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Summary 

Although bone has an inherent capacity for self-repair, bone defects above a critical 

size cannot heal on their own and their repair represents a significant clinical challenge. The 

current clinical gold standard treatment for such defects is autografting; however, there are 

a number of drawbacks associated with this approach. This has led to an increased interest 

in the field of bone tissue engineering (BTE), which aims to combine engineering 

technology and the principles of biological science to develop strategies for the repair and 

regeneration of lost or damaged bone tissue. 

Nowadays, there is increasing interest in the field of BTE in mimicking natural tissue 

developmental processes as a means of directing regeneration in vivo. Developmentally 

inspired BTE strategies that try to recapitulate the endochondral ossification (EO) pathway 

have shown promise for repairing critically sized defects in pre-clinical studies. Although 

recapitulating EO offers a promising route to bone regeneration, translating such 

developmentally inspired TE approaches to a clinical setting requires a number of key 

challenges to be addressed. These challenges can potentially be addressed using emerging 

3D bioprinting strategies. 3D bioprinting technologies enable precise control of the construct 

fabrication process, allowing the spatial patterning of cells, bioactive factors and 

biomaterials in 3D space. In addition to these challenges, there are numerous practical, 

logistical and regulatory considerations associated with the use of live cells and tissues. This 

has motivated increased interest in the decellularisation of in vitro engineered tissues as a 

means of producing extracellular matrix (ECM) based off-the-shelf implants for in vivo 

tissue engineering and regenerative medicine applications. Such off-the-shelf implants 

represent a potential alternative, easier to commercialise and translate into the clinic, since 

they are easily transported and stored, are available ready-to-use and may face less onerous 

regulations to be clinically approved. 

The overall goal of this thesis is to 3D bioprint mechanically reinforced cartilaginous 

templates as developmentally inspired implants for large bone defect regeneration. The 

specific aims to realise this goal are: (i) to assess whether fibrin hydrogels can support 

chondrogenesis of hMSCs and progression along an endochondral pathway in vitro, (ii) to 

investigate how the fibrinogen content within fibrin based bioinks influences 

chondrogenesis of encapsulated hMSCs and to mechanically reinforce 3D bioprinted 

cartilaginous templates with a 3D printed polymer network, (iii) to 3D bioprint reinforced 
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cartilage and hypertrophic cartilage templates and assess their capacity to support large bone 

defect healing in vivo in a rat femoral defect model, and (iv) to assess the capacity of 

decellularised cartilage and hypertrophic cartilage templates to promote bone regeneration 

in vivo. In chapter 3 of this thesis it is demonstrated that fibrin hydrogels can support hMSCs 

chondrogenesis and progression along an endochondral pathway in vitro. Over time in 

culture, embedded MSCs secreted an ECM rich in sGAG and collagen. It was also 

demonstrated that micro-channels included in the design of these constructs to facilitate 

nutrient transport in vitro and potentially vascularisation in vivo, remained patent throughout 

the culture period. Chapter 4 describes a biofabrication method that uses fibrin-based bioinks 

to bioprint reinforced hMSCs-laden constructs, which are consequently cultured to produce 

cartilaginous templates. It was decided to use 3D bioprinting to produce these templates 

because the complex moulding techniques used in chapter 3 could have limited the future 

development of grafts with patient-specific geometries. It was observed that the fibrinogen 

content within such fibrin-based bioinks influences chondrogenesis of the encapsulated 

hMSCs, and that it is possible to mechanically reinforce these 3D bioprinted cartilaginous 

templates with a 3D printed polymer network. In chapter 5 different in vitro culture 

conditions are used to engineer chondrogenic and early hypertrophic cartilaginous cartilage 

templates. It was observed that chondrogenic priming of such hMSC laden constructs was 

required to support robust vascularisation and graft mineralisation in vivo following their 

subcutaneous implantation into nude mice. In addition, following their implantation into rat 

femoral bone defects, these primed constructs were rapidly remodelled into bone in vivo, 

with early hypertrophic constructs supporting higher levels of vascularisation and bone 

formation compared to the chondrogenic constructs. Finally, chapter 6 of this thesis presents 

a process to decellularise the engineered cartilaginous grafts from chapter 5 to produce off-

the-shelf hypertrophic cartilage grafts, which are shown to support osteogenesis of hMSCs 

in vitro.  The capacity of such decellularised constructs to direct bone repair in vivo is also 

assessed, showing that decellularisation diminished the bone forming capacity of the 

engineered grafts, and the resulting grafts possessed inferior osteoinductivity compared to 

control collagen sponges soak loaded with BMP-2. 

Overall, the results of this thesis demonstrate that 3D bioprinting is a viable approach 

to scale-up the engineering of developmentally inspired templates for BTE, and support the 

continued development of such 3D bioprinted cartilage templates as a new class of 

regenerative implant for large bone defects.   
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Chapter 1: Introduction  

 

1.1 The clinical problem of large bone defect healing 

Although bone has an inherent capacity for self-repair, this can be exceeded 

following trauma or disease, with negative impacts on patients and society worldwide. In 

fact, it is estimated that about 1,500,000 long bone fractures occur every year in the Unites 

States alone [1], with more than 500,000 bone grafting procedures to treat non-union or large 

defects performed annually in the United Sates [2], while more than 2 million are performed 

worldwide [3, 4]. To effectively treat critically sized defects, an external intervention is 

required. The current clinical gold standard treatment for such defects is the use of an 

autologous bone graft, where a patientôs own bone is harvested and relocated to the defect 

site. Despite positive clinical outcomes, the use of autografts is limited by the scarcity of 

suitable and harvestable autologous bone and associated donor site morbidity [5, 6]. Such 

challenges have led to an increased interest in the field of bone tissue engineering (BTE), 

which aims to combine engineering technology and the principles of biological science to 

develop strategies for the repair and regeneration of lost or damaged tissue [7, 8].  BTE 

focuses on using specific combinations of different cell types, biomaterials and 

biomolecules in order to engineer bone grafts which, upon implantation in vivo, can 

transform into living bone tissue [9]. 

 

1.2 Developmentally inspired tissue engineering strategies for large bone 

defect healing 

The majority of our bones develop through the process of endochondral ossification 

(EO), which involves the production by chondrocytes of a hyaline cartilage template that 

over time is replaced by mineralised bone tissue. EO begins with the condensation of 

mesenchymal stem cells (MSCs), which differentiate along a chondrogenic lineage [10, 11]. 

The resulting chondrocytes (CCs), under the control of the indian hedgehog 

(IHH)/parathyroid hormone-related protein (PTHrP) negative-feedback loop, undergo a 

coordinated sequence of proliferation and hypertrophy, providing a growing template for 

bone formation [12]. CCs then secrete type X collagen, angiogenic factors such as vascular 
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endothelial growth factor (VEGF) and the enzyme alkaline phosphatase (ALP), leading to 

cartilage calcification [13]. These hypertrophic chondrocytes also secrete matrix 

metalloproteinases (MMPs), which degrade the surrounding matrix template, allowing the 

invasion of other cells and blood vessels [14]. Incoming osteoprogenitor cells differentiate 

into trabecular bone-forming osteoblasts, while hematopoietic and endothelial cells establish 

the bone marrow [15]. Osteoprogenitors differentiate into osteoblasts, which subsequently 

deposit the periosteal bone collar, a predecessor of cortical bones, forming the primary 

ossification centre (POC) [16]; from there, osteoblasts start to lay down new woven bone. 

Over time, following a similar process, a secondary ossification centre (SOC) is formed at 

both ends of long bones. In the central diaphyseal region between the primary and secondary 

ossiýcation centres, a cartilaginous layer, known as the growth plate, persists. This growth 

plate is responsible for continued longitudinal bone growth until it is entirely replaced by 

bone. 

There is increasing interest in the field of tissue engineering in mimicking such 

developmental processes as a means of directing regeneration in vivo, a concept sometimes 

referred to as ñdevelopmental engineeringò [17]. Developmentally inspired BTE strategies 

that try to recapitulate the EO pathway have shown promise for repairing critically sized 

defects. It has been demonstrated that cartilaginous templates, generated using adult MSCs, 

become vascularised and form bone following implantation in vivo [18, 19]. Moreover, pre-

clinical studies have demonstrated that hypertrophic cartilage templates, engineering using 

bone marrow MSCs, can successfully regenerate large bone defects in rats [20-22]. 

Although recapitulating EO offers a promising route to bone regeneration, 

translating such developmentally inspired TE approaches to a clinical setting requires a 

number of key challenges to be addressed. These include scaling-up the engineering of such 

cartilaginous templates to match the size and geometry of critically sized defects in humans. 

It is well known that nutrient transfer limitations can arise in such larger engineered grafts, 

resulting in the formation of core regions devoid of cells and matrix [19]. Problems can also 

arise when larger constructs are implanted in vivo, whereby core regions of avascular 

cartilage often persist and are not converted into bone [23, 24]. Another challenge is ensuring 

that the in vitro engineered tissues are provided with the necessary mechanical support to 

perform their function in the adult body. Typically engineered cartilaginous templates 

possess relatively poor mechanical properties, which represents an issue in load bearing 

defects. This problem can potentially be addressed by the addition of a secondary reinforcing 
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material [25]. In many clinical scenarios it is also important that the engineered graft 

accurately mimics the specific patient anatomy. To achieve this very fine control over 

construct fabrication is required, ideally using patient specific imaging (e.g. computed 

tomography (CT) data) to inform the tissue engineering process. This would open up the 

possibility of tissue engineering anatomically accurate templates for bone regeneration. 

Finally, it is important to note that to date, the majority of such EO pre-clinical studies have 

been undertaken using engineered grafts generated from animal cells; prior to clinical 

translation in man it will be necessary to confirm that such approaches are also efficacious 

using human MSCs. This thesis aims to engineer, using hMSCs, mechanically reinforced 

cartilage and hypertrophic cartilage templates and to assess their capacity to support large 

bone defect healing in vivo in a rat femoral defect model. 

 

1.3 Decellularised engineered tissues as off-the-shelf grafts for 

regenerative medicine 

While TE strategies that recapitulate the developmental processes such as EO offer 

a promising route to bone regeneration, clinical translation and commercialisation of any 

cell-based therapy is complex and challenging. There are numerous practical, logistical and 

regulatory considerations associated with the use of live cells and tissues that hinder their 

direct translation to a clinical setting [26]. These challenges have motivated increased 

interest in the decellularisation of in vitro engineered tissues as a means of producing 

extracellular matrix (ECM) based off-the-shelf implants for in vivo tissue engineering and 

regenerative medicine applications [27]. Such off-the-shelf implants represent a potential 

alternative to viable cellular constructs since they are easier to commercialise and translate 

into the clinic, they are easily transported and stored, are available ready-to-use and may 

face less onerous regulations to be clinically approved. A notable example of such an off-

the-shelf product derived from in vitro engineered ECM is the Humacyte© vascular graft, 

which is currently in clinical use [28, 29]. This bioengineered human acellular vessel is 

generated by seeding human smooth muscle cells into a tubular biodegradable mesh 

scaffold, which is then cultured for 8 weeks within a bioreactor system before being 

decellularised. The relative success of this concept suggests that it could be applied to other 

clinical targets such as large bone defect healing. This possibility will be investigated as last 

aim of this thesis. 
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1.4 3D bioprinting as a tool for bone tissue engineering 

Many of the aforementioned challenges associated with existing developmentally 

inspired EO TE strategies (such as scalability, cartilaginous templates intrinsic low 

mechanical properties, patient-specific geometry) can potentially be addressed using 

emerging 3D bioprinting strategies. 3D bioprinting technologies enable precise control of 

the construct fabrication process, allowing the spatial patterning of cells, bioactive factors 

and biomaterials in 3D space [30-33]. As such, they enable tight control of the internal and 

external architectures of scaffolds and engineered constructs [34, 35]. In this way it is 

possible to engineer tissue architectures conducive to nutrient transport and waste removal 

and/or that support vascularisation upon implantation in vivo [36, 37]. Moreover, it is 

possible to introduce reinforcing scaffolding materials into the biofabrication process, 

thereby address the issue of providing sufficient mechanical properties to softer TE 

constructs. 3D printed polymeric frames have been extensively used to reinforce soft 

hydrogels, bioinks and engineered tissues in order to allow them to better withstand 

challenging physiological loads typically encountered in vivo [38-43]. Finally, another 

advantage of bioprinting technology is that it can be integrated with patient specific 

computed tomography (CT) data, making it possible to create anatomically accurate 

templates for BTE, which is especially important when attempting to repair complex clinical 

fractures. 

Although 3D bioprinting techniques offer tremendous potential in the field of tissue 

engineering, realising its potential for the development of hypertrophic cartilage templates 

for endochondral bone tissue engineering requires the identification of a suitable bioink. 

Such a hydrogel ink must be printable, support chondrogenesis of MSCs in vitro and degrade 

in vivo to enable vascularisation and conversion of the cartilage graft into bone. Previous 

studies have demonstrated that hydrogel persistence in vivo can delay the conversion of 

engineered cartilage templates into bone [21, 44], hindering proper bone regeneration and 

so challenging the development of hydrogel bioinks for developmentally inspired 

bioprinting strategies. In order to create 3D bioprinted cartilaginous templates for use in 

large bone defect regeneration, this thesis will seek to identify a promising bioink and to 

assess its ability to support hMSCs chondrogenesis and progression along an endochondral 
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pathway in vitro, and then its capacity to support the conversion of an engineered cartilage 

template into bone in vivo. 

 

1.5 Objective of the thesis 

A large number of approaches, involving different regenerative pathways, 

fabrication techniques, materials, cells and biomolecules are currently being explored for 

large bone defect regeneration, suggesting that the ideal graft to restore such defects has yet 

to be identified. The overall goal of this thesis is to 3D bioprint mechanically reinforced 

cartilaginous templates as developmentally inspired implants for large bone defect 

regeneration. The following specific aims are proposed to realize this goal: 

Specific aim 1: To assess whether fibrin hydrogels can support chondrogenesis 

of hMSCs and progression along an endochondral pathway in vitro. 

Fibrin is a natural biopolymer that possesses many biological properties needed for 

successful biomaterial-based tissue regeneration, including excellent in vivo 

biocompatibility and biodegradation properties. Furthermore, it has previously been used as 

a bioink for the bioprinting of osseous implants [30]. The first aim of this thesis to assess 

whether fibrin hydrogel constructs can support chondrogenesis of hMSCs and progression 

along an endochondral pathway in vitro. The architecture of these engineered tissue will also 

be modified to improve nutrient transport in vitro (Chapter 3). 

 

Specific aim 2: To investigate how the fibrinogen content within fibrin based 

bioinks influences chondrogenesis of encapsulated hMSCs and to mechanically 

reinforce 3D bioprinted cartilaginous templates with a 3D printed polymer network. 

Hydrogel concentration plays an important role in the definition of biomaterials 

properties. Here two fibrinogen concentrations will be compared to investigate how 

fibrinogen content within fibrin based bioinks influences chondrogenesis of hMSCs. A 

potential limitation of such engineered cartilage templates is their relatively poor mechanical 

properties, which may limit their use in a load bearing environment. To address this concern, 
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this thesis will use a 3D printed polycaprolactone (PCL) frame to mechanically reinforce the 

bioprinted cartilage templates (Chapter 4). 

 

Specific aim 3: To 3D bioprint reinforced cartilage and hypertrophic cartilage 

templates and assess their capacity to support large bone defect healing in vivo in a rat 

femoral defect model. 

Using the fibrin-based bioink, this thesis will next 3D bioprint mechanically 

reinforced, hMSC laden constructs that will be differentially primed to engineer either a 

chondrogenic or an early hypertrophic template. A mice subcutaneous implantation model 

will be used to confirm that such chondrogenic templates can support vascularisation and 

endochondral bone formation in vivo. A critically sized rat femoral defect model will then 

be used to assess the capacity of both the bioprinted chondrogenic and the early hypertrophic 

templates to support bone regeneration compared to a gold standard of collagen scaffold 

based BMP-2 delivery (Chapter 5). 

 

Specific aim 4: To assess the capacity of decellularised cartilage and 

hypertrophic cartilage templates to promote bone regeneration in vivo 

Here different decellularisation methods will be applied to tissue engineered 

templates to reduce construct DNA levels whilst retaining the extracellular matrix (ECM) 

components secreted in culture. To produce off-the-shelf implants for large bone defect 

healing, bioprinted cartilaginous templates with different phenotypes (chondrogenic, early 

hypertrophic and late hypertrophic) will be decellularised and freeze-dried. These 

decellularised cartilage templates will be then assessed for their osteogenic potential in vitro 

by reseeding them with hMSCs and culturing them in minimal osteogenic media. Finally, 

the critically sized rat femoral defect model will again be used to investigate the capacity of 

such decellularised grafts to promote bone regeneration in vivo (Chapter 6). 
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Chapter 2: Literature Review 

 

2.1 Bone physiology and biology 

2.1.1 Bone formation and development 

Bone can develop following two distinct processes, intramembranous or 

endochondral ossification (EO). Most parts of the craniofacial complex, the scapula and 

clavicula, are formed through intramembranous ossification [45], while the rest of the bones 

of the skeleton are formed by endochondral ossification [46]. 

Intramembranous ossification (Fig. 2.1A) starts with the formation of the blastema, 

a condensation of mesenchymal cells which initiate the production of a type I collagen 

matrix and secretion of other molecules [47], establishing in this way an ossification centre 

[10, 11]. In the centre of the blastema, cells begin to differentiate into osteoblasts, which 

start to secrete osteoid, the organic portion of the bone matrix. Over time, through the 

accumulation of calcium phosphate in the form of hydroxyapatite, osteoid calcifies, leading 

to bone formation [48]. 
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Figure 2.1: Schematic representation of (A) intramembranous and (B) endochondral ossification. 

Adapted from [49]. 

 

Endochondral ossification involves the production by chondrocytes of a hyaline 

cartilage template, which over time is replaced by mineralised bone tissue (Fig. 2.1B). EO 

begins with the adhesion of mesenchymal cells (MSCs) into clusters or condensations [10, 

11]; these MSCs are differentiated into chondroblasts by the transcription factor SOX-9. At 

the centre of the condensation, chondroblasts begin to synthetize intercellular matrix, which 

starts to engulf some cells, leading to their differentiation into chondrocytes (CCs) [46]. 

Chondrocytes proliferate and secrete a cartilaginous matrix rich in type II collagen, aggrecan 

and other proteoglycans [50], contributing to the growth of the bone precursor. While matrix 

deposition spreads from the centre to the margin of the original condensation, the CCs 

encapsulated in the matrix at the centre of the template stop proliferating and undergo 

hypertrophy. Subsequently, CCs secrete type X collagen, angiogenic factors such as 

vascular endothelial growth factor (VEGF), and the enzyme alkaline phosphatase (ALP), 

leading to cartilage calcification [13]. When chondrocytes undergo hypertrophy, they 

enlarge in size and so the volume occupied by the cells increase consequently [51, 52]. To 

compensate for this decrease in free volume, hypertrophic chondrocytes secrete matrix 

metalloproteinases (MMPs), which degrade the surrounding matrix template, allowing the 
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invasion of other cells and blood vessels [14]. MMPs not only drive the degradation of the 

ECM to allow cell migration and vessels infiltration, but they participate as well in the 

alteration of the ECM microenvironment (altering in this way cell behaviour), in the 

modulation of biologically active molecules, in the regulation of other proteases activity and 

in the control of cell attachment, proliferation, differentiation, and apoptosis [53-55]. As 

already pointed out, the remodelling of the matrix by MMPs activity is essential to the 

invasion of blood vessels, which deliver osteoblast progenitors, osteoclasts, blood vessel 

endothelial cells and hematopoietic cells into the hypertrophic cartilage [56]. Incoming 

osteoprogenitor cells differentiate into trabecular bone-forming osteoblasts initiating the 

mineralisation of the cartilaginous matrix, while hematopoietic and endothelial cells 

establish the bone marrow [15]. This process initiates at the circumference of the diaphysis 

of long bones, where hypertrophic CCs direct osteoprogenitors in the perichondrium to 

differentiate into osteoblasts. They subsequently deposit the periosteal bone collar, a 

predecessor of cortical bones, around the cartilage anlage, forming the primary ossification 

centre (POC) [16]. The perichondrium is replaced by the periosteum, which provides the 

osteoblasts needed for the subperiosteal expansion of the bone collar. The creation and 

expansion of the bone collar increasingly reduce the nutrients supply to the initial cartilage 

template, which may contrite to its calcification [46]. Some of the chondrocytes are 

eliminated through either apoptosis or autophagy [57, 58], while others are believed to be 

able to transdifferentiate into osteoblasts and have an active role in endochondral 

ossification, promoting bone health [59]. The ability of chondrocytes to transdifferentiate 

into osteoblasts has been demonstrated in vivo [60-62], but the role and contribution of 

chondrocyte-to-osteoblast transdifferentiation during endochondral ossification is still not 

fully understood. The cartilage remnants are then partially resorbed by osteoclasts, while 

new woven bone is laid down by osteoblasts. Over time, following a similar process, a 

secondary ossification centre (SOC) is formed at both ends of the long bone in the epiphyses. 

In the central diaphyseal region between the primary and secondary ossiýcation centres, a 

cartilaginous layer, known as the growth plate or epiphysis, persists. This growth plate is 

responsible for continued longitudinal bone growth until the epiphyseal plate is entirely 

replaced by bone, in the late teens and early twenties for humans, when growth finally 

ceases. 
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2.1.2 Bone structure and composition 

Bone is a mineralised hard tissue with multiple functions; these include protection 

of various organs, providing structure and support for the body itself, as well as key roles in 

hematopoiesis, mineral metabolism and as an endocrine organ. Bone is a composite material 

consisting of mineral (~65%), organic matrix component (~25%), water (~10%) and lipids 

(~1%) [63]. The inorganic portion consists mainly of a nanocrystalline, highly substituted 

and lower crystallinity analogue of hydroxyapatite [Ca10(PO4)6(OH)2], as evidenced by 

TEM and small angle X-ray scattering (SAXS) [64-66]. On the other side, the organic phase 

of bone is composed primarily of type I collagen (~90%), noncollagenous proteins (~5%), 

and lipids (~2%) [46]. In general, the proteins in the bone ECM can be classified into two 

main groups, structural proteins (collagen and fibronectin) and proteins with specialised 

functions. As already pointed out, the most present protein in the bone matrix is type I 

collagen, which is a triple helical molecule formed by two identical amino-acid Ŭ1-chains 

and one structurally similar but genetically different Ŭ2-chain [67]. The collagen function is 

to provide a template for mineral deposition, grant elasticity to the tissue, stabilize the ECM, 

and bind other macromolecules. On the other hand, the proteins with specialised functions 

mainly play a role in the regulation of collagen fibril diameter and cell attachment, and act 

as signalling molecules, growth factors, or enzymes. 

Bone can carry out its multiple diverse functions thanks to its hierarchical 

organisation on several structural levels, from the macro to the nanometric scale [68] (Fig. 

2.2). Starting from the nanoscale level (Fig. 2.2A), the type I collagen and mineral form a 

composite material, in which the collagen provides resilience and ductility while the mineral 

gives stiffness and structure.  
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Figure 2.2: (A) Schematic representation of bone constituents at the nanoscale. (B) Macroscopic-to-

microscopic schematic view of bone structure. The structure includes cancellous and cortical bone, osteon 

structure, and osteocyte network. Adapted from [49]. 

 

At a microscopic level, the individual collagen fibres and the interspersed mineral 

are organised in different ways in relation to bone specific functional needs, both mechanical 

and biological. Bone can be dense (cortical or compact bone) or quite porous (trabecular, 

cancellous or spongy bone) (Fig. 2.2B). Cortical bone is composed of structural units called 

osteons or secondary Haversian systems, consisting of multiple layers of concentric rings of 

calcified matrix that surround a central canal containing blood vessels, nerves and lymphatic 

vessels [69]. On the contrary, trabecular bone is an open cell porous network, meaning it is 

less dense then the cortical bone. This makes it weaker and more flexible. Finally, at the 

macroscopic level bone is composed of a dense cortical shell, encasing the trabecular bone, 

which is typically located at the ends of the long bones, near the joints and in the core of 

long bones and vertebrae, where it houses the marrow component (Fig. 2.2B). 
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There are three main bone cellular types: osteoblasts, osteocytes and osteoclasts. 

Osteoblasts are involved in bone formation, they synthesize the organic ECM called osteoid, 

which become mineralised through the accumulation of calcium phosphate. After active 

bone formation, osteoblasts can follow three possible paths: they either undergo apoptosis, 

become trapped in the mineralising bone matrix where they differentiate into osteocytes, or 

become ñinactiveò lining cells, continuing to exist on quiescent bone surfaces. The latter 

participate with osteocytes in the calcium exchange between the mineralised matrix and the 

bone marrow compartment, and can be reactivated when needed for local bone formation 

processes [70, 71]. As already mentioned, osteocytes are derived from osteoblast progenitors 

which become trapped in small spaces called lacunae during the process of matrix 

deposition. Osteocytes are the most abundant bone cell type, forming over the 90% of total 

cells, as compared to 4ï6% of osteoblasts and 1ï2% osteoclasts [72]. Osteocytes are 

regularly distributed throughout the mineralised matrix and connected to each other, to the 

cells on the bone surface and even to cells inside the bone marrow through dendrite-like 

extensions contained in fluid-filled micro-channels called canaliculi, which are present in 

all the bone matrix [73]. Using the canaliculi, they can communicate with each other and 

receive nutrients from blood supplies. Osteocytes have a central role in bone homeostasis 

since they act as mechanosensors, maintaining mineral concentrations in the bone matrix in 

response to mechanical loading and hormonal stimuli on bone. They regulate bone 

remodelling through communication with osteoblasts and osteoclasts [74], where old bone 

is resorbed by the osteoclasts and new bone is deposited by osteoblasts. Finally, osteoclasts 

are multinucleated giant cells responsible for bone resorption. Unlike osteoblasts, and 

consequently osteocytes, which are of mesenchymal origin, osteoclasts are of 

haematopoietic origin. To reabsorb bone osteoclasts use a two-step process, initiating with 

the dissolution of the mineralised matrix, followed by the enzymatic degradation of the 

organic matrix. 

 

2.2 Bone tissue engineering 

2.2.1 Fundamentals of bone tissue engineering 

Although native bone has an inherent capacity for self-repair, bone disorders, that 

lead to significant alterations in appearance and function exceeding its regenerative ability 



26 

 

and remaining unhealed, can derive from multiple causes, including trauma, cancer or 

congenital diseases, and have a significant influence on patients and society worldwide. In 

fact, it is estimated that about 1,500,000 long bone fractures occur every year in the Unites 

States alone [1], that more than 500,000 bone grafting procedures to treat non-union or large 

defects are performed in the United Sates annually [2], and more than 2 million in the world 

[3, 4]. To effectively treat non-unions, an external intervention is required. A bone graft is 

the second most frequently transplanted tissue, coming right after blood transfusion [75, 76]. 

Currently, the clinical gold standard treatment for such defects is the use of an autologous 

bone graft, where a patientôs own bone is harvested and relocated to the defect site. 

Autografts still represent the gold standard treatment option because of their immune-

compatibility, osteoconductivity and the presence of autologous progenitor cells to enhance 

the repair process. However, despite some positive clinical outcomes, the use of autografts 

is affected by some important complications such as the scarcity of suitable and harvestable 

autologous bone and the severe associated donor site morbidity [5, 6].  

Challenges associated with traditional bone grafts has led to an increased interest in 

the field of bone tissue engineering (BTE), which aims to combine engineering technology 

and the principles of biological science to develop strategies for the repair and regeneration 

of lost or damaged tissue [7, 8].  BTE focuses on using together combinations of several cell 

types, scaffolds, and growth factors in order to generate living bone tissues. By combining 

osteogenic cells, osteoinductive scaffolds, and external stimuli, experimental bone grafts 

resembling autologous grafts have been engineered [9]. BTE strategies usually fall into three 

main categories: (1) cell-based strategies; (2) growth-factor based strategies; and (3) matrix-

based strategies [77]. However, in the vast majority of the experimental works, two or more 

of these strategies are used together towards a solution. Cell-based therapies for BTE include 

stem cell and gene modification [78]. Stem cell therapies may involve embryonic or adult 

stem cells with the potential to undergo specific differentiation. Possible stem cell sources 

for BTE are presented and discussed in paragraph 2.2.2. These progenitor cells are promising 

tools for regenerative therapy due to proliferation capabilities, preservation of bioactivity 

after freezing, and their high regenerative capacity [79]. However, these cells represent only 

less than 0.001% of the cellular content of bone marrow, and even less as age increases [80]. 

The limited quantity of MSCs there has led to the development of methods to isolate them 

from fresh bone marrow and expand them in vitro. It has been demonstrated that isolated 

MSCs can undergo in vitro expansion and proliferation, without losing osteogenic potential 
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[81]. Hence, these cells may be isolated from a patient, expanded in culture, and seeded onto 

a carrier or scaffold and implanted into the defect. Besides the direct use of stem cells, other 

cell-based therapies are focusing on the potential use of eukaryotic or stem cells after their 

genetic modification for tissue regeneration. Briefly, in such therapies, the cells are isolated 

and a vector is inserted into the cells; the vector contains a genetic code to upregulate specific 

cellular functions, which are targeted to improve tissue regeneration. Growth factors are 

critical molecules for tissue repair and regeneration, capable of stimulating a variety of 

cellular processes including cell proliferation, migration, differentiation and multicellular 

morphogenesis during development and tissue healing. This is why recombinant growth 

factors have raised a lot of hope for regenerative medicine applications and several products 

based on growth factors have been developed [82]. However, while using growth factors to 

promote tissue healing and regeneration has widely shown promising results in pre-clinical 

settings, their direct application and success in the clinic are limited to few cases; the most 

important of these is represented by BMP-2, which is here briefly reviewed in paragraph 

2.2.3. Indeed, translation of growth factors based therapies present limitations, such as poor 

stability, short half-life, rapid diffusion from the delivery site, and low cost-effectiveness 

[83]. The attempt to overcome those limitations using supraphysiological doses has led in 

many cases to serious side-effects and poor effectiveness, which are mainly linked to sub-

optimal delivery systems and lack of control over growth factors signalling. These issues 

prove the need to design new innovative strategies allowing the use of lower and localised 

doses of growth factors where delivery and signalling are tightly controlled. An example is 

the engineering and design of novel biomaterial-based delivery systems [84]. As already 

mentioned, besides the use of different cell types and growth factors, BTE has been focusing 

on biomaterial-based approaches [9]. Among different biomaterials, the use of the 

extracellular matrix as a biomaterial in tissue engineering has gained increasing recognition, 

not only because it can serve as supportive structural template [85, 86], but also as a reservoir 

of biological cues capable of instructing the regenerative processes [87]. This is why the 

ECM has been indicated as one of the best candidates for graft fabrication in the context of 

bone regeneration applications [88]. The use of ECM in BTE approaches will be discussed 

in more detail in the following paragraph. 

All t hese strategies require interaction between osteogenic, osteoinductive, and 

osteoconductive elements. Osteogenic components include cells that support bone 

production such as osteoprogenitor cells or differentiated osteoblasts. Osteoinductive factors 
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include bioactive chemicals that induce recruitment, differentiation, and proliferation of the 

proper cell types. An osteoconductive element can be represented by a material that supports 

bone growth on itself. An osteoconductive scaffold may provide mechanical support, sites 

for cell attachment and vascular ingrowth, and a delivery vehicle for implanted growth 

factors and cells [89]. To be successful, a potential tissue-engineering strategy must fulfil 

several design requirements; these include (i) providing temporary mechanical support, (ii) 

acting as a substrate for osteoid deposition and growth, and (iii) possessing a porous 

architecture to allow for vascularisation and bone cell ingrowth. A successful graft needs as 

well to be biodegradable (able to degrade in a controlled manner to facilitate load transfer 

to developing bone and to allow bone growth into the defect area, degrade into non-toxic 

products that can be safely removed by the body, not causing a significant inflammatory 

response), be capable of sterilisation without loss of bioactivity, support cell attachment, 

provide biological and physical cues to stimulate cell proliferation, migration, and 

differentiation, support angiogenesis, illicit a pro-regenerative immune response, promote 

mineralisation and consequently bone formation [90].  

 

2.2.2 Stem cell sources for BTE  applications 

In the literature, various types of stem cells have been proposed as a viable and easy 

source of progenitor cells for the engineering of implants for bone regeneration. Here 

mesenchymal, embryonic and induced pluripotent stem cells are briefly reviewed. 

2.2.2.1 Mesenchymal stem cells (MSCs) 

Mesenchymal stem/stromal cells (MSCs) are multipotent adult stem/stromal cells 

that exhibit differentiation potential towards different tissue lineages, including bone 

(osteoblasts), cartilage (chondrocytes), muscle (myocytes), and fat (adipocytes). It has also 

been shown that adult MSCs can support tissue regeneration after injury [91, 92], and 

therefore have been studied extensively for their therapeutic potential in fracture healing and 

bone regeneration. MSCs can be isolated from many different tissues including bone 

marrow, skeletal muscle, synovial membrane, and adipose tissue. There has consequently 

been substantial research regarding the osteogenic potential of MSCs obtained from 

different tissue sites. 
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Bone marrow-derived stem cells (BMSCs) are currently the most commonly used 

and researched source of adult MSC due to their relatively easy harvesting, high proliferative 

capacity, and established regenerative potential [93]. Various animal models of clinically 

significant bone defects have shown that a cell-based therapy with allogenic BMSCs grafts 

is effective in regenerating bone, providing evidence for their use as a viable alternative to 

autologous bone transplants [94]. Studies have found BMSCs to be more efficient at 

differentiating into osteoblasts compared to adipose-derived MSCs (ADSCs) [95]. Culture-

expanded BMSCs have also been used in large cohort clinical trials showing no 

complications in long-term follow-up [96-98]. Overall, the current body of literature 

provides support for the viability and utility of BMSCs in the clinical setting of bone defects. 

However, limitations regarding BMSCs cell yields during harvest, especially in older 

patients [99], the requirement of expansion when used alone (not as part of BM aspirate 

concentrate), the proven reduced regenerative ability with extended expansions [100] and 

an increased patient morbidity and risk related to the increased number of surgical 

procedures all necessitate the need for further research into possible alternative MSCs 

harvest sites. 

Another readily available source of MSCs under investigation is adipose tissue as it 

can be easily isolated from plastic surgery or biopsies. Although direct grafting of adipose 

derived stem cells (ADSCs) has not demonstrated much success in healing critical sized 

bone defects [101], there has been interest in applying osteoinductive factors to ADSCs in 

the hopes of enhancing osteogenesis. A study by Di Bella et al. demonstrated bone 

regeneration in rabbit critical-sized skull defects treated with autologous, osteogenically-

induced ADSCs grafted onto fibronectin-coated polylactic acid biomaterials [102]. Another 

study demonstrated repair of a cranial bone defect in canine models using osteogenically-

induced ADSCs grafted onto a coral biomaterial [103]. Interestingly, two clinical studies 

combining ADSCs with specialised biomaterials [104] or autologous bone grafting [105] 

indicated bone reconstruction in vivo. Collectively, these studies demonstrate novel methods 

of enhancing bone formation using ADSCs, providing promising evidence for the potential 

therapeutic role ADSCs could play in BTE. 
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2.2.2.2 Embryonic stem cells 

Pluripotent human embryonic stem cells (hESCs), first derived in 1998 from human 

blastocysts [106], maintain the developmental potential for all three embryonic germ layers 

even after months of in vitro proliferation, thus demonstrating a potential source for tissue 

engineering-based therapies. Successful differentiation of hESCs into the osteogenic lineage 

has been demonstrated in numerous studies both in vitro and in vivo [107, 108]. After 

osteogenic induction, hESCs have been shown to possess molecular and structural features 

resembling bone tissue by the formation of mineralized bone nodules in vitro [109, 110]. 

Although several advantages have been discovered concerning their use, hESCs have 

several limitations that must be further investigated. Challenges concerning the complicated 

conditions required to culture hESCs, including the feasibility and viability of using feeder 

layers, the danger of unexpected differentiation, especially their link to teratoma formation 

[111] and immune reactions, as well as the surrounding ethical, religious and moral debate, 

all pose challenges to the role of hESCs as active participants of regenerative medicine-

based clinical protocols [112, 113]. 

 

2.2.2.3 Induced pluripotent stem cells (iPSCs) 

Induced pluripotent stem cells (iPSCs), first developed by Takahashi and Yamanaka 

in 2006, are derived and reprogrammed directly from adult somatic cells, and have the ability 

to give rise to every type of cell in the body and to propagate indefinitely. For this reason, 

iPSCs hold enormous potential for the entire field of regenerative medicine, as they possess 

a comparable pluripotency and differentiation potential as hESCs [114], yet avoid immune 

rejection since they are derived from the patient's own cells [115]. iPSCs generated through 

embryoid bodies have been shown to generate MSC-like cells in vitro that have the potential 

of further differentiating into osteoblasts [116], while also demonstrating osteogenic 

potential comparable to that of BMSCs in vivo [117]. Additionally, animal studies have 

demonstrated that MSC-like cells cultured from iPSCs have the capacity to form mature 

mineralised material that is histologically similar to bone [118]. Kang et al. demonstrated 

the first direct differentiation of human iPSCs (hiPSCs) into functional osteoblasts that 

subsequently participated in the healing of critical sized bone defects without the formation 

of a teratoma [119]. Although the area of iPSC research is still new, taken together, these 

findings indicate the exciting promise iPSCs hold for the future of osteogenic tissue 
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engineering. Nevertheless, further clinical investigation focusing not only on efficacy (e.g., 

osteogenic potential) but also safety (e.g., teratoma formation) becomes paramount before 

accepting iPSCs as a viable therapeutic option. Finally, iPSC-based therapy brings 

additional challenges such as the technical and logistical issues related with their generation. 

Tissue sourcing, manufacturing protocols, required expansion, systematic testing and 

quality control, validation, and storage constitute technical aspects that impact the costs 

associated the generation of these products, delaying their translation into potential clinical 

therapies. 

Based on all the things just reviewed, in this work of thesis it was decided to use for 

all the studies bone marrow-derived MSCs. At the moment, they still represent the most 

commonly used and researched source, and as well the most directly translatable to the 

clinic. 

 

2.2.3 Clinical application of bone morphogenetic proteins for bone healing  

As mentioned previously, growth factors are critical molecules for tissue repair and 

regeneration, capable of stimulating a variety of fundamental cellular processes. Extensive 

studies focusing on the underlying molecular mechanisms that regulate the recruitment and 

differentiation of bone-related cells, and the activity of macromolecules responsible for the 

bone remodelling, have led to the identification of specific factors involved in the healing 

process like parathyroid hormone (PTH), hypoxia-inducible factor 1a (HIF-1a), factors 

modulating the Wnt signalling pathway, and bone morphogenetic proteins (BMPs) [120, 

121]. Among these, perhaps the most promising growth factor candidates are the bone 

morphogenetic proteins (BMPs), which were originally identified by their capabilities to 

induce the formation of bone when implanted at ectopic sites [122, 123]. Although the 

molecular mechanisms underlying osteoblastic differentiation still need to be identified, 

BMPs are recognized as key factors in a variety of chondrogenic and skeletogenic functions 

during normal embryonic development, playing for example an important role in regulating 

osteoblast differentiation and subsequent bone formation [124-127]. Recombinant forms of 

BMPs, particularly BMP-2, BMP-4 and BMP-7, have been shown to possess the ability to 

heal critical-sized bone defects in rodents, dogs, sheep and non-human primates when 

combined with a variety of carriers [128].  
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Currently, there are two commercially available BMPs, recombinant human rhBMP-

2 (INFUSE®, Medtronic Sofamor Danek, Memphis, TN, USA) and rhBMP-7 (or 

Osteogenic Protein-1, BMP-7) (Stryker, Kalamazoo, MI, USA). They have been tested in 

several preclinical studies showing their ability to induce bone regeneration [129-131], and 

evaluated in clinical trials to treat various bone disorders such as non-unions, open fractures, 

and osteonecrosis [132-137]. In addition to these two, other BMP-containing osteoinductive 

materials are currently being evaluated in animal and clinical studies [138]. The successful 

application of BMPs led, in July 2002, to the approval by the European Medicines Agency 

(EMA) of rhBMP-2 (InductOs®) for the treatment of single-level lumbar spine fusion and 

for acute tibial fractures in adults [139]. In November 2002, the American Food and Drug 

Administration (FDA) approved the use of rhBMP-2 (INFUSE® Bone Graft Device) for the 

treatment of open tibial fractures after stabilisation with intramedullary nail fixation [139]. 

rhBMP-7 received official approval by the EMA in 2004 as Osteogenic Protein-1 (OP-1® 

or Osigraft®) as part of an implant for the treatment of recalcitrant long bone non-unions 

[140]. Nevertheless, despite early promising results, some severe complications have been 

reported in clinical setting, such as ectopic bone formation, haematomas in soft tissues, and 

bone resorption around implants [141-143]. Thus, while BMPs seemed promising for bone 

regeneration, potential and limitations remains debated. 

Another factor critical to the successful use of BMPs for bone regeneration is their 

delivery method. As most commercial available products combine BMPs with biomaterials, 

the composition, structure and biomechanical properties of such carriers are considered key 

aspects for the modulation of BMPs availability at the site of injury [144]. In fact, these 

molecules are relatively soluble, and if not maintained by an appropriate carrier, they can be 

cleared from the site and diffuse into adjacent undesirable tissues, promoting adverse 

reactions (such as ectopic bone formation) [145]. Several materials have been tested in pre-

clinical settings, such as collagen, calcium phosphate ceramics, and synthetic polymers 

[146]. Despite the use of delivery devices, usually large doses of BMPs are required to 

achieve the desired osteogenic effects, which makes the procedure expensive and increases 

the risk of clinical complications related to their supra-physiological concentration [147]. 

Therefore, new solutions for BMPs delivery able to maintain a more sustained and effective 

release pattern still need to be explored. In this thesis, the efficacy of developmentally 

inspired engineered tissues will be compared to BMP-2 loaded collagen sponges that have 

been optimised for bone regeneration. 
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2.2.4 Developmentally inspired strategies for BTE 

Recent studies have proposed that in vitro TE approaches should aim to simulate in 

vivo developmental processes, trying to imitate natural factors that regulate cell 

differentiation and matrix production, following the concept of  ñdevelopmental 

engineeringò [17]. As previously discussed, bone can develop following two distinct 

processes, intramembranous or endochondral ossification; for this reason, BTE 

developmentally inspired strategies can be divided into two main categories, depending on 

the native developmental process they try to recapitulate. Following the natural development 

of the majority of the bones, including long bones, recently BTE approaches are focusing 

on mimicking the EO, trying to achieve bone regeneration by remodelling in vitro 

engineered cartilaginous templates [19, 148-151]. It has been demonstrated by Scotti et al. 

that adult BMSCs can support an EO process that is characterised by striking resemblance 

to naturally occurring EO during limb skeletal development, including phases of MSC 

condensation, hypertrophic differentiation, formation of a bony collar, MMP-mediated 

matrix remodeling, vascularisation, osteoclast activity, bone formation and finally 

development of functional hematopoietic foci (Fig. 2.3) [149]. 
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Figure 2.3: Morphometric analysis of the engineered bone tissue. (AïD) Three-dimensional ɛCT 

reconstructions and (E and F) quantitative histomorphometric data (n = 4) of mineral volume and density 

indicate higher bone quantity and more advanced maturation of late hypertrophic samples (* indicates 

significant differences; p < 0.01). (G and H) Trabecular-like structures were found both in the outer bony collar 

and in the inner core of late, but not early, hypertrophic samples. (Scale bar: 200 ɛm.) (I and J) Fluorescence 

characterisation for Col X (red) and osteocalcin (green) demonstrated the presence of mature lamellar bone 

only in late hypertrophic samples. (Scale bar: 50 ɛm.) (K and L) ISH to detect human Alu repeat sequences 

and hematoxylin/eosin staining of serial sections indicate that cells derived from the human adult MSC 

participated in the endochondral ossification process. (Scale bar: 100 ɛm) [149]. 

 

A follow up study by the same group reported it was possible to follow the 

endochondral approach to engineer whole bone organs at a size, structure, and degree of 

biological functionality comparable to that of native bones [19]. In this study, hBMSCs were 

seeded on type 1 collagen meshes and implanted subcutaneously in nude mice. After 12 of 

weeks of implantation, a functional bone organ containing a mature vascular network, and 

bone marrow spaces capable of hosting and maintaining hematopoietic stem cells (HSCs) 

had formed (Fig. 2.4). 

 

 

Figure 2.4: Demonstration of endochondral bone formation after implantation of engineered 

hypertrophic cartilage templates into subcutaneous pockets in nude mice. (A) Safranin-O and massonôs 
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trichrome staining demonstrating conversion of the cartilage template (red in the saf-O) into bone (grey in the 

massonôs trichrome) and 3D reconstructed µCT images of mineralisation after 5 and 12 weeks in vivo. (Scale 

bar, 1 mm.); (B) Quantitative histomorphometric data (n = 9) of cartilage, bone, and bone marrow. (C ) 

Quantitative morphometric data (n = 4) of mineral volume and density (p <0.05) [19]. 

 

In the last few years, a number of studies have demonstrated that it is possible to 

repair large bone defects in rodent models using such endochondral approaches [20-22, 44, 

152, 153]. Chondrogenically differentiated BMSCs pellets were capable of inducing bone 

regeneration in orthotopic bone defects in rats by recapitulating EO [152] . In another study, 

Bernhard et al. developed tissue-engineered grafts using human adipose stem cells (ASC) 

[153]. These were differentiated into hypertrophic chondrocytes in decellularised bone 

scaffolds, which were then implanted into rat critical-size femoral defects. During the 12 

weeks of implantation, these grafts showed rapid bone deposition and integration into the 

native skeleton, bridging the defects. Harada et al. reported the healing of rat large femoral 

bone defects, both 5mm and 15mm, following implantation of a chondrogenically primed 

poly(lactic-co-glycolic) acid (PLGA) scaffold [20]. In another study, chondrogenically 

primed (4 weeks in chondrogenic media followed by 3 weeks in hypertrophic media) rat 

bone marrow MSCs in alginate hydrogels successfully acted as templates to treat critically 

sized defects, promoting early bone formation [44]. Daly et al. produced, using GelMA as 

bioink, 3D printed hypertrophic cartilage grafts with an incorporated micro-channel 

network; these were proven to promote osteoclast/immune cell invasion and vascularisation, 

besides supporting controlled new bone formation [21]. Endochondral priming (3 weeks in 

chondrogenic media) was sufficient to induce vascularisation and subsequent mineralisation 

of hMSCs-seeded micro-fiber PCL scaffolds implanted in rat femoral large bone defects 

[22].  

It is clear that recapitulating EO offers a promising route to bone regeneration. 

However, a number of challenges must be addressed before these approaches can be 

translated to a clinical setting. For example, to repair clinically size bone fractures, it will be 

necessary to engineer cartilaginous templates an order of magnitude larger than their rodent 

equivalents. Crucially, these templates must rapidly vascularise upon implantation in vivo. 

Strategies able to accelerate and direct vascularisation within hypertrophic cartilage 

templates will likely be required to successfully scale-up endochondral approaches to 

clinical dimensions. The clinical translation of the previously reported EO solutions is 
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hindered as well by practical, logistical and regulatory considerations due to the fact that 

they all consists of live cells and tissues. These challenges associated with the clinical 

translation of viable engineered tissues have motivated an increased research in the 

decellularisation of in vitro engineered tissues as a means of producing extracellular matrix 

(ECM) derived biomaterials and implants that are available off-the-shelf for tissue 

engineering and single-stage regenerative medicine procedures [27]. Off-the-shelf implants 

represent an interesting alternative to viable constructs since they are easier to commercialise 

and translate into the clinic, as they are easily transported and stored, are available ready-to-

use and they should face less onerous regulations to be clinically approved. The following 

sections will firstly introduce the ECM and its use as biomaterial for BTE. Different 

decellularisation methods will be reviewed, as will the use of decellularised ECMs in BTE. 

 

2.2.5 Extracellular Matrix -based materials for BTE 

As mentioned before, native bone tissue still represents the clinical gold standard for 

bone tissue regeneration. For this reason, several bone substitutes have been studied and 

developed to try to mimic native bone specific features to induce bone repair in vivo [154, 

155]. Naturally, these osteoinductive features are related to the presence of osteogenic cell 

populations present in native bone, to biophysical parameters, such as structure (both macro 

and micro features) and mechanical properties, and to biochemical parameters, such as the 

presence of growths factors, minerals and cytokines [156]. Among these, biochemical 

factors provide pivotal instructive cues to drive the behaviour of cells, and native ECM 

represents a reservoir for those. The ECM is the noncellular component within all tissues 

and organs. It is a complex and essential entity consisting of water and a fibrillar network of 

glycoproteins, collagens, proteoglycans, polysaccharides and soluble factors deposited by 

the cells [157, 158]. The ECM provides a complex micro environment that regulates cellular 

functions, such as adhesion, survival, migration, proliferation, differentiation, immune 

response, and wound healing, in addition to providing structural and physical stability to the 

tissue [159]. Each tissue in the body possesses a heterogeneous ECM with unique 

composition and topography [160, 161] that mediate cellular activities, in part by providing 

anchorage for cytokines and growth factors [162].  

Native bone ECM acts as a reservoir of these cues, such as members of the 

transforming growth factor beta (TGF-ɓ) family, including several bone morphogenetic 



37 

 

proteins (BMPs), angiogenic growth factors like the vascular endothelial growth factor 

(VEGF), and pro-inflammatory cytokines. All of these cues are presented in a complex and 

dynamic spatiotemporal manner, and are fundamental mediators of the different phases of 

bone formation and fracture-healing [163, 164]. It is therefore extremely challenging to 

mimic the complexity of the bone ECM using solely synthetic substitutes, and a lot of work 

has been done to improve the bioactivity of bone graft substitutes by adding discrete bone 

ECM components. Different ceramic particles (such as hydroxyapatite and tricalcium 

phosphate [165, 166]), selected growth factors [167] (such as TGF-ɓs [168], BMPs [169] 

and VEGF [170]), ECM proteins and peptides [171] (e.g. collagen type I [172], osteopontin 

and osteocalcin [173]) have all been incorporated into engineered bone grafts to enhance 

their bioactivity and bone regeneration. However, it remains challenging to recreate the 

native tissue in a reliable and effective way, because the aforementioned isolated 

components alone fail to mimic the molecular complexity and organised structure of the 

native bone tissue [174]. Moreover, optimal biological concentrations and release kinetics 

for most of the secreted factors and ECM molecules are still unknown, hindering the 

development of optimised solutions. This has motivated the development of bone graft 

substitutes using ECM derived biomaterials, obtained either from autologous, allogenic or 

xenogenic native tissues and organs [175, 176], or from the ECM secreted in vitro by 

cultured cells [160]. 

 

2.2.5.1 Native vs in vitro (cell-derived) engineered ECM 

Over the past three decades, many tissue and organ ECMs have been used in pre-

clinical research and clinical therapies. Some important examples include skin [177, 178], 

small intestinal submucosa (SIS) [179-181], pericardium [182-184], bladder wall [185-187], 

adipose tissue [188-190], vasculature [191, 192], neural tissue [193-195], trachea [196], 

skeletal muscle [197-199], tendon [200-202], ligament [203, 204] and bone [205-207]. 

Furthermore, several decellularised ECM products have been commercialised and approved 

by the Food and Drug Administration (FDA) for use in humans, and are currently used 

clinically, especially in soft tissue, bone, or cardiac applications. Examples of these products 

includes dermis tissue (AlloDermÈ and StratticeÊ, LifeCell Corp.; TissueMendÈ, Stryker 

Corp.; GraftJacketÈ, Wright Medical Inc.; ConexaÊ, Tornier Inc., AllopatchÈ, Conmed), 

urinary bladder (MatriStem®, ACell Inc.), amniotic membrane (AmnioGraft®, Biotissue; 
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ArilÊ, Seed Biotech), pericardium (OrthAdaptÈ and VeritasÈ, Synovis Life Tech.; SJMÊ 

Patch, St. Jude Medical), small intestine (Surgisis®, Cook Medical; CorMatrix® ECM, 

CorMatrix), demineralised bone matrix (DBM) (Puros® and InterGro®, Zimmer Biomet; 

BioSetÊ, Regeneration Tech.; DBX®, DePuy Synthes; Viagraf®, Smith & Nephew Inc.), 

heart valves (CryoValve®; CryoLife Inc.; Freestyle®, Medtronic Inc.). More complete 

overviews of the development and clinical applications of decellularised extracellular 

matrices from tissues and organs for tissue engineering and regenerative medicine can be 

found elsewhere [208, 209].  

Tissue-derived ECMs have the advantage of maintaining the structures and 

compositions of the respective tissues and organs. However, they are characterised by 

limited availability (in case of autologous tissues), inherent heterogeneity, uncontrolled 

variability (that may arise from the age, health and gender of individual sources), potential 

host responses and pathogen transfer when allogenic and xenogeneic tissues and organs are 

used, uncontrollable degradation, and a limited ability for customisation beyond processing 

procedures and tissue source. In addition, for regenerative strategies that seek to mimic 

normal developmental process, for example endochondral ossification in the case of bone 

repair, it is clearly challenging to use native ECMs at different stages of tissue development 

[210]. On the other hand, ECM derived from in vitro cultured mammalian cells can provide 

an alternative to native tissue-derived ECM, targeting the aforementioned limitations. 

Similar to native tissue derived ECMs, such engineered ECMs are made up of a complex 

yet organised assembly of fibrillar proteins, growth factors, and matrix macromolecules, 

whose composition and organisation can be tuned depending on factors such as the cell 

type(s) and in vitro culture conditions.  

This tunability can be achieved by modulating factors such as type(s) of cells used, 

dimensionality of culture (2D versus 3D), the use of bioreactors (e.g. perfusion, dynamic 

compression, hydrostatic pressure), media supplements and the possibility to genetically 

modify the source cells to overexpress or silence the expression of specific target molecules. 

Importantly, unlike native tissue-derived ECM, the availability of engineered ECM is 

theoretically unlimited, particularly if it can be produced using established cell lines. 

However, it is important to keep in mind that the cell type used is an essential parameter 

determining the ECM composition [211]. Interestingly, autologous ECM scaffolds could be 

prepared from autologous cells, which can be isolated from patients and subsequently 

expanded in vitro. The use of such autologous ECMs have the potential to avoid the 
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undesired host responses that may be induced by allogenic or xenogenic materials and 

address the limited availability of harvestable autologous native tissues [27]. Furthermore, 

if allogenic or xenogenic cells would be used, another benefit of producing ECM 

biomaterials from cultured cells is that they can be screened for pathogens and then 

maintained in a pathogen-free condition for ECM harvesting. Another key advantage of in 

vitro engineered ECM is that it is possible to generate constructs that mimic specific stages 

of tissue or organ development [212]. During development, stem cells differentiate and 

progress stepwise through different stages of maturation [213], a process that is 

accompanied by dynamic changes to the ECM [214, 215]. Again, by using specific cell 

types, culture conditions and biophysical stimuli, it is theoretically possible to design ECMs 

in vitro that mimic the dynamic matrix observed during different developmental stages 

[216]. Finally, using engineered ECM may enable easier and finer control on the design and 

production of 3D scaffolds with desired structural properties such as geometry and porosity, 

circumventing the possible limitation of poor cell penetration which can occur when 

repopulating decellularised native tissues. 

Despite all these advantages, the generation of engineered ECM materials presents 

some limitations that need to be addressed [217]. Firstly, the amount of matrix material that 

can be collected from cell culture is generally small compared to what can be obtain from 

whole native tissues or organs, although strategies to scale-up the biomanufacturing of 

engineered tissues may address this concern. To engineer tissues with specific biochemical 

compositions, it may be necessary to use cells from younger donors and/or cells that have 

undergone limited monolayer expansion to avoid dedifferentiation. Engineered ECMs may 

possess poorer mechanical properties to their native equivalents, which in turn may 

negatively affect the mechanical functionality of the resulting graft. However, this problem 

has been addressed by combining engineered ECMs with synthetic materials with tuneable 

mechanical requirements. Moreover, donor-to-donor variability is generally associated with 

the use of primary cells, independently of the cell source, and this can limit the full 

exploitation of engineered ECM as biomaterials with standardised properties. This problem 

could be addressed by the use of immortalised cell lines as cell sources to produce the ECM 

[218]. Immortalised cell lines have been proven to be able to produce in vitro high quality 

matrix for at least 25 passages, increasing exponentially the amount of decellularised ECM 

that can be obtained from a single cell source [219]. Finally, another factor limiting the full 

potential of this technology, which is also associated with the use of native tissue derived 
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ECM, is the lack of an optimised decellularisation method. A more complete discussion on 

the decellularisation methods available and possible novel solutions are presented below. 

 

2.3 ECM decellularisation 

The decellularisation process is crucial for disrupting and removing cellular 

components from the ECM in order to prevent or minimise any negative inflammatory and 

immunological responses towards the biomaterial and decrease the risk of host rejection 

after in vivo implantation, especially in case of allogeneic and xenogeneic sources [220]. In 

fact, antigenic epitopes associated with allogeneic or xenogeneic cell membranes and 

intracellular components are usually recognised as foreign by the host and cause a 

destructive inflammatory response or immune-mediated rejection [221]. Decellularisation 

also typically represents the first step in the creation of off-the-shelf scaffolds from 

engineered ECM, whose structure and components can then be preserved after freeze-drying 

processing which allows for a cost-effective and easy storage and transport of such implants 

[222]. The main aim of decellularisation is to eliminate all cellular and nuclear materials 

while preserving the molecular composition, bioactivity and structural integrity of the matrix 

itself [216]. Thus, a good decellularisation requires a balance between preservation of 

bioactive cues in the ECM and removing potentially immunogenic components. To improve 

decellularisation outcomes, a variety of methods have been developed, which can be broadly 

divided into four categories: physical, chemical, enzymatic, and biological methods. The 

most effective and robust decellularisation protocols are usually a combination of more than 

one of the above methods. The quality of decellularisation can be partially assessed by how 

efficiently it removes cellular and genetic material, with the following criteria proposed in 

the literature: the obtained decellularised ECM must possess (1) less than 50 ng double-

stranded DNA (dsDNA) per mg ECM dry weight, (2) less than 200 bp DNA fragment 

length, and (3) no visible nuclear material by 4ô,6-diamidino-2-phenylindole (DAPI) or 

H&E staining [223]. Decellularisation techniques and the use of decellularised tissues, 

organs and engineered ECMs have been reviewed in depth elsewhere [85, 224-227], 

therefore they will only be discussed briefly here, with a focus instead on specific strategies 

that have been applied to decellularising engineered ECMs targeting bone defect healing.  
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2.3.1 Decellularisation methods 

Physical methods (freeze-thawing, direct pressure, sonication, agitation, osmosis) 

can devitalise native or in vitro engineered tissue derived ECM by destroying cellular 

membranes, with consequent cell lysis [224], but do not necessarily remove all cellular 

components from the matrix. A very common physical method is repeated freeze-thawing 

cycles, used to form ice crystals inside the cells and lyse them. Physical methods have the 

advantage of minimally altering the ECM structure and mechanical properties. However, 

since these approaches result in incomplete removal of cellular debris, other methods may 

be necessary to obtain acellular tissues free of genetic material. Chemical approaches 

typically use alkaline or acidic reagents (calcium hydroxide, sodium sulphide, sodium 

hydroxide, ammonium hydroxide, peracetic acid, acetic acid and deoxycholic acid), 

hypotonic/hypertonic solutions, and/or detergents (Triton X-100, sodium dodecyl sulphate 

(SDS), CHAPS) to denature, solubilise and disrupt cellular components, membranes and 

DNA-protein interactions. Chemical reagents are very efficient in removing cellular 

components, including DNA; however, they can cause the loss of GAGs and damage the 

collagen, disrupting the ECM structure. For minimising the disruption of such important 

components, mild detergents,  such  as  Triton  X-100,  are  generally preferable  to  

compounds  such  as  SDS [228]. These milder detergents also retain   greater   ECM   

bioactivity [229]. Enzymatic decellularisation uses proteases (trypsin, dispase, collagenase) 

and nucleases (DNase, ribonuclease (RNase)). Trypsin is effective as a decellularising 

adjuvant but can cause damage to collagen networks with long exposure times. Nucleases 

(RNase and DNase solutions) are used to degrade any remnant of ribonucleic acid (RNA) 

or DNA, which can induce sterile inflammatory responses, and are often added to chemical 

treatments when decellularisation is not effective with detergents alone [230]. In general, 

enzymes can provide high specificity for removal of cell residues or undesirable ECM 

constituents. However, complete cell removal by enzymatic treatment alone is difficult and 

enzyme residues may impair recellularisation or evoke an adverse immune response [223]. 

Finally, biological methods include the use of chelating agents such as 

ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid (EGTA). By 

binding to metal ions and sequestering them, these agents helps in cell dissociation from 

ECM proteins [231, 232]. It is likely though, that chelating agents contribute as well to subtle 

disruptions in protein-protein interactions by the same mechanism [233]. Chelating agents 

alone are insufficient for complete cell removal, and they are therefore typically used in 
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combination with enzymes or detergents. All the aforementioned methods are efficient in 

decellularisation, but result, to different extents, in damage to the ECM material and do not 

guarantee the preservation of the structural, biochemical, or biomechanical features of the 

ECM itself.  

With the objective of maintaining ECM bioactivity, a novel biological approach of 

devitalisation has been proposed, consisting in the specific activation of cell apoptosis [234]. 

To achieve this, an inducible genetic system [235] can be incorporated via retroviral 

transduction into cells to specifically induce their apoptosis on exposure to a clinical-grade 

chemical compound. This strategy offers the possibility to induce cell death and 

consequently achieve devitalisation, with, theoretically, minimal changes in the integrity of 

the ECM. During apoptosis, cells lose contact with the surrounding matrix while cellular 

constituents are kept strictly within the apoptotic bodies and cell membranes [236, 237]. 

This approach can be implemented with the application of a perfusion bioreactor system, 

which is helpful for removal of cellular fragments and debris. There are still a number of 

challenges that would need to be addressed to exclude presence of remaining living cells 

and limit undesirable effects, such as the retention of pro-inflammatory factors. However, 

decellularisation by intentional induction of cell death is an intriguing proposal that warrants 

further investigation. 

Currently, there are no gold standard decellularisation methods for tissue- or cell-

derived ECMs. The choice of specific decellularisation procedures generally depends on the 

ECM source and its properties, and as well on the characteristics of the resulting product 

that are sought. For example, an engineered ECM is usually less dense, and typically allows 

easier access for decellularising solutions. For this reason, milder solutions and shorter times 

are generally required in these cases, while harsher treatments are necessary for 

decellularising compact, native bone. An overview of the different combinations of methods 

used to realise biological scaffolds for orthopaedic tissue engineering from musculoskeletal 

tissues and in vitro engineered ECMs can be found here [220]. 

 

2.3.2 Decellularisation of in vitro engineered ECM for bone tissue engineering 

A variety of cell types has been utilised to produce bone-like or osteoinductive 

ECMs, including human adipose-derived stem cells [238], BMSCs [239-244], amniotic fluid 
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stems [245], HUVEC [246], MSCs and HUVECs co-culture systems [211], dermal 

fibroblasts [247, 248], lung fibroblasts [249], nasal inferior turbinate tissue-derived 

mesenchymal stromal cells [250], embryonic stem cells [251], murine BMSCs [252], 

MC3T3-E1 [253-256], L929 fibroblasts [257], rat BMSCs [258, 259], primary rat 

osteoblasts [260, 261], and mesenchymal sword of Damocles (MSOD) [262]. Decellularised 

engineered ECMs have been investigated and used with promising results in several studies, 

mainly in three different forms/applications: (i) to produce biomimetic microenvironments 

for stem cell differentiation in vitro, (ii) to confer bioactivity to synthetic scaffolds through 

the deposition of matrix molecules on the scaffold surface, and (iii) to produce bulk 

biomaterials directly applicable in tissue regeneration.  

 

2.3.2.1 Decellularised ECMs to investigate cell-ECM interactions 

Decellularised cell-produced matrices have been used as substrates for cell culture 

to both investigate ECM-cell interactions and ECM regulation of cell differentiation, and to 

control in vitro cell functions and fate. In vivo, cells are always surrounded by their specific 

tissue ECM; for this reason, ECMs derived from different cell sources can be used to 

elucidate ECM-cell crosstalk and to study different ECM effects on cell functions, while 

trying to mimic a more realistic environment for cells during in vitro culture. For example, 

the ECM deposited in vitro by different cell types have been compared for their capacity to 

promote the osteogenic differentiation of bone marrow MSCs. Decellularised ECM sheets 

derived from bone marrow MSCs (BMSCs), MC3T3 osteoblasts, and L929 fibroblasts were 

reseeded with BMSCs to investigate their capacity to support osteogenesis [257]. The sheets 

obtained from BMSCs best supported the osteogenic differentiation of BMSCs, 

demonstrating the importance of the cell type when attempting to engineer osteoindutctive 

ECMs. Zhang et al. used ECM produced by human BMSCs (BM-ECM) in vitro as a 

platform to enhance the osteogenic potential and guide the differentiation of adipose stem 

cells (ASCs) into osteoblasts [240]. They demonstrated that BM ECM provided a superior 

substrate for ASC expansion than tissue culture plastic (TCP), enhancing ASC proliferation, 

the expression of osteogenic markers (ALP, RUNX2, and OC) and their bone forming 

potential in vivo.  

Engineered ECMs can also be used as substrate to support the maintenance of a 

specific cell phenotype during ex vivo expansion. Cell senescence and loss of phenotype 
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during culture is a major problem that limits the large-scale expansion and clinical use of 

cells such as MSCs. Sun et al. demonstrated how engineered ECM could be also used to 

prevent the negative effects of aging on MSCs [263]. They found that MSCs from aged 

animals can be rejuvenated and their defects in self-renewal and osteogenesis can be 

corrected by culturing them on an ECM generated by MSCs from young animals. In this 

way, the effectiveness of autologous MSC administration for therapeutic applications in 

adult patients could be optimised. 

The majority of the studies investigating ECM-cell interactions have focused on 

static parameters; however, these parameters are dynamically altered in vivo, and it has been 

proven that during tissue development the ECM is dynamically remodelled through stepwise 

stages of maturation to regulate stem cell functions [264]. Hoshiba et al. developed a series 

of different biomimetic matrices mimicking ECM remodelling during the osteogenesis of 

MSCs (referred as ñstepwise osteogenesis-mimicking matricesò) to investigate how these 

differences effect cell fate [212]. Three types of matrix were prepared from culturing MSCs 

at different stages of osteogenesis: early stage (1 week in osteogenic medium), late stage (3 

weeks in osteogenic medium) and stem cell matrix (1 week in medium without osteogenic 

induction factors). All the matrices supported the adhesion and proliferation of reseeded 

MSCs, but the different stages matrices showed different effects on cell fate, with the early 

stage matrix providing a more favourable microenvironment for osteogenesis. However, 

although these 2D stepwise osteogenesis-mimicking matrices may represent good in vitro 

models for analysing the roles of ECM in osteogenesis and provide a suitable 

microenvironment for the differentiation of stem cells for tissue regeneration purposes, they 

cannot closely mimic the in vivo 3D native microenvironments. To address this problem, the 

same group very recently developed stepwise osteogenesis-mimicking 3D PLGA-collagen-

ECM hybrid meshes [265]. Three types of matrices were realised by culturing hMSCs in 

PLGA-collagen hybrid meshes and controlling their stages of the osteogenesis as in the 

previous study (stem cell stage, early stage and late stage), and they were used for hMSCs 

culturing and investigating their effects on the hMSCs functions (Fig. 2.5). The stepwise 

osteogenesis-mimicking hybrid meshes showed different ECM compositions, depending on 

their stage of osteogenesis, and their effects on the osteogenic differentiation of reseeded 

hMSCs varied. The osteogenic differentiation of hMSCs was increased by early stage 

scaffolds and moderately promoted by the late stage ones. On the other hand, stem cell stage 

scaffolds exhibited an inhibitory effect on hMSCs osteogenic differentiation. 
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Figure 2.5: PLGA-collagen-ECM hybrid meshes mimicking stepwise osteogenesis. (A) Schematic 

illustration of the preparation of such meshes and (B) their influence on the proliferation and osteogenic 

differentiation of hMSCs (b) [265]. 

 

2.3.2.2 Decorating scaffold surfaces with engineered decellularised ECMs 

Bone tissue engineering is strongly based on the realisation of 3D scaffolds to be 

implanted at the defect site to guide tissue regeneration. A well-engineered scaffold for 

regenerative medicine, which can be translated from the bench to the bedside, combines 

inspired design, technical innovation and precise know-how [266]. Different techniques, 

among which electrospinning and 3D printing can be found, have been used to fabricate 

scaffolds for BTE applications, offering advantages in controlling scaffold structural 

properties such as pore size, porosity and mechanical strength [267]. Nowadays, a large 

variety of materials are currently available for BTE purposes, which includes synthetic 

ceramics, polymers, metals and also biologically derived substrates [268]. Their ability to 

restore mechanical function has been successfully proven in a certain number of scenarios. 

However, the regeneration of host tissues driven by these materials remains challenging, 

because they usually lack the necessary bioactive sites and instructive cues, hampering cell 

attachment and differentiation capabilities [176]. To address this problem, engineered ECMs 
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can be deposited on the surface of 3D synthetic scaffolds to generate constructs with 

improved biological activities, capable of more closely mimicking the native tissue while 

possessing adequate structural and mechanical properties, which engineered matrices alone 

lack [216, 220]. The concept of enhancing the biological performance of the scaffolding 

material using cell-driven deposition of ECM is based firstly on a production phase which 

leads to ECM deposition at the surface of the scaffold, followed by a decellularisation 

process, which allows for subsequent storage of the modified scaffolds as off-the-shelf grafts. 

As opposed to their purified counterparts (discrete ECM components), cell-produced 

ornamented ECM offers a more complex environment composed of a multitude of factors 

at physiological concentrations [269]. 3D decellularised engineered ECM scaffolds for BTE 

have been obtained by the cell-derived ECM deposition on several organic and inorganic 

materials and their combinations. Examples includes poly-L-lactic acid (PLLA) [253], 

PLLA/gelatin [257], PCL [245, 270-273], hybrid PCL/PLGA [251], polyesterurethane 

(PEU) [242], poly sebacoyl diglyceride (PSeD) (Fig. 2.6) [238], biphasic calcium phosphate 

(BCP) [274], tricalcium phosphate beta (ɓ-TCP) [246, 275], hydroxyapatite /ɓ-TCP [243],  

hydroxyapatite [254, 261, 262, 276, 277], PCL/PLGA and PCL/PLGA/ɓ-TCP [250], 

calcined bovine bone [255], titanium [258, 259, 278-281]. Besides enhancing the biological 

properties of the scaffolding material by culturing cells on their surface to deposit ECM and 

then decellularising it, as it was done in all the aforementioned studies, a recent alternative 

approach is to produce engineered ECM, decellularising it and then blending it with a 

polymer solution, which can then be used for electrospinning [211]. Using this approach, 

Junka & Yu fabricated electrospun PCL-decellularised ECM scaffolds characterised by a 

dual-layer structure, with embedded osteogenic and vascular cues derived from osteoblast 

and endothelial cells derived ECMs [282]. Finally, it has been shown as well that 

decellularised engineered coatings can be produced in 2D culture, successfully transferred 

to 3D substrates, for example on a poly lactide-co-glycolide (PLG) scaffold [283], or 

wrapped around a graphene oxide/collagen scaffold [284], and retain their capacity to 

modulate cell phenotype.  
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Figure 2.6: Adipose-derived matrix (ADM) enhanced the repair of critically sized rat calvarial defects. 

Micro -CT evaluation and morphometric analysis of calvarial bone repair for three groups: control 

(empty defect), PSeD (poly sebacoyl diglyceride mesh scaffold) and PSeD/ADM (PSeD mesh scaffold 

coated with ADM).  (A) Representative coronal and sagittal images of calvarial bone defects 8 weeks post-

implantation. Morphometric analysis of (B) bone volume/total volume (BV/TV), (C) trabecular number (Tb.N) 

and (D) bone mineral density (BMD). **p < 0.01, ***p < 0.001. [238]. 

 

2.3.2.3 Decellularised ECMs as bulk biomaterials 

Decellularised engineered ECM has been also used to produce bulk biomaterials, 

which can be directly applied on their own in bone regeneration. Human dermal fibroblast 

have been used to produce decellularised ECM sheet for engineering a potential periosteum 

replacement [248]. It has been shown that these fibroblast-derived ECM sheets support in 

vitro MSCs growth and significantly influence MSCs osteogenic differentiation, driving an 

increased alkaline phosphatase activity, calcium deposition and bone-specific gene 

expression (Fig. 2.7). These ECM sheets were proven to bind significantly higher amounts 

of key growth factors (including ANG-1, TGF-ɓ1, bFGF, and VEGF), as well as calcium 

phosphate on their surface, which contributed to high osteogenesis of the seeded MSCs. 


































































































































































































































