osteoblast lineage compared to 

C2C12 cells cultured on collagen type I. Exposure to DBM and bECM hydrogels 

promoted mPCs osteogenic differentiation in vitro compared to cells cultured 

on collagen type I. 

The second experimental chapter focused on producing hydrogel derived from 

equine tendon ECM, to get the two forms of hydrogels essential for the 

gradient bioscaffold. Tendon ECM was decellularized, solubilized and induced 

to form a hydrogel, with distinct structural and biological proprieties, tECM 

enhanced hMSCs attachment, proliferation and tenogenic differentiation. 

tECM and bECM induced hMSCs differentiation into multiple interface-specific 

lineage (tendon and bone). 
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The third experimental chapter focused on optimising a method to electrospin 

bone ECM, to enable control of material properties. Electrospun bECM 

scaffolds have shown to retain the osteogenic potential upon electrospinning, 

and they supported the attachment, proliferation, and osteogenic 

differentiation of two cell types: mPCs and hMSCs. 

 

The findings of this work demonstrated the ability of bECM, tECM hydrogels 

and electrospun bECM to influence hMSCs osteogenic and tenogenic 

differentiation without the additional of biological factors, making these 

materials promising bioactive scaffolds for use in tendon-to-bone interface 

tissue engineering applications. Together these data provide all the elements 

needed to design a gradient hydrogel scaffold for tendon-to- bone interface 

tissue engineering. 
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6.1 Future direction 

Previous studies on tendon-to-bone insertion site have demonstrated the 

graded structure of these entheses, and its importance in the joint mobilization 

[30, 287]. However, the gradation in properties at repaired entheses was not 

established in most animal studies [32, 33, 288]. The most promising methods 

used in entheses repair are the use of extracellular matrix (ECM) derived 

materials as a scaffold [289, 290]. Our research aimed to apply the positive 

effect of the ECM scaffolds at the insertion site, to develop a gradient 

tECM/bECM hydrogel scaffold; it is likely that gradations in ECM hydrogel 

promote gradations in cell differentiation and tissue remodelling, which would 

provide a possibility to develop a material-regulated cell behaviour.   

We also aim to develop a method to electrospin tendon extracellular matrix 

(tECM) with aligned fibers, previous studies have shown that aligned 

electrospun polymer scaffolds demonstrate better tenogenic effect compared 

to non-aligned scaffolds [94, 223, 291]. Further aim is to produce an aligned-

to-random electrospun scaffolds, aligned fibers with tendon ECM and 

randomly oriented fibers with bone ECM to mimic the structural and 

compositional organization at the tendon-to-bone insertion site. 
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Promising experimental data support the concept of using graded materials for 

tendon-to-bone insertion repair [97, 99]. The final aim of this work is to design 

multi-phased bioscaffold, with aligned-to-random electrospun nanofibrous 

scaffold, coated with gradient concentration of bone and tendon ECM 

hydrogels and seeded with human mesenchymal stem cells.  

We propose that the aligned-to-random nanofibrous structure of the scaffold, 

together with the gradation in the tECM/bECM hydrogels could promote 

graded stem cell lineage differentiation into tenogenic, chondrogenic, and 

osteogenic lineages respectively, and as a result, enhance the regeneration and 

mechanical properties of the four distinct zones of the interface tissue. 

 

Overall, this multi-phased scaffold could be a great development for the future 

engineering of tendon-to-bone insertions sites.   
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