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Abstract 

 

Periodontitis is a highly prevalent chronic inflammatory disease affecting more than 60% of 

the population, which leads to destruction of the tooth-supporting tissues. The periodontium 

is composed of both hard (bone and cementum) and soft tissues (periodontal ligament and 

gingiva), requiring a tissue-engineering approach to allow a precisely coordinated and 

compartmentalised healing response for subsequent structural and functional regeneration. 

The present study investigated the functionalisation of highly porous scaffolds with 

decellularised cell-laid extracellular matrix for periodontal regeneration. This novel 

technique allowed the combination of a three-dimensional scaffold providing mechanical 

support with a native ECM providing tissue specific biological activity. The decellularisation 

of such constructs allows the maintenance of an intact ECM structure and composition while 

removing the immunogenic cellular component, thus generating an acellular implant. By 

combining a bone-like ECM-decorated scaffold (bone compartment) with periodontal 

ligament cell-sheets (PDLcs), the aim was to achieve specific bone and periodontal ligament 

regeneration.  

The first part of this study (Chapter 2) focused on the optimisation of cell seeding on highly 

porous scaffolds. Indeed, cell seeding on such structures is challenging, resulting in both poor 

and heterogeneous cellular attachment, impeding in vitro characterisation of the constructs 

and hence their clinical translation. Several parameters affecting the quality of cell seeding 

were investigated, and we successfully identified pre-incubation of the scaffolds in FBS as a 

reproducible and repeatable protocol, which significantly improved cell seeding efficiency 

and subsequent scaffold maturation. 

The second part of the study (Chapter 3) investigated the effect of culture time on ECM 

deposition and its composition. To this end, human osteoblasts were seeded on 250 µm pore 

size polycaprolactone melt electrowritten scaffolds and cultured in osteogenic medium for 1, 

2 or 4 weeks, allowing cell proliferation, differentiation and ECM deposition. The constructs 

were subsequently decellularised, using an in-house optimised protocol for PDLcs 

decellularisation. Cellularised and decellularised constructs were then extensively 

characterised in vitro to assess cellular and extracellular composition. The decellularised 

constructs were recellularised with osteoblasts to study their biological activity in vitro. In 

vivo performance of the different groups for bone regeneration was assessed in vivo in a 

rodent calvarial defect model. The various culture periods demonstrated a significant 

difference in ECM morphology and quantity between 1, 2 and 4 weeks. At the early time 

points, the fibres were decorated with collagen which mineralised over time and gradually 

obstructed the pores of the PCL scaffold. Although longer culture times resulted in higher 
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osteogenic activity of reseeded cells, the more mature matrix impeded in vivo bone 

regeneration. 

Scaffold porosity is crucial for host cell colonisation and vascularisation, which are 

indispensable for tissue regeneration. The decoration of the 250 µm pore size construct in the 

previous study altered its porosity and subsequent regeneration. In the third study (Chapter 

4) scaffolds with different pore sizes (250, 500 and 750 µm) were cultured for 1, 2 and 4 

weeks. The scaffolds with 750 µm pore sizes did not exhibit appropriate mechanical 

properties and were not further characterised. 250 and 500 µm scaffolds cultured for 1, 2 and 

4 weeks were decellularised, characterised and recellularised with osteoblasts or 

macrophages. All decellularised constructs were implanted in a rodent calvarial defect and 

evaluated for bone regeneration. Although 500 µm pores enabled maintenance of the porosity 

even after 4 weeks of in vitro maturation, both pore sizes performed similarly in vivo. Again, 

shorter in vitro maturation was more beneficial for bone regeneration and more mature ECM 

impaired bone regeneration as observed 6 weeks post-implantation.  

In the last part of this study (Chapter 5), the best performing bone compartment (250 µm 

pore scaffold maturated for 1 week) was combined with a PDLcs prior to decellularisation, 

in order to fabricate a biphasic scaffold for periodontal regeneration. Cell removal and ECM 

preservation were confirmed in vitro before implanting in a periodontal defect. Freshly 

decellularised constructs were compared before and after freeze drying and long-term 

storage. Freeze drying allows stabilisation of biological components, potentially increasing 

products stability, shelf life and therefore clinical translation. Although our biphasic 

construct did not induce bone regeneration in vivo, fresh and freeze dried constructs displayed 

a higher potential in periodontal regeneration. Both groups displayed enhanced cementum 

formation and periodontal attachment, and prevented the formation of ankylosis, as opposed 

to the control groups.  

In conclusion, the ECM-decorated melt electrowritten scaffolds were shown to support bone 

and periodontal regeneration. Optimisation of the cell culture time was shown to be essential 

for efficient in vivo regeneration. Longer maturation time did not automatically increase 

scaffold performance, and indeed the more mature matrix appeared to inhibit in vivo bone 

regeneration. The combination of our optimised bone compartment with a mature periodontal 

ligament cell-sheet before decellularisation successfully generated a construct capable of 

promoting compartmentalised periodontal regeneration.  
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1 Significance and research aims  

Periodontitis is a set of inflammatory diseases affecting the tissues surrounding and 

supporting the teeth and can lead to the tooth loss if left untreated. It is a highly prevalent 

disease and severe cases of periodontitis affect more than 10% of the worldwide population. 

Although there is no ideal treatment, conventional treatment involves debridement of the 

affected root surfaces and consequently hinders the progression of the disease. However, this 

does not result in the regeneration of the lost soft and hard periodontal tissues, which is the 

ideal end goal of periodontal therapy. Consequently, surgical procedures have been 

developed to promote regeneration, but these have been shown to lead to unpredictable 

outcomes. The most widely documented surgical technique is Guided Tissue Regeneration. 

As this procedure selects competent cells to repopulate the periodontal defect, GTR-based 

therapy permits a more effective healing when compared with non-selective procedures. 

However, the clinical results have been unreliable and unpredictable, which highlights the 

need of new approaches. 

Various tissue engineering strategies have been developed to promote periodontal 

regeneration, most of which utilising three-dimensional (3D) scaffolds. These approaches 

generally allow for space maintenance within the defect to be regenerated, but often suffer 

from limited biological functionality. In order to generate what we believe would be an ideal 

scaffold for periodontal regeneration, we aim to show that the biological performance of 3D 

PCL scaffolds can be enhanced by native extracellular matrix (ECM) deposited by 

osteoblasts during an in vitro culture and subsequently decellularised.  

Previous work within our group on decellularised Periodontal Ligament cell sheets (PDLCs) 

has shown great potential for periodontal regeneration when combined with a pristine PCL 

scaffold.  

The role of the hereby scaffold was to facilitate PDLCs deposition and stabilisation in the 

defect, while allowing space maintenance. This strategy, however, did not target bone 

regeneration within the scaffold. By coating the PCL scaffold with bone-like ECM, we aim 

at replicating the complex structure of the periodontium, hence promoting 

compartmentalised periodontal regeneration to further enhance functional regeneration. 

The scaffolds will be loaded with osteoblasts and allowed to deposit osteogenic ECM before 

being decellularised and characterised for bone regeneration. Once optimised, both 

compartments, maturated-bone scaffold and periodontal ligament cell sheets will be 

combined before decellularising to generate a biphasic ECM scaffold. The resultant biphasic 

construct can then be implanted in periodontal defects for host cells colonisation. This 

approach could potentially generate an off-the-shelf clinical treatment for periodontal 

regeneration. 
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The complex structure of the periodontium makes tissue regeneration a challenge. We 

hypothesised that we can harness the natural extracellular matrix of osteoblasts and 

periodontal ligament cells to respectively create a bone and PDL compartment. The ECM is 

a unique 3D network, tissue-specific, directly influencing cell migration and activities and 

also immobilising growth factor. The subsequent decellularisation of the biphasic construct 

would then result in an off-the-shelf product, driving bone and periodontal ligament 

regeneration and respective compartments for ensuring structural and functional regeneration 

of the periodontium. 

The specific aims undertaken in this project are as follows: 

1. Optimise cell seeding in highly porous scaffold to allow efficient and 

homogeneous attachment, detrimental to scaffold characterisation and the clinical 

translation of in vitro engineered constructs. 

2. Characterise in vitro and in vivo cellularised and decellularised scaffolds seeded 

with primary osteoblasts after different culture times.  

3. Study the impact of scaffold porosity on ECM deposition and subsequent bone 

regenerative properties after decellularisation. 

4. Characterise in vitro the cellularised and decellularised biphasic construct and 

assess its regenerative potential in vivo in a rodent periodontal defect. 

These aims form a comprehensive set of work for the determination of the most appropriate 

and efficient physical and biological parameters for achieving the development of a 

decellularised ECM-decorated construct for periodontal regeneration. 

More specifically, the optimisation of cell seeding of our highly porous scaffold is necessary 

to obtain homogeneous maturation of the construct, as well as higher reproducibility of the 

biological outcomes (aim 1.). Once a reliable seeding and maturation method is established, 

we will then study the biological activity of scaffolds decorated with osteoblast derived 

extracellular matrix before and after decellularisation, in vitro and in vivo. This will allow 

the assessment of cell viability following decellularisation in a controlled and reproducible 

manner, and report on the performance of decellularised ECM scaffolds, cultured for 

different culture times, on bone regeneration (aim 2.). The porosity of scaffolds is a crucial 

aspect of tissue engineered constructs as appropriate porosity is required to promote tissue 
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regeneration. Scaffold porosity also has an impact on cell seeding efficacy and cellular 

behaviour, and therefore on the quality of the ECM they produce. The bone regenerative 

potential of decellularised ECM generated in different pore sizes and for different culture 

times will then be assessed in vitro and in vivo to identify the optimal conditions (aim 3.). 

Finally, both optimised compartments, bone-ECM-decorated scaffold and periodontal 

ligament cell-sheets, will be combined and studied in vitro and in vivo in a periodontal defect 

to evaluate the periodontal regenerative potential of our biphasic decellularised construct 

(aim 4.). The aforementioned aims will allow us the fabrication and optimisation of a biphasic 

scaffold allowing periodontal regeneration. 

As previously stated, current periodontal surgical treatments are largely unpredictable and 

the development of a biphasic decellularised scaffold can potentially address this unmet 

clinical need. While decellularisation has been a frequently used approach for tissue 

regeneration in various applications and particularly for whole organs, there is still a paucity 

of studies comprehensively characterising decellularised ECM-decorated scaffolds. 

Therefore, this thesis will address this research gap by performing a systematic evaluation of 

an ECM decorated scaffold with a significant focus on the interplay between the scaffold 

physical parameters (such as pore size), length of culture upon in vitro and in vivo 

performance towards bone and periodontal regeneration. 

2 Periodontium context 

2.1 Structure of healthy periodontium 

Anatomically, the periodontium (or periodontal complex) is a group of specialised tissues 

that surrounds and supports the teeth. It consists of both soft tissues (gingiva and periodontal 

ligament) and hard tissues (cementum and alveolar bone) as presented in Fig. 1.  

Each of these components is distinct in its location, architecture, biochemical and biological 

properties and function.  
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Fig. 1 Graphical of cross section of the healthy periodontium  

2.1.1 Gingiva 

The gingiva is attached to the tooth, forming a seal that protects the underlying bone and 

helps provide a barrier against infection.  

Like all other oral mucosal tissues, gingiva is composed of an upper epithelial layer (gingival 

epithelium) and the underlying gingival connective tissue layer (lamina propria). The 

structural transition between the two layers is achieved through a boundary layer, called the 

basement membrane.  

2.1.1.1 Gingival Epithelium  

The gingival epithelium is a stratified keratinising layer acting as a protective barrier against 

the inflammatory and chemical substances, and mechanical stresses [1], [2]. The gingival 

epithelium, with a matrix devoid of fibrous proteins, consists primarily of squamous 

epithelial cells, and depending on the presence of cell nuclei, this layer could be either 

orthokeratinised or parakeratinised [2], [3]. Gingival-epithelial proteoglycans and 

glycosaminoglycans comprise the primary non-fibrous proteins of this layer [4], [5]. Growth 

factors, such as platelet-derived growth factor and transforming growth factor-β, also exist 

in epithelium [6]–[8].  

The gingival epithelia cover the underlying connective tissues. They are three different types 

of gingival epithelia based on their location and composition: the oral epithelium, the sulcular 
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epithelium and the junctional epithelium [2]. Sulcular and oral epithelia have a very similar 

structure and composition, both composed of multiple parakeratinised layers giving them a 

protective function. The junctional epithelium is the portion of the gingiva connecting the 

connection tissue and the tooth. The junctional epithelium differs from the sucular and oral 

epithelia, having different origin and role [9]. Indeed, the junctional epithelium has a crucial 

role as a protective barrier against pathogens, by producing chemotactic cytokines and 

displaying larger gaps between the cells to facilitate polymorphonuclear cells (PMN) 

infiltration [10], [11]. The junctional epithelium is the first response to biofilms, inducing 

high release of inflammatory mediators contributing to neutrophils recruitment [12].  

2.1.1.2 Gingival Connective Tissue (Lamina Propria)  

The gingival connective tissue is mostly a fibrous connective tissue. The most abundant cells 

in the gingival connective tissue layer are fibroblasts, comprising 5.6% of the total gingival 

volume [13]. Fibroblasts are of mesenchymal origin and play a major role in the 

development, maintenance and repair of gingival connective tissues [14].  

As opposed to the epithelium, the connective tissue is poorly cellularised, mainly composed 

of fibrous proteins embedded within a highly hydrated, non-fibrous tissue matrix composed 

primarily of hyaluronic acid, proteoglycans and glycoproteins [2], [3]. Healthy gingiva 

contains collagen type I (90%), collagen type III (8%), and collagen types IV, V, VI, and 

VIII (2%) [15]. 

The gingival connective tissues play an important role in the host response, being highly 

vascularised [16] and containing several immune cells (i.e. mast cells, macrophages, and 

lymphocytes) [17]. 

2.1.2 Alveolar bone 

The alveolar bone is the part of tooth supporting tissue complex surrounding the root of the 

tooth and allowing attachment of the periodontal ligament. It forms when the tooth erupts to 

provide the osseous attachment to the forming periodontal ligament and also absorbs the 

forces exerted on the teeth [18]. The alveolar bone is composed of a thin plate of cortical 

bone highly perforated to allow the passage of nerves and blood vessels between the bone 

marrow spaces and the periodontal ligament [19]. 

Although the remodelling process of alveolar bone is essentially similar to that of bone in 

general, alveolar bone is distinctive because of its higher remodelling rate and the fact that it 

is lost in the absence of a tooth [20]. Bone contains three main bone-specific cell types; 

Osteocytes are mature cells which send signals for bone remodelling as a result of mechanical 

stress. The responding cells are osteoblasts which are responsible for bone formation and 

osteoclasts for its resorption [21]. During tooth migration, mechanical stimuli activate bone 

resorption on one surface of the tooth socket, balanced by bone formation on the other side, 
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while continuous deposition of cementum maintains a connexion between the root surface 

and the alveolar socket [22]. 

2.1.3 Periodontal ligament 

The periodontal ligament (PDL) is the fibrous connective tissue that joins the cementum 

covering the teeth and the alveolar bone. A healthy, functioning PDL contains multiple cell 

types: fibroblasts (25- 30% of the volume for adult humans [23]), endothelial cells, bone 

associated cells, cementoblasts and sensory system cells.  

Firstly, the periodontal ligament provides a nutritive function that maintains the vitality of its 

various cells. The vascular and lymphatic networks supply nutrients to and remove metabolic 

by-products from the soft tissues of the periodontal ligament and, in part, the gingiva [24]. 

The principal fibres of the periodontal ligament include the following: Alveolar crest, 

horizontal, oblique, periapical and interradicular fibre groups. These fibres work together to 

help preventing teeth tilting, extrusion and rotation by connecting the alveolar bone and the 

cementum, and maintain gingival attachment between and around the teeth. The periodontal 

ligament has also an important sensory function, being highly supplied with nerve endings 

that are primarily receptors for pain and pressure [25]. 

The periodontal ligament also serves a major remodeling function and has long been 

considered the key tissue required for periodontal regeneration as periodontal ligament cells 

present superior regenerative properties compared with other cells derived from the 

periodontium, such as gingival connective tissue and alveolar bone cells [26]. It is composed 

by undifferentiated ectomesenchymal cells located around blood vessels, which can 

differentiate into the specialised cells that form bone (osteoblasts), cementum 

(cementoblasts), and connective tissue fibres (fibroblasts) [24] and therefore have the ability 

to control the synthesis and resorption of all the tissues that forms the attachment apparatus 

[24].  

2.1.4 Cementum 

The cementum is avascular and calcified connective tissue, covering the root of the teeth 

whose principal role is the anchoring of the PDL into the teeth. The cementum composition 

varies in the different areas, fulfilling different functions [28]. 

When the dentine is deposited on the tooth root, the cells in the proximity differentiate into 

cementoblast, and start producing cementum. Most of these cementoblasts are then entrapped 

their own cementum and are called cementocytes.  

Mature cementum is composed for 65% by calcium hydroxyapatite, embedded in a fibrous 

matrix and plays an important role in tooth attachment. Indeed, one of the main fibres 
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responsible for periodontal ligament attachment into the bone and cementum are the Sharpey 

fibres, which extremities are embedded in this mature cementum [28].  

2.1.5 Extracellular matrix of the periodontium 

The periodontium is a complex structure made of both fibrous and mineralised tissues, whose 

resident cells activities and functions have to be tightly coordinated for tissue integrity. They 

are two different factors influencing cells behaviour, soluble signals (Growth factors, 

cytokines, hormones etc.) and insoluble signals, consisting of extracellular matrix 

components [27].  

The extracellular matrix mediates cell adhesion, providing them with anchorage and directing 

their migration. ECM components also have the ability to bind soluble signals, allowing for 

subsequent interaction with cells. This capacity of the ECM to localise growth factors and 

direct cell attachment allows for tissue structure and function. Therefore, a well-orchestrated 

disposition of extracellular components throughout the periodontium is crucial for tissue 

development, wound repair and cytoprotection [28]. 

2.1.5.1 Alveolar bone and cementum 

The alveolar bone and cementum are quite similar regarding the composition of their 

respective extracellular matrices. They are composed of an inorganic phase composed by 

biomineralisation and an organic phase, mainly collagen I, and some non-collagenous 

proteins such as osteocalcin, BM or proteoglycans [29]. 

During osteogenesis and cementogenesis, extracellular matrix assembly and subsequent 

mineralisation occur through successive, highly ordered steps with a lag time existing 

between matrix deposition and mineralisation. As part of this process, extracellular matrix 

proteins are secreted, modified and organised into a mature fibrillar matrix receptive to 

mineral deposition. Osteoblasts and cementoblasts then secrete fibronectin, osteopontin and 

bone sialoprotein that crosslink to collagen Ia and are involved in cell adhesion and 

mineralisation [29], [30]. 

2.1.5.2 Periodontal ligament 

The periodontal ligament has long been considered the key tissue required for periodontal 

regeneration as periodontal ligament cells present superior regenerative properties compared 

to other cells derived from the periodontium, such as gingival connective tissue and alveolar 

bone cells [26]. 

Fibrillar collagens constituting PDL are types I, III and V, constituing 75%, 20% and 5% 

respectively [31]. They act as a scaffold, providing structure to tissue formation, 

interconnectivity and tensile strength [32], while the presence of water, proteoglycans and 

hyaluronic acid confer the periodontium its compressive strength [33]. The presence of 
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collagen type VI was also demonstrated [34], associated with the stabilisation of the 

extracellular matrix [35]. These fibrillar collagens are not mineralised, are highly 

glycosylated and have a higher rate of turnover than other connective tissues, associated with 

the functional demands of the periodontal ligament in terms of remodeling [36], [37]. On the 

contrary, the collagen present in the Sharpey’s fibres and entrapped in the cementum or bone 

are larger and partially mineralised. Studies have shown that osteopontin is highly expressed 

at insertion sites of the periodontal ligament, both in the bone and cementum compartments. 

This involves partial periodontal ligament mineralisation thus providing a robust attachment 

of the tooth in the bone socket [38]. 

2.2 Periodontitis 

2.2.1 What is periodontitis 

Periodontitis is an inflammatory disease affecting the periodontium, the tissues surrounding 

and supporting the teeth. Chronic inflammation leads to the release of destructive 

compounds, eventually resulting in the destruction of both hard and soft tissues and 

eventually teeth loss. Periodontitis is highly prevalent [39] affecting 60% of the worldwide 

population [39] with different severity.  

Mutliple factors can be responsible for periodontal disease, such as bacterial colonisation on 

the root surface (e.g. Porphyromonas gingivalis, Treponema denticolis [40] and 

Actinobacillus actinomycetemcomitans [41]), stress [39], [42], alcohol, genetic and systemic 

disorders [39], [43] and smoking [44], [45]. Bacterial biofilm formation initiates an 

inflammatory response in the gingival epithelium. If unresolved, the inflammation increases 

leading to gingivitis. In the absence of a treatment, the inflammation progresses into a more 

serious condition called periodontitis which can result in teeth loss. It follows an over-

aggressive immune response against these microorganisms resulting in loss of both hard and 

connective tissue (periodontal ligament and bone) ultimately leading to the recession of the 

gingival tissues. PDL cells play a critical role in the regeneration of the periodontal ligament 

as they are highly specialised but versatile fibroblasts, involved in the regeneration of both 

hard and soft tissues. 

2.2.2 Current treatments for aggressive periodontitis 

2.2.2.1 Implants for periodontal regeneration 

Increasing severity of the periodontal disease has been consistently associated with infrabony 

defects. Therefore, bone regeneration has long been considered essential to allow periodontal 

regeneration. Several randomised controlled studies have documented the potential to 

achieve periodontal regeneration using grafting materials for bone repair. Indeed, bone 

measurement is a prevalent method for evaluating periodontal regeneration [46]. 
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A wide variety of autografts, allografts and alloplastic materials have emerged, made out of 

materials usually working as osteogenic, osteoconductive and osteoinductive scaffolds. 

Allografts and alloplastic materials allow maintaining the structure in the defect allowing 

new cell colonisation, but they have a limited osteoinductive activity [47].  

Autogenous grafts come from the same individual and are considered the gold standard as 

they do not trigger any immunological response and possess interesting regenerative features 

as it contains cells, ECM and sigaling molecules responsible for osteogenesis. The porosity 

of cancellous bone also stimulates rapid revascularisation, reducing the risk for ischemy and 

graft failure [48]. Disadvantages of using autogenous bone grafts include the need for 

creating an additional surgical defect, adding surgical morbidity. These can be minimised by 

harvesting intraoral bone within the oral and maxillofacial region; however it is dependent 

on the volume of graft required as availability is invariably limited [49].  

Bone grafts for periodontal defects have shown promising ability for bone volume 

augmentation and clinical attachment [50]–[53], however careful histologic assessment 

usually reveals a limited osteoinductive capacity and the graft usually becomes encased in a 

dense fibrous connective tissue limiting the regeneration of the periodontal complex [52], 

[53]. 

2.2.2.2 Guided-Tissue Regeneration 

The most frequently used surgical treatment is the so-called Guided Tissue Regeneration 

[54]. In this procedure, an occlusive membrane is placed between the bone and gingiva. The 

aim of this procedure is to exclude the epithelium and gingiva from the root surface to prevent 

the collonisation of these undesirable cell types into the defect. Hence, it enables selective 

repopulation of the area by osteoblasts and periodontal fibroblasts. This allows bone and 

periodontal ligament tissues to regrow in the damaged area [54]. 

As this procedure selects the competent cells to colonise the defect, GTR-based therapy 

allows better tissue regeneration than non-selective procedures. Indeed, these later 

procedures are generally characterised by a rapid fibroblast migration along the tooth root, 

preventing periodontal attachment hence leading to scarification. However, as each case is 

different, it is not possible to predict with certainty whether GTR will be successful over the 

long-term, highlighting the need for new approaches [55]. 

2.2.3 Tissue-engineering approaches and limits 

The architecture of the periodontium is highly complex and compartimentalised regeneration 

is required to achieve functional regeneration, such as a tissue-engineering approach is 

required [56]. 

2.2.3.1 Signalling molecules  
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Signalling molecules are proteins that play critical roles in the regulation of cell growth and 

function. The two types of signalling molecules that have received the greatest attention are 

growth factors that act by changing the cell phenotype. Growth factors are signalling 

molecules capable of stimulating different cellular behaviours such as proliferation and 

cellular differentiation. They act by binding cell membrane receptors of a target cell, enabling 

migration, proliferation and induce matrix deposition.  

The growth factors that have received the most attention for both hard and soft tissue wound 

healing in periodontal regeneration are Bone Morphogenetic Proteins 2 (BMP-2), Platelet 

Derived Growth Factor (PDGF) and Transforming Growth Factor-β (TGF-β).  

2.2.3.1.1 Platelet Derived Growth Factor 

PDGF has been identified as a main actor in the wound healing process and has been 

extensively studied for its capacity to promote periodontal regeneration.  

PDGF has shown an important impact on essential functions, cell proliferation and 

chemotaxis, ECM synthesis, mitogenesis, angiogenesis, and the upregulation of other growth 

factors [57]. 

2.2.3.1.2 Transforming Growth Factor-β (TGF- β) 

TGF-β is a cytokine member of the transforming growth factor superfamily, involved in 

regulating cell replication and differentiation. In the periodontal ligament, TGF-β upregulates 

periostin expression [58], a protein implicated in the regulation of collagen fibrillogenesis 

and fibroblast differentiation [59]. Therefore, TGF-β selectively stimulates periodontal 

ligament fibroblast proliferation, and type I collagen, fibronectin and osteocalcin 

biosynthesis.  

Other studies show that TGF-β also promotes bone matrix deposition, bone formation and 

osteoblasts differenciation [60]. 

2.2.3.1.3 BMP-2 

Bone morphogenetic proteins (BMP) are transforming growth factor superfamily. Several 

studies indicate that BMP-2 can, if properly delivered, induce the formation of bone [61]. 

BMP-2 is released during osteoclastic resorption and induces osteogenic differentiation of 

mesenchymal cells, stimulating osteogenesis in the healing processes [62]. BMP-2 stands out 

for its osteoinductive property, associated with bone formation in periodontal defect and 

enhanced periodontal attachment [63], [64]. 

2.2.3.2 Cell-based therapy 

The success of periodontal regeneration relies on the ability to restore the alveolar bone, 

allowing for new PDL attachment into a newly deposited acellular cementum [65]. This 
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complex process involves recruitment of progenitor cells capable to differentiate into PDLC, 

cementoblasts, or osteoblasts. 

2.2.3.2.1 Stem cell therapy 

Cell-based approaches have recently been of high interest for periodontal regeneration [66]. 

The use of stem cells have had promising results and have been able to induce predictable 

surgical outcomes [65], [67]. Several stem cell sources have been identified in the different 

part of the tooth – periodontium apparatus and investigated for their regenerative potential. 

Among others, periodontal ligament stem cells (PDLSC) are present in the PDL [68], 

mesenchymal stem cells (MSC) in the gingiva [69] and dental pulp stem cells (DPSC). Cells 

are combined with bone grafting material to be delivered in the periodontal defect (e.g. 

CALCITITE [70], hydroxyapatite/tricalcium phosphate (HA/TCP) [66]). More recently, 

additive manufacturing has been developed for cell delivery, allowing controlled cellular 

colonisation as well as improving wound stability and clinical outcomes [71]. 

2.2.3.2.2 Cell-sheet engineering 

As an emerging alternative to conventional cell delivery methods, Okano and al [72], [73] 

have developed a novel technique called cell sheet engineering and capable of overcoming 

the limitations of using scaffolds as well as local cell delivery in suspension. This approach 

consists in using culture surfaces grafted with a temperature-responsive polymer poly(N-

isoproplyacrylamide) allowing intact cell detachment, preserving their deposited ECM and 

maintaining the cells functions by solely lower the temperature [74]. Previous studies have 

demonstrated that cell sheet technology allows the preservation of cell morphology while the 

commonly used trypsinisation degrades cell to cell adhesion compounds as well as the 

deposited matrix [75].  

Moreover, cell sheet engineering enables the delivery of tissue-like structures containing 

cells in their native environment without the need of a scaffold [76]. In vitro and in vivo study 

have proven the regenerative potential of cell sheet technology for cornea [76], heart [77], 

skin [78], oesophagus [79] and [71], [80], [81] regeneration. Okano’s team assessed evident 

formation of Sharpey's fibres and cementum using periodontal ligament cell sheets (PDLCS) 

cultured in osteogenic media in athymic rat [80] and dog [82] models.  

2.2.3.3 Limitations 

Although the results of the aformentioned studies suggest that cell based therapies are the 

most potent approaches for periodontal regeneration, they involve the use of autologous cells, 

which present several limitations for clinical translation.  

Firstly, cell suspensions or cell sheets are challenging to stabilise and secure within the 

periodontal defect. Therefore, there is a need for effective strategies for the delivery of cells 
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and other biological components into periodontal defects, such as the use of hydrogels or 

scaffolds [26], [83], further described in sections 3.3 and 3.4. 

The success for autologous treatments is prone to patient to patient variation and age, gender 

[84] or even the overall quality of life [85] are know fators affecting tissue regeneration 

potential. Moreover, the number of healthy cells harvested from a patient is limited, 

especially for patients with existing pathologies [85]. This can be overcomed by cell 

expansion ex vivo prior to reimplantation, but it involves high costs [86], hence the need for 

off-the-shelf solutions. 

All tissues are composed of cells, surrounded by a constantly changing environment, called 

the ECM. The ECM provides essential structural support for the surrounding cells but also 

regulates many crucial cellular processes including migration, differentiation, survival, the 

maintenance of homeostasis, and morphogenesis [87], [88] essential for wound healing [89]. 

Therefore, the use of decellularised matrices as a biologic scaffold has gained attention for 

its ability to mimic natural tissue composition, biological and mechanical properties.  

The following section is a litterature review of the current decellularisation techniques of 

native tissues and tissue engineered products for bone, ligament and tendon regeneration, 

being the structurally closer tissues to alveolar bone and periodontal ligament.  

3 Decellularisation for bone, ligament and tendon regeneration 

3.1 Background 

 The extracellular matrix (ECM) components, probably because of their crucial roles in cell 

migration, proliferation, and differentiation [88], [90], are highly conserved across species 

and do not seem to trigger a major destructive inflammatory reaction [91]. Hence, the 

removal of cellular and MHC components i.e. ‘decellularisation’ of allograft and xenograft 

material has therefore emerged as a promising tool for tissue engineering and regenerative 

medicine applications, both preclinically and clinically. Decellularisation allows the 

preservation of naturally occurring biological components while significantly reducing the 

immunogenicity of grafts, providing a physical and possibly a biochemical niche for the 

homing of progenitor cells enabling subsequent tissue regeneration [92], [93]. Biological 

scaffolds composed of decellularised extracellular matrix (dECM) have been utilised in the 

repair of various tissues, including skin [94], bladder [95], [96] and heart valve [97], [98]. 

Several decellularised tissues have received FDA approval for clinical use in humans, 

including porcine heart valves (Synergraft®; Cryolife), dermis tissue (Alloderm®; LifeCell) 

and porcine urinary bladder (Urinary bladder matrix; ACell) [99], [100] and are 

commercially available. 
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The preparation of acellular matrices requires the thorough removal of cellular components 

while preserving the native ultrastructure and composition of the ECM during the process of 

tissue decellularisation [93], [101]. 

Bone is a hard tissue, composed of mineralised inorganic phase inserted in an organic phase, 

mainly collagen I, and some non-collagenous proteins such as osteocalcin, bone 

morphogenetic proteins (BMPs), proteoglycans [29]. Ligaments and tendons are soft tissues, 

which connect bone to bone and bone to muscle respectively. Collagen is the major protein 

in both tendons and ligaments, accounting for approximately 75% of the dry weight [102]. 

Other ECM components include non-collagenous matrix such as proteoglycans, composed 

of glycosaminoglycan chains (GAG) and proteins, which play an important structural role 

[102]. Indeed, GAGs are a major component of the soluble protein fraction of the ECM and 

are directly associated with mechanical loading capacity in a variety of tissues [103]. 

Entheses are the interfaces where tendon or ligament inserts into bone, allowing transmission 

of forces between two mechanically dissimilar tissues, hence avoiding mechanical mismatch 

[104]. They are highly hierarchical tissues, which exhibit gradients in tissue organisation 

with varying cellular and extracellular matrix compositions and arrangements [105]. 

Due to the unique characteristics of each tissue, (such as anatomical structure, dimensions, 

porosity, thickness, presence of soft tissue, etc.), a wide range of different decellularisation 

methods have been proposed encompassing a great variety of detergents, concentrations and 

incubation times [106]–[108] with the primary objective of achieving appropriate removal of 

the cellular components, while the preservation of the ECM being a secondary consideration. 

There is a plethora of documented decellularisation techniques, many of which are tissue 

specific, and the establishment of a standardised protocol remains elusive if not impossible. 

As such, multiphasic tissues including bone-ligament grafts are even more challenging due 

to different tissue morphologies and architectures [104]. This review therefore provides an 

overview of the main decellularisation techniques for bone and ligament tissues, and their 

potential for application in regenerative medicine and tissue engineering. The second part of 

the review elaborates on the current limitations of decellularised matrices and how recent 

developments involving in vitro recellularisation prior to implantation can potentially 

enhance their regenerative potential. Ultimately, the recent concept of synthetic scaffold 

decoration by natural ECM protein is described and its in vitro and in vivo efficacy towards 

tissue regeneration is critically examined. 

3.2 Decellularisation of native tissues: ligaments, tendons and bone 

Decellularised matrices can be considered as biological scaffolds derived from native tissues, 

treated to remove the cellular components while preserving structural characteristics and 

functional ECM proteins [101]. Decellularisation is generally achieved by a combination of 

chemical, enzymatic and/or physical treatment. As stated above, the tissue structural 
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properties determine the decellularisation protocol and a non-exhaustive list of protocols 

utilised for tendon/ligament and bone tissues is provided in Table 1.  

Although these protocols are designed based on the tissue architecture, they share some 

degree of similarities and can be classified as chemical/enzymatic or physical protocols. 
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Decellularisation 

method 

Tissue origin Protocol Outcomes Reference 

Chemical and 

Enzymatic 

Porcine 

patellar 

tendon 

• Hypotonic tris buffer (10 mM, pH 8) 

24h at RT with agitation  

• 0.1% SDS (w/v) in hypotonic buffer 

24h at RT with agitation  

• Nuclease solution (RNAase A: 

bovine pancreas 1 U/mL and 

DNAase: bovine pancreas 50 U/mL) 

3h at 37°C  

• Histological analysis confirm removal of cells and 

preservation of the tissue morphology 

• GAG and collagen content was not affected  

• Demonstrated the non-cytotoxicity of the 

decellularised tissue, however did not allow 

cellular infiltration 

[107] 

Chemical and 

Enzymatic 

Porcine ACL • Same as above, but surfactant/solvent 

concentrations have been raised to 

2% SDS, 2% TnBP, 2% Triton X-100 

• Total cell removal in all groups  

• Improved removal of vimentin in Triton X-100 and 

TnBP groups 

• Reduced GAG content and damaged collagen were 

observed in samples treated with SDS 

• Decellularised matrices were not cytotoxic, and 

cellular ingrowth was significantly greater for both 

Triton X-100 and TnBP‐treated samples  

[108] 

Chemical Rat calvarial 

bone 

• Immersion in 0.5% SDS and 0.1% 

ammonium hydroxide on a 

mechanical shaker at RT  

• Decellularisation solution was 

replaced every 36h for 3weeks.  

• Repetitive washes in deionised water  

• Efficient cell removal 

• Cellular infiltration happened only on crushed bone 

and not on the whole decellularised tissue 

• Reduced soluble proteins amount explaining a 15% 

decrease in mechanical properties (still suitable for 

bone regeneration applications) 

• No significant effect on the organic phase  

• Osteogenic activity of the decellularised matrix 

[109] 
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Chemical Chicken 

Flexor 

digitorum 

profundus 

(FDP) 

tendon 

• 0.05% trypsin, 4.0 mM sodium 

bicarbonate and 0.5 mM EDTA 

(Sigma) on rotating shaker at 200 rpm 

1h at 37°C 

• Trypsin was inactivated by 

incubating in DMEM/FBS 

• 1.5% peracetic acid, 2.0% Triton X-

100 on rotating shaker at 200 rpm 4h 

at 37°C 

• Freeze-drying of acellular matrices 

for 24h, then stored at -80°C 

• Residual DNA  

• Preserved mechanical properties and non-

cytotoxicity of the matrix 

[110] 

Mechanical Porcine 

femur and 

costa 

• Hydrostatic pressurisation at 

980 MPa 10min at 30°C, 

65.3 MPa/min  

• DNase I (0.2 mg/ml) 3 weeks at 37°C  

• Efficient cell removal 

• Cell proliferation and osteogenic activity 

[111] 

Mechanical 

And enzymatic 

Rat Achilles 

and flexor 

tendons 

• 5 freeze/thaw cycles 

• Cut into tendon slices with a 

thickness of 300 μm.  

• Nuclease solution (RNase 100 μg/ml 

and DNase 150 IU/ml) 12h at 37°C. 

• Promote cell proliferation, distribution and 

alignment 

• Promote tenogenic differentiation of stem cells 

[112] 

 

Mechanical, 

chemical and 

enzymatic 

Porcine 

Achilles 

tendons 

• SDS (0.25-1%)+Titron (0.5/1%) for 

48/72h 

• Freeze-thaw/Perfusion/Hydrostatic 

pressure 

•  100 μg/ml DNase for 24h at 37°C 

• 0.5% SDS + 1% Triton X-100 treatment for 48h 

gave the most promising results and was 

subsequently used  

• Hydrostatic pressure was more efficient for 

throughout cell removal but was more destructive to 

the ECM than static chemical treatments 

[113] 
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Mechanical, 

Chemical and 

Enzymatic 

Porcine 

superflexor 

tendon 

 

• 3 cycles freeze–thaw cycles  

• Acetone wash 3x1 h at RT  

• 2 cycles hypotonic buffer 24h, 

hypotonic buffer plus 0.1% SDS 24h 

• 3 cycles PBS wash 30 min, 70h, and 

30 min  

• 3 cycles nuclease treatment 2h 

• 18h wash in hypertonic buffer  

 

• Total DNA removal 

• Biocompatibility and non-cytotoxicity the 

acellular matrix  

• Retention of structural collagens and tenascin-C 

but loss in GAG content and α-GAL 

• Preserved mechanical properties 

[114] 

Chemical and 

Enzymatic 

Porcine 

Achilles 

tendon 

• 1% SDS, 0.2% sodium azide, 5 mM 

EDTA, 0.4 mM 

phenylmethanesulfonyl fluoride 24 h 

at RT 

• 0.05% trypsin/0.053 mM EDTA 24 h 

at RT 

• 3% Triton X-100 24 h at 37◦C  

• Total removal of DNA content 

• Significant removal of GAGs 

 

 

[115] 

Table 5 Summary of decellularisation techniques used for native ligament/tendon/bone tissues decellularisation
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3.2.1 Chemical and enzymatic decellularisation 

3.2.1 Chemical and enzymatic decellularisation 

Most protocols combine chemical decellularisation with an enzymatic treatment to obtain suitable 

levels of DNA removal without causing significant damages to the ECM. The following section 

elaborates on the role and on the effects of chemical types, concentrations and length of immersion 

with a constant enzymatic treatment on the decellularisation outcomes. Thereafter, the efficacy of 

various enzymatic treatments is described.  

As stated above, the decellularisation protocols are dependent on the tissue architecture; hence in 

the case of ligament whereby a dense connective tissue is surrounding the cells, strong surfactants 

have been utilised in order to achieve efficient penetration of the decellularisation fluids, including 

enzyme solutions, into the tissue to attain sufficient DNA removal. Detergents, such as sodium 

dodecyl sulphate (SDS), Triton X-100 and tri (n-butyl) phosphate (TnBP) are the most commonly 

utilised chemical agents for decellularising tendon and ligament [116] and have been used either 

alone or in combination to increase their efficacy. Their action results in solubilising the cell 

membrane, leading to cell lysis and consequently to the removal of the cellular components from 

the tissue.  

3.2.1.1 Decellularisation of native tendons and ligaments 

A comparative study assessing the efficacy of different chemicals for decellularising whole 

ligaments was conducted using various protocols which differed only by the utilisation of different 

detergents: the ligament samples were treated for 48 h with a 1% solution of either (i) SDS (Triton-

SDS), (ii) Triton X-100 (Triton-triton) or (iii) TnBP (Triton-TnBP) [106]. All protocols included 

a further enzymatic treatment using 90 U/mL deoxyribonuclease type II (DNAseII) and 85 μg/mL 

ribonuclease type III (RNAseIII) for 5 h at 37 °C in Hanks’ buffer. Nucleases, especially DNase 

I, are often used to eliminate diffuse nuclear fragments following detergent treatment [107], [108], 

[117] with the obvious aim of further eliminating DNA in the tissue. Although all decellularisation 

protocols allowed the maintenance of the graft mechanical properties, biochemical and ECM 

structural changes were observed (Fig. 2). Indeed, SDS treatment was the most efficient in cell 

removal as characterised by complete removal of cell nuclei and vimentin, an intracellular protein. 

However, the glycosaminoglycan (GAG) content was significantly reduced, and collagen 

disruption was observed. Triton X-100 and TnBP did not achieve the same level of cell removal 

but resulted in better preservation of the ECM (Fig. 2C and D).  
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Fig. 2 Comparison of various chemical treatments on the decellularisation outcomes A: Native 

tissue B: SDS treatment demonstrated the complete removal of cellular components and the 

intracellular protein vimentin C) Triton/triton and D) Triton/TnBP treatments displaying the 

presence of intact nuclei (white arrows) and vimentin (black square arrowheads) but a lesser degree 

of ECM damage (modified from [106] with permission). 

The protocols were subsequently modified by increasing the detergent concentration to 2% in order 

to maximise DNA removal while the enzymatic treatment remained unchanged, and the resulting 

decellularised tissues were assessed in vitro for their capacity to support fibroblast colonisation 

[108]. This strategy was highly efficient and resulted in a significant reduction of the remaining 

cellular components in all groups, and allowed for efficient cellular repopulation in Triton X-100 

and TnBP treated samples. However, higher concentration of SDS was associated with reduced 

capacity for tissue recolonisation post-decellularisation when compared to the other methods. 

Similar findings were also reported for comparable conditions (concentrations and incubation 
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times) suggesting that the presence of residual amounts of surfactant within the tissue was 

detrimental to cell proliferation and tissue colonisation [107].  

A subsequent report demonstrated that the damage to the ECM via the utilisation of concentrated 

SDS was also responsible for reduced cytocompatibility of the decelularised matrices, which 

couldn’t solely be attributed to the presence of surfactant residues. Indeed, the poor preservation 

of both GAG and collagen content affected cell-integrin binding sites and rendered the collagen 

more susceptible to degradation, hence affecting the subsequent recellularisation of the 

decellularised tissue [118].  

3.2.1.2 Decellularisation of native bone tissue 

Similar limitations of chemical-based protocols are encountered in the decellularisation of bone 

tissues, since increased detergent concentrations and prolonged exposure are required in order to 

achieve successful decellularisation. This has critical consequences on the ECM integrity and the 

mechanical performance of the decellularised construct. As an example, a 3-week immersion in 

0.5% SDS and 0.1% NH4OH was required for the decellularisation of a thin rodent calvarial bone, 

and this time-consuming protocol resulted in the removal of more than 90% of the DNA [109]. 

The resulting matrix demonstrated in vitro osteogenic differentiation potential and led to in vivo 

bone formation once implanted in a rodent bony defect [109]. However, the mechanical properties 

of the matrix were significantly altered, along with a 40% decrease in the content of soluble 

proteins, suggesting a loss in the GAG content. Indeed, GAGs are a major component of the 

soluble protein fraction of the ECM and are directly associated with mechanical loading capacity 

in a variety of tissues [103]. Therefore, prolonged exposure to chemicals might not be suited in the 

context of subsequently treating load bearing bony defects. 

The available literature suggests that for both soft and hard tissues, the utilisation of detergents can 

induce some level of cytotoxicity, unless used at low concentrations and for short incubation times 

in order to avoid excessive damage to the native ECM structure. However, the efficacy towards 

DNA removal of low concentration detergent methods is reduced; hence, most protocols have 

combined detergents with enzymatic treatment. Unlike detergents, which have a broad action and 

are likely to damage ECM constituents, enzymes provide more specificity in removing cell 

residues [119]. Common enzymes used for tissue decellularisation include nucleases and trypsin. 

Nucleases, especially DNase I, are often used to eliminate diffuse nuclear fragments following 

detergent treatment [107], [108], 117], with the obvious aim of further eliminating DNA in the 

tissue. However, nuclease action is limited in dimensionally large tissues with low porosity such 

as tendon, ligament and bone due to a limited diffusional within the bulk of the tissue. This physical 

limitation often results in heterogeneous decellularisation with the presence of residual DNA in 

the most central part of the tissue [120], [121]. A practical strategy for overcoming this issue in 

the case of tendon/ligament tissues is to slice the sample prior to decellularisation, thus allowing 
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for efficient cell removal and good preservation of ECM components [122], [123], albeit this 

approach is detrimental to the integrity of the tissue.  

Trypsin is one of the most commonly used proteolytic enzyme in decellularisation protocols. 

Trypsin is a highly specific enzyme that cleaves the peptide bonds on the carbon side of arginine 

and lysine, which efficiently disrupts tissue ultrastructure, improving penetration of subsequent 

decellularisation agents [101], B. It is commonly used in combination with EDTA (a chelating 

agent to disrupt cell-cell interactions) [99] and promising results have been obtained after exposing 

tendons to trypsin 0.05% Trypsin-EDTA for 24 h at 37°C, followed by 0.5% Triton X-100 for 24 

h at room temperature [124] or 1.5% peracetic acid (PAA) and 2.0% Triton X-100 for 4 h at 37ºC 

[110]. This last protocol demonstrated efficient DNA removal and ECM preservation which 

translated into well-maintained mechanical properties and the ability to support cellular infiltration 

and proliferation.  

3.2.2 Physical treatments 

Physical treatments are indeterminately utilised for both ligament and bone tissues as they resulted 

on a homogeneous distribution of the forces within the tissue and therefore relies less on the 

penetration efficacy of the decellularising solutions. While chemical and enzymatic approaches 

are the most widely applied decellularisation methods, these strategies have the limitation of 

possible toxicity due to the presence of residual decellularising agents and the destruction of ECM 

proteins as previously described [107], [108], [117]. Moreover, another disadvantage is that 

heterogeneous decellularisation can occur in dense tissues due to a decreasing chemical 

concentration gradient from the surface of the tissue to its most central portions. Indeed, the surface 

is exposed to higher chemical agents and enzymes concentrations for longer periods of time 

compared with the core, resulting in significant ECM alteration on the tissue surface while cellular 

components are not efficiently removed from its centre [120], [121]. Therefore, alternative 

methods of decellularisation have been developed based on physical treatments, such as agitation 

or sonication, high-pressure, or freeze-thaw cycles. Generally, these treatments disrupt the cell 

membrane while initiating the release of cellular contents into the surrounding ECM [99], which 

are subsequently removed by multiple washing and rinsing steps. However, these physical 

treatments alone are generally insufficient to achieve complete decellularisation for dense native 

tissues as the rinsing solution may not be able to penetrate deeply in the tissue and remove the 

lysed cellular components, and hence they are generally combined with a chemical treatment 

[111], [122]. While the ‘freeze-thaw’ cycle approach is a widely utilised method for tendon and 

ligament decellularisation due to its capacity to lyse cells even within dense tissues, its efficacy is 

further enhanced when combined with an enzymatic (RNase 100 μg/ml and DNase 150 IU/ml 

[112]) or a chemical treatment (48 h in 1% Triton X-100 or 1% SDS [120]). 
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Another strategy for disrupting the cellular membrane involves the application of high pressure on 

the tissues. The high pressure is applied homogeneously throughout the tissue resulting in cell 

disruption while avoiding the utilisation of harsh chemicals. Nonetheless, extensive washing and 

rinsing steps are required for the removal of the cellular debris [125]. As an example, Hashimoto 

developed a strategy to decellularise bone tissue by high-hydrostatic pressurisation (HPP) 

(980MPa at 30°C for 10 min using a cold isostatic pressurisation machine) followed by DNAse I 

treatment (0.2 mg/ml) for 3 weeks [111]. The tissue was successfully decellularised and 

demonstrated osteogenic activity both in vitro and supported vascularisation in vivo in a 

subcutaneous rat model (Fig. 3A-D). 
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Fig. 3 Decellularisation strategies involving high pressure or vacuum A-D: high hydrostatic 

pressurisation system applying a pressure of 980 MPa followed by an enzymatic treatment (DNAse 

I), A: native tissue, B: decellularised tissue C: morphology of the decellularised bone after 

subcutaneous implantation in a rodent model, D: immunohistochemistry towards CD34 indicated 

high vascularisation (from [111] with permission). E: DNA quantification of native and 

decellularised tissues using various approaches including a hydrostatic rinsing step (under vacuum, 

D: histology of the native and decellularised tissues using either a chemical method or a 

combination of chemical and hydrostatic rinsing methodology. T = tendon, I = Interface and 

B = Bone (from [113] with permission). 

While the previous strategy utilised high pressure to decellularise the tissue, hydrostatic washing 

has also been utilised in order to enhance the infiltration of the decellularising solutions [113]. 

This enabled superior DNA removal of an anatomically complex porcine ligament enthese 

(interface ligament-bone) compared to a variety of other techniques, including immersion at 

atmospheric pressure (static treatment), freeze/thaw cycles combined with ultrasound treatments, 

and perfusion at various pressures. This strategy involved the utilisation of a 200mmHg pressure 

during a 24 h immersion in 0.5% SDS + 1% Triton X-100 which resulted in accelerated 

decellularisation compared to the static treatment, while reducing the damage to the ECM [113]. 

This section has described the main decellularisation protocols which are summarised in Table 1 

and their respective advantages and drawbacks is also provided in Table 2. 

 

Method Advantages Drawbacks 

Chemical  

SDS Complete removal of cellular 

components 

Damages ECM: 

• Collagen disruption 

• GAG reduction 

Triton X-100 Good preservation of the ECM Poor cell removal efficiency  

TnBP 

Enzymatic  

DNAse • Not damaging to the 

ECM 

• Difficult to wash off 

tissues 
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• Very efficient in DNA 

debris elimination 

• Works only in 

combination with 

treatment disrupting cell 

membranes 

Trypsin Efficient cell surface removal Prolonged exposure can disrupt 

ECM 

EDTA Disrupts cell adhesion to ECM Inefficient alone, often combined 

with Trypsin 

Mechanical  

Freeze/thaw Efficient disruption of cell 

membranes 

• Do not efficiently 

removes cellular 

components 

• Can damage ECM  

Pressure Increases chemical exposure 

and debris removal in tissues 

High pressures can affect ECM 

integrity 

Table 6. Advantages and drawbacks of the main decellularisation methods. 

 

Whole tissue decellularisation has the advantage of presenting the desired ECM microenvironment 

[111], mechanical and structural properties, both for tendon/ligament [114], [126] and bone [127] 

tissue engineering. However, several limitations can prevent the utilisation of decellularisation 

matrices in vivo, which will now be explored further. 

3.2.3 Limitations in the utilisation of decellularised tissues 

3.2.3.1 Sterilisation  

Sterilisation of biologic scaffolds composed of ECM is necessary prior to implantation or in vitro 

use. Biological scaffolds may be sterilised by simple treatments such as incubation in peracetic 

acid (PAA) [114], or solvents (solvents), but these methods usually do not provide sufficient 

penetration or may damage key compounds of the ECM [101].  

Other methods such as gamma irradiation, ethylene oxide exposure and electron-beam radiation 

drastically affect the structural and mechanical properties of the ECM [128]. Irradiation induces 

the denaturation of collagen in a dose-dependent manner, drastically affecting the ECM 

microstructure and consequently the in vivo response [128], [129] (Fig. 4).  
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Fig. 4. Histological assessment of the effects of various sterilisation protocols (Gamma and E-

beam radiation) upon the morphology and structure of decellularised ECM using peracetic acid 

(PAA). The protocols resulted in extensive damage to the tissue, inducing a thickening of the 

collagen fibres and introducing pronounced lateral shrinkage (black arrows) (from [128] with 

permission). 

The use of slightly acidic electrolysed water (SAEW) has recently been developed and involves 

the production by electrolysis of a 6% HCl and 2 M NaCl solution [130]. This method achieved 

efficient sterilisation while maintaining excellent biocompatibility and cell proliferative capacity. 

In addition, SAEW allowed for the retention of the biological properties and preservation of the 

collagen structure, however the GAG content was significantly reduced in all groups which may 

have significant biological and mechanical consequences [130]. 

Even though the SAEW method seems promising, further studies are required for systematically 

assessing the potential of SAEW for clinical translation of decellularised tissues sterilised using 

this technique. 

3.2.3.2 In vivo performance and recellularisation  

The utilisation of decellularised tissues/organs for regenerative medicine is an attractive solution 

due to their obvious architectural and compositional mimicry. However, the removal of the cellular 

component is generally performed at the expense of ECM preservation and the dense organisation 

of the ECM seems also to present a barrier to efficient in vivo cellular colonisation, often limited 

to the surface of the resultant implantable construct. This is particularly relevant in the case of 

tendons and ligaments which lack vascularisation, hence preventing any significant colonisation 

of its core [131] and impeding tissue remodelling that is necessarily for full tissue integration.  

Therefore, recellularisation with autologous cells of decellularised tissues prior to implantation has 

been envisioned as a way to circumvent these aforementioned limitations in an attempt to enhance 

their regenerative performance (Table 3). Indeed, there is functional benefit to recellularise whole 

organ as the biomechanical properties, one of the key factors determining graft viability in 

orthopaedic reconstruction, are enhanced in the presence of cells, as previously demonstrated 
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[132], [133]. However, the recellularisation of dense decellularised tissues is not simple and 

several in vitro techniques have been developed in order to enable homogeneous cellularisation of 

these grafts prior to implantation [134]. 

 

Recellularisation 

method 

Tissue 

origin 

Cell type Protocol Reference 

Static seeding Rat 

Achilles 

tendon 

Primary 

rat 

tenocytes 

• Seeding by immersion in culture medium 

containing cells and incubation under rotation at 

37 °C in a and 5% CO2 for 48h 

[124] 

Dynamic 

seeding in 

bioreactor filter 

tube 

Porcine 

Achille 

tendon 

Primary 

human 

hamstring 

tenocytes 

• Frozen tendons slowly thawed 

• Preconditioning of acellular matrix by 

immersion 3 h FCS  

• Cell suspension and tendon combined in a 

bioreactor filter tube under orbital tilting 

conditions at 36 rpm in a tube roller at 37 °C and 

5% CO2.  

[115] 

Rotation seeding Rabbit 

hindpaw 

flexor 

Primary 

rabbit 

tenocytes 

• Acellular matrix placed in culture medium 24h 

• Seeding by immersion in culture medium 

containing cells and incubation under rotation at 

37°C in a and 5% CO2 for 24h 

[133] 

Ultrasonication 

of acellular 

scaffold prior to 

reseeding  

 

Porcine 

patella 

tendon 

Primary 

human 

tenocytes 

• Decellularised tendons were cut in 1cm3 

scaffolds  

• The probe was lowered into the PBS to a depth 

of 2.5 inches.  

• Scaffolds were immersed in ice-cold sterile PBS 

and subjected to ultrasonication at 5%, 10%, 

20%, 30%, 40%, or 50% amplitude for a total 

time of 1 min. Pulse time of 1–3 s ‘‘on’’ and 1 s 

‘‘off ’’, subjecting the scaffold to a total of 45–

60 s of ultrasonication.  

[134] 
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Mechanical 

perforation 

Dog 

flexor 

tendon 

Bone 

MSCs 

• During decellularisation, tendons were slit at 2-

mm intervals 

• Lyophilised matrices are rehydrated in PBS 24h 

• Static cell seeding directly into the slits 

[135] 

Table 3. Summary of recellularisation techniques used for decellularised tendon, ligament and 

bone. 

The in vitro recellularisation step is achieved via several methods, namely the careful selection of 

decellularisation methods, the biological modification of the decellularised matrix, or the 

utilisation of mechanical forces in order to force the cells to penetrate into the core of the tissue. 

Optimisation of the decellularisation protocols is an absolute necessity to ensure maximal 

preservation of the ECM components, which has a profound effect on the subsequent 

recellularisation capacity [107], [118] (Fig. 5A). Hence, prolonged exposure to concentrated 

detergent solutions such as SDS have shown higher cytotoxicity compared to Triton X-100 [108], 

[120] and TnBP [108], hence impeding cell colonisation (Fig. 5B). 
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Fig. 5 Effect of various decellularisation methods on cell distribution of proliferation after 

recellularisation A: distribution of the recellularised matrices, B: quantification of cell number 

(from [108] with permission), C-D illustration of the cell injection method in decellularised 

ligament tissue C: cell seeded over the ligament demonstrating no infiltration throughout the 

decellularised tissue and D: injection of cell loaded in an ECM hydrogel suggesting that cells could 

survive and proliferated despite the heterogeneous distribution (from [136] with permission). 

Another strategy consists of incorporating an ECM hydrogel within the core of the decellularised 

matrix as recently demonstrated for an acellular tendon [136]. The injection of a collagen solution 

and its subsequent gelation within the central portion of a decellularised tendon resulted in 

enhanced cell retention. However, the cell distribution within the rest of the tissue remained highly 

heterogeneous [136]. 

Physical treatment such as ultrasonication (360W, pulse time of 1 s for a total of 1 min) was also 

utilised and resulted in mechanical loosening of the collagenous structure of the scaffolds prior to 

cell seeding, hence facilitating cellular infiltration and differentiation [134], [137]. Mechanical 

perforation by creating multiple longitudinal slits along the tendon also improved cellular 
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infiltration and viability without significantly affecting the biomechanical properties of the 

decellularised tendon [135], although cellular colonisation remained localised to the created 

apertures. 

Culture conditions have also been shown to play an important role in reseeding efficiency. 

Bioreactors providing mechanical stimulation in vitro have been used in a variety of tissues for the 

purpose of simulating physiological conditions in tissue engineered constructs [138]. Indeed, the 

application of cyclic strains on different cell types influences the ECM production [139]. Tendon 

and ligament are connective tissues with crucial mechanical properties and cyclic loading of 

tendon constructs to simulate in vivo conditions resulted in increased ultimate tensile strength and 

elastic modulus of acellular tendon reseeded with tenocytes, adipose derived stem cells or 

fibroblasts [133]. 

For engineered bone tissue, bioreactors with perfusion through the constructs tend to be preferred 

because they can provide microenvironmental control and biophysical stimulation of the cells. 

Indeed, shear forces resulting from the perfusion promoted cell proliferation, and mineral 

deposition [140]–[142]. Indeed, Grayson at al demonstrated the proof of concept of using a 

decellularised bone which was subsequently processed by CNC-milling in a patient specific 

construct (Fig. 6A). This strategy involved the design of a shapefitting bioreactor(Fig. 6B) in order 

to enable the perfusion of culture medium increasing cell survival in the central portions of the 

construct along with enhanced ECM deposition and ensuring an homogeneous cell distribution 

(Fig. 6C and D).  
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Fig. 6 Perfusion bioreactor for the recellularisation of acellular bone construct A: Anatomically 

accurate patient specific bone construct manufactured from decellularised bovine bone and patient 

CT scans, B: Shape fitting perfusion bioreactor featuring multiple inlets for homogeneous fluid 

perfusion, C and D: cell distribution and ECM synthesis under static and perfusion culture 

respectively, demonstrating the positive effect of the perfusion upon cell survival and ECM 

deposition (from [143] with permission). 
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While the strategies explored thus far in the review have focused on the recellularisation of 

previously decellularised grafts in order to deliver cells in a microenvironment similar to their 

native niche, the encapsulation of cells within an ECM hydrogel is a simpler, yet efficient protocol. 

3.3 Decellularisation of native ECM for the formation of hydrogels 

The use of hydrogels allows a localised delivery with minimal invasive surgical intervention. In 

order to extract ECM protein from natural tissues, a decellularisation step is necessary in order to 

prevent immune reaction once implanted. This applies for natural ECM based hydrogel and 

scaffolds cultured in vitro prior to removing the cellular components leading to ECM decoration. 

The native tissues are decellularised via one of the methods described in the previous section, and 

then further processed to generate injectable hydrogels through two main approaches; mechanical 

disruption or enzymatic digestion (Table 4). 

 

Method Tissue 

origin 

Protocol Outcomes Reference 

Chemical Human 

FDP 

• 0.1% EDTA 4 h followed by 

0.1% SDS in 0.1% EDTA for 

24 h at RT under agitation.  

• Washed in PBS and stored at -

80°C before lyophilisation 

Milled into a fine powder and 

digested in 1 mg.ml−1 pepsin solution 

in 0.02N HCL 

• Efficient cell removal and 

preservation of ECM 

• Induced cellular alignment 

 

Applicable for non-invasive 

tendon regenerative treatment  

[144] 

Chemical Bovine 

tibiae 

• Bone grounded  

•  0.05% trypsin and 0.02% 

EDTA at 37 °C and 5% CO2 

under continuous agitation for 

24h 

• dECM rinsed and lyophilised 

Reconstitution as a hydrogel by 

digesting in 1 mg.ml−1 pepsin in 

0.01N HCl 

• Efficient cell removal and 

preservation of collagen 

content 

• Enhanced proliferation of 

mouse primary calvarial 

cells 

 

Applicable for non-invasive 

tendon regenerative treatment 

[145] 

Table 4. Decellularised native tissues derived hydrogel for orthopaedic regeneration. 



 

 

46 

  

Mechanical disruption strategies generally imply that the decellularised ECM is freeze-dried then 

ground or milled into a fine powder and subsequently solubilised for injection. As such, several 

commercially available products utilising pulverised demineralised bone matrix, bladder matrix 

and acellular dermis [146]–[148] are currently available. 

Enzymatic digestion using enzymes such as pepsin [149] are generally employed in order to 

solubilise the matrix prior to further processing. Obviously, the utilisation of enzymes, such as 

collagenase, responsible for the cleavage of the major ECM components is generally avoided in 

order to preserve the integrity and structure of the ECM. The digested ECM is then adjusted to 

physiological pH to match in vivo conditions, which simultaneously inactivates the pepsin (pepsin 

is preferentially activated in acidic conditions). 

Farnebo et al. demonstrated the feasibility of generating an injectable, biocompatible tendon 

hydrogel with regenerative potential for tendon healing. Human tendons were harvested, 

decellularised with 0.1% SDS in 0.1% EDTA for 24 h, lyophilised then milled into fine powder 

for storage [144]. The ECM material was then enzymatically digested using a 1mg/mL pepsin 

solution in acidic conditions (0.02M HCl) for 12- 72h. The decellularised tendon derived hydrogel 

supported multipotent adipoderived stem cells infiltration and proliferation in vitro while 

subcutaneous injection in a rat model demonstrated excellent tissue integration as no tissue capsule 

was observed around the hydrogel. 

A limitation of this approach may arise from the potential prolonged exposure of the ECM in 

enzyme or chemical solutions while stored for optimum hydrogel kinetics, leading to significant 

damage to the ECM components. 

One way to enhance the resulting ECM is lyophilisation as demonstrated in a study which 

demonstrated enhanced cell proliferation on reconstituted lyophilised ECM compared to hydrogels 

stored at -80°C and 4°C [150]. Moreover, lyophilisation renders the ECM more stable because of 

the removal of water, allowing for long term storage which could greatly facilitate clinical 

translation and commercialisation of decellularised ECM-based hydrogels [151].  

Fresh cancellous bovine tibia fragments were also demineralised (referred as bDBM) using an 

acidic solution (0.5 N HCl) or decellularised (bECM) in a solution of 0.05% trypsin and 0.02% 

EDTA at 37 °C and 5% CO2 under continuous agitation for 24 h prior to lyophilisation in order to 

produce a “bone” ECM hydrogel. The hydrogels were reconstituted separately by adding 10mg of 

matrix per mL of 1 mg/mL pepsin in 0.01 N HCl. Cell removal was efficient in both groups and 

these hydrogels demonstrated enhanced cell proliferation [67] along with high injectability 

potential for non-invasive delivery [67]. 

Regardless of the decellularisation protocol targeting the removal of DNA and the extraction of 

ECM protein, one of the major limitations in developing a functional acellular scaffold is the 
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presence of a low amount of DNA [134]. Indeed, residual DNA may result in immune rejection, 

thus it is generally accepted that decellularised tissues should contain no more than 50 ng 

dsDNA/mg ECM dry weight [101]. In order to remain below this threshold, the decellularisation 

protocols have generally utilised chemical and enzyme treatments known for their efficacy to 

remove DNA. However, this approach has neglected the preservation of the ECM which has been 

shown to affect in vitro and in vivo performance [107], [108]. In order to mitigate these 

aforementioned issues a different strategy has been investigated whereby cells are cultured in vitro 

on porous synthetic scaffolds and subsequently decellularised. This innovative strategy enables 

the utilisation of a very mild decellularisation protocol, which due to the porous nature of the 

construct and the absence of dense connective tissue allows the circulation of the decellularisation 

solutions into the core of the scaffold. 

 

 

3.4 Biologically enhanced synthetic scaffolds  

Because of their complex structure and the essential mechanical properties of ligaments and 

tendons, decellularisation of whole tissue is the most suitable scaffold for ligament/tendon 

replacement, at least from a biomechanical aspect. In contrast, bone defects often require 

anatomically accurate grafts which may not be obtained by using native decellularised tissues, and 

require tissue engineered solutions.  

Tissue engineering relies extensively on the use of porous three-dimensional scaffolds, capable of 

supporting 3D tissue formation in the defect area. In tissue engineering, those structures are 

combined with cells, bioactive molecule or both to stimulate an adapt tissue regeneration in the 

injured site [152]. 

Various strategies have been developed to promote bone regeneration. Most of them utilise 

implantable devices which can replace the structure and functionality of the damaged tissues, such 

as scaffolds [153]. A scaffold is an artificial structure for 3D cell colonisation. Scaffolds are 

expected to allow cell attachment and proliferation and at least tissue formation. The polymer used 

is therefore biocompatible, that can be natural or synthetic, biodegradable or permanent. The 

design of these structures is an essential parameter because of the complex relationship between 

physical parameters such as pore size, mechanics characteristics and surface properties, and the 

cell invasion and growth. Moreover, cell colonisation is different between in vitro and in vivo 

models; due to vascularisation and environment, and each type of cell interact differently with 

their support as they have different properties.  
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However, such structuresgenerally lack bioactivity. Hence, the surface of synthetic scaffolds often 

need to be modified in order to enhance their osteoinductivity [154], and this can be achieved by 

the deposition of various coatings, mostly comprising of inorganic molecules such as calcium 

phosphate [155], [156], hydroxyapatite [157], or with proteins collagen type I [156] and growth 

factors such as BMP2 [158]. However, an ideal cell/scaffold/signal construct has yet to be 

developed for use in bone tissue engineering applications. Some promising studies combining 

decellularised ECM and synthetic scaffolds are described below and summarised in Table 5. 
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Decellularisatio

n methods 

Tissue 

origin 

Scaffold Protocol Outcomes Referen

ce 

Chemical and 

enzymatic 

Bovine 

tibiae 

(cancello

us bone) 

3D printed 

polycaprolact

one (PCL), 

poly(lactic-

co-glycolic 

acid) 

(PLGA), and 

β-tricalcium 

phosphate 

(TCP) 

mixture 

scaffolds  

• Demineralisation in 0.5M HCL for 24h. 

• Removal of lipid with 1:1 

chloroform/methanol solution for 1hr 

• Rinse in methanol then distilled water 

• Lyophilised demineralised bone was then 

decellularised in 0.05% trypsin and 0.02% 

EDTA at 37⁰C and 24 h 

• Washed in PBS for 24 h at 4⁰C. 

• Hydrogel was reconstituted with a 

concentration o 10mg/ml in distilled water, 

and scaffolds were coated by dip-coating 

method 

• Enhanced osteogenic 

activity of osteoblasts  

• Stimulated bone 

formation in a critical 

sized calvarial defect 

[159] 

Mechanical Rat tibiae 

and 

femora 

Fibrous 

titanium 

• 3 freeze/thaw cycles under sterile conditions • Promote cell 

proliferation 

• Osteogenic activity  

[154] 

Mechanical Human 

inferior 

turbinate 

tissue 

3D printed 

polycaprolact

one/poly(lacti

c-co-glycolic 

acid) 

(PCL/PLGA) 

• 3 freeze/thaw cycles under sterile conditions • Osteogenic 

differentiation of 

hTMSCs in vitro 

• Subcutaneous bone 

formation  

• Enhanced bone 

regeneration in a 

calvarial model 

[160] 
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Chemical and 

enzymatic 

Human 

periodon

tal 

ligament 

Medical 

grade PCL 

melt 

electrospun 

Bidirectional perfusion of decellularisation 

solutions: 

• 20 mm NH4OH/0.5% Triton X-100 for 

60min at a rate of 1,000 ml/hr, with a flow 

inversion every 50s.  

• DNaseI solution (100 U/ml,) in 

CaCl2 (0.9 mM) and MgCl2 (0.5 mM) in 

sterile PBS at 37°C for 60 min.  

• Remaining chemicals/enzymes are washed in 

sterile water at 37°C for 60 min  

• Osteogenic 

differentiation of 

human placental 

MSCs (hpMSC) and 

human periodontal 

ligament cells 

(hPDLC) in vitro  

• Enhanced 

regenerative capacity 

of the periodontium 

[81] 

Table 7. Tissue engineered decellularised construct strategy 
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A simple yet effective method for enhancing synthetic scaffold bioactivity is the 

deposition of a layer of solubilised ECM on the scaffold surface. This enables the cells to 

interact directly with ECM proteins instead of the synthetic material, hence improving 

the bioactivity or differentiation potential while maintaining high mechanical properties 

[161]. This concept has been demonstrated for bone tissue regeneration by coating 

PCL/PLGA/TCP scaffolds, coated with demineralised and decellularised bone matrix 

[159]. Such biologically enhanced scaffolds induced osteogenic activity of osteoblasts in 

vitro and stimulated boneformation in vivo. 

Similar to scaffolds coated with decellularised ECM hydrogels, a recent approach consists 

of directly culturing cells in the scaffold in order to allow ECM deposition prior to 

decellularising the construct using mild chemical and/or enzymatic solutions [81], [160]. 

That way, both the molecular composition and the ECM network structure are preserved. 

Moreover, the development of such construct can be entirely performed in a sterile 

environment. 

To this end, Datta and al. studied the effect of in vitro generated mineralised ECM on 

primary rat MSCs. The cells were seeded on a fibrous titanium scaffold and cultured in 

osteogenic media for 12 days. The scaffolds were decellularised by three freeze-thaw 

cycles (10min in liquid N2 followed by a 10min immersion in a water bath at 37°C and 

rinsed with PBS in sterile conditions). The decellularised Ti/ECM and Ti scaffolds were 

then re-seeded with MSCs to study the influence of the deposited ECM. The results 

demonstrated an increase in cell proliferation and osteoblastic differentiation capacity as 

characterised by higher ALP expression and calcium deposition in the ECM groups 

compared to the control [154].  

More recently, Pati and al. investigated the potential of ECM-coated scaffolds for bone 

regeneration [160]. 3D printed PCL/PLGA scaffolds were seeded with human nasal 

inferior turbinate tissue-derived mesenchymal stromal cells (hTMSCs) and cultured for 

two weeks in osteogenic media. The scaffolds were decellularised using the same 

freeze/thaw protocol previously described, and the resulting tissue engineered construct 

revealed increased in vitro osteoblastic differentiation of hTMSCs. The decorated 

scaffold induced an upregulation of ALP, RUNX2, Osteopontin and Osteocalcin gene 

expression and resulted in higher calcium deposition. The regenerative performance of 

the ECM decorated scaffold towards bone formation was assessed in both a subcutaneous 

and a calvarial defect rodent model which de-monstrated enhanced bone regeneration for 

the decorated scaffold (Fig. 6B-E). 
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Fig. 7. Ormamentating scaffold with ECM deposited during prior in vitro culture. A: 

Morphology of the cellularised and decellularised scaffold, B: Micro-computed 

tomography scans of the PCL/PLGA/TCP control and ECM decorated scaffold 8 weeks 

post-implantation, C: demonstrating a significant enhancement in bone formation for the 

ECM scaffold, D and E: histology of the control and ECM scaffold confirming the 

presence of bone tissue (* show the position of the polymer filaments of the 3D-printing 

scaffold). (From [160] with permission). 

The decellularisation protocols in these studies were much milder than those required to 

efficiently decellularise native tissues utilising concentrated detergents and enzymes. This 

demonstrated that despite the mild conditions, DNA was nevertheless efficiently removed 

while achieving adequate preservation of the deposited ECM components. 

4 Decellularisation and periodontal regeneration 

While decellularised bone, ligament and tendon have been widely explored in the context 

of tissue regeneration as described above, very little attention has been paid to 

decellularised matrix for periodontal regeneration.  
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Indeed, only a few studies have been published and they usually studied whole tissue 

decelularisation techniques. A preliminary in vitro study, using decellularised teeth slices, 

demonstrated efficient cell removal and colonisation by periodontal ligament cells [162] 

and oanother endeavour performed the decellularisation of a whole mandibule by HPP. 

This study later demonstrated that the structural integrity of the PDL was maintained and 

enabled the cellular colonisation and orientation in vivo in a subrenal capsule model [163]. 

However, both studies used harsh decellularised treatment, having high impact on the 

PDL integrity. Another study investigated the potential of decellularising whole teeth 

before replantation [164]. Whole teeth were extracted with their PDL and reimplanted 

without treatment, decellularised using mild treatments or after root planning (with 

complete removal of the PDL and cementum). Efficient cellular removal was observed, 

and the collagen network was maintained after decellularisation, and decellularised teeth 

performed as well as untreated in vivo [164].  

Eventhough these results are interesting, the challenging accessibility of the PDL limits 

clinical applications using whole tissue decellularisation. Therefore the use of PDL-

derived matrix presents the advantage of being easily produced in vitro, and do not require 

harsh decellularisation protocols, allowing for efficient cellular removal and highly 

preserved ECM [165]. Several in vitro studies also demonstrated enhanced cellular 

attachment, proliferation and biological activity [165], [166] on decellularised 

periodontal ligament-derived ECM. However, the stabilisation of such product in a 

periodontal defect is challenging [82].  

In the context of periodontal regeneration, the use of periodontal ECM enhanced scaffold 

is very interesting as it allows space maintenance, anatomical accuracy, 

compartimentalised regeneration of the various periodontium tissues, while facilitating 

the delivery of the PDL ECM. Ivanovski’s group have optimised decellularisation of 

periodontal ligament cell sheets [165], [167] and their delivery in a periodontal defect 

using melt electrowritten scaffolds [81], [165], [168]. The decellularised PDL cell sheets 

enhanced periodontal attachment and bone formation was observed in the PCL scaffold 

[81]. This concept allows generating an off-the-shelf bisphasic scaffold, with a structure 

easily adaptable patient-to-patient and promoting periodontal regeneration, making it the 

most promising candidate for tissue engineered constructs for periodontal regeneration. 
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The previous chapter has developed a method for improving cell seeding efficacy and 

reproducibility which enables the assessment of the biological parameters of the ECM-

decorated scaffolds in a more controlled manner as we will demonstrate in this present chapter.  
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Abstract 

Bone regeneration is a significant issue in the craniofacial region, with the limitations of current 

solutions driving the development of tissue engineering strategies in order to increase the 

efficacy and predictability of osteogenesis. These strategies often rely on the utilisation of 

autologous cell sources that are associated with high costs and regulatory requirements, which 

are detrimental for commercially viable clinical translation. In this study, we explored the 

concept of utilising an osteoblast derived decellularised extracellular matrix (ECM) to enhance 

the bioactivity of polycaprolactone (PCL) scaffolds manufactured by melt electrowriting. To 

this end, the scaffolds were seeded with human primary osteoblasts and cultured for 1, 2 or 4 

weeks in order to allow bone-specific ECM deposition. Mature constructs were subsequently 

decellularised, resulting in an acellular ECM-decorated scaffold. Matrices were characterised 

before and after being decellularised. We recellularised all decellularised scaffolds to 

characterise the in vitro behaviour of human primary osteoblasts. The potential of the different 

constructs for bone healing was then assessed in vivo, in a rodent calvarial model. The 

decellularisation protocol, using mild chemical and DNAse conditions, was highly efficient 

and resulted in the removal of 95% of DNA, while preserving the structure and composition of 

the deposited ECM. The various culture periods demonstrated that ECM morphology and 

quantity was significantly different at 1, 2 and 4 weeks, resulting in the ECM-decoration of the 

electrospun fibres at the early time point, gradually obstructing the PCL scaffold pores. The 

different ECM decoration resulting from the various initial cell culture time periods affected 

the cellular infiltration and metabolic activity of the reseeded cells, as well as the amount of 

bone regeneration in vivo. The short to mid-term in vitro decoration was found to be more 

beneficial for osteogenesis compared to more extensive/mature ECM associated with longer 

term culture. This research investigated the influence of in vitro maturation on the composition 

and osteogenic capacities of ECM-decorated scaffolds and demonstrated that the optimisation 

of culture time prior to decellularisation is essential to maximise subsequent osteogenesis of 

the implanted construct.  
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1. Introduction  

The extracellular matrix (ECM) of every specific tissue is unique and is generated through 

dynamic interactions between the residing cells and their changing environment. The ECM 

plays a crucial role in regulating cellular proliferation, migration, and differentiation [1], [2]. 

In the context of regenerative medicine and tissue engineering, a construct rich in ECM may 

provide a beneficial impact upon tissue healing and regeneration. The use of decellularised 

organs and tissues from animals and humans presents significant advantages related to the 

maintenance of the ECM composition, tissue architecture and adequate mechanical properties 

mimicking those of the targeted tissue [3]–[5]. In addition, decellularised tissues and organs 

originating from animal sources have the advantage of high availability [6]. 

Decellularised organs and tissues have been already translated to the clinic with the notable 

examples of porcine heart valves (Synergraft®; Cryolife), dermis tissue (Alloderm®; LifeCell) 

and porcine urinary bladder (Urinary bladder matrix; ACell) [7], [8]. While the regenerative 

outcomes are promising, several limitations remain and are related to the efficacy of 

decellularisation and the extent and rapidity of cellular colonisation once implanted especially 

for tissues or organs of significant dimensions [9], [10]. 

In the context of bone regeneration, the utilisation of decellularised bone matrix has been 

explored and usually requires strong chemical treatments and/or mechanical disruption in order 

to efficiently remove the cellular components [11], [12], potentially responsible for triggering 

the host immune response [13]. These strong treatments consequently alter the structural 

properties of the resulting decellularised product along with the components of the ECM and 

the bound biological cues [14], hence potentially reducing its bioactivity and biomechanical 

properties. Therefore, the development of decellularised construct with both high bioactivity 

and tailorable mechanical properties is sounds and may circumvent these afore mentioned 

limitations.  

The use of three‐dimensional (3D) printing is widely used in tissue regeneration and is 

envisioned a solution to manufacture patient specific implantable devices. 3D-printing 

generally uses synthetic polymers and therefore the physical properties of the 3D construct 

such as porosity, pore size, pore interconnection and mechanical characteristics can be tailored 

for specific applications [15]. However, 3D printed scaffolds are usually bioinert and require 

further biological functionalisation to direct specific tissue regeneration [16], [17]. 

Several strategies combining scaffolds with controlled architecture and bioactive molecules 

such as growth factors [18], gelatin [19] or collagen [20] have resulted in the promotion of 

tissue regeneration [4], [5]. While these methods only utilised one single biological cue to 

achieve biofunctionalisation, the utilisation of more complex ECM cocktail has also been 

proposed in an attempt to increase scaffold bioactivity [21]. Indeed, the coating of scaffolds 

with solubilised ECM enable a direct cell/ECM interaction, hence improving the bioactivity or 

differentiation potential of the construct while maintaining intact mechanical properties [22]. 

Similarly, a recent approach emerged consisting of culturing bone cells directly in the scaffold 
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in order to allow ECM deposition prior to decellularising the construct, using mild chemical 

and/or enzymatic solutions [14], [23]. Pati et al. developed a 3D scaffold decorated with bone-

like ECM and demonstrated preservation of the main organic and inorganic components. This 

resulted in osteoblastic differentiation of newly-seeded human mesenchymal stem cells, 

induced calcium deposition and enhanced bone formation in vivo when compared to pristine 

3D printed scaffolds [14]. These results suggest that ECM-decorated constructs are a valuable 

method to produce off-the-shelf bone graft substitutes that combine tuneable physical 

properties and tissue specific biological cues.  

However, little is known on the influence of ECM maturation prior to decellularisation on the 

resulting regenerative capacity of the decellularised construct. Therefore, the aim of this study 

was to address this knowledge gap in order to provide a better comprehension of the nature and 

the degree of maturity of ECM deposited by human osteoblasts on a melt electrospun scaffold 

and how this affects subsequent bone regeneration. This was achieved by culturing osteoblasts 

in the scaffolds for various periods of time up to four weeks prior to decellularisation. The 

osteogenic capacity of the resulting ECM decorated scaffold was assessed in vitro subsequent 

to recellularisation and in vivo in a rodent calvarial model to evaluate the bone regenerative 

potential of these different matrices. 

2. Materials and method 

2.1. Cell isolation and culture 

Primary human osteoblasts were extracted from one patient undergoing dental surgery (Griffith 

University human ethics approval number DOH/07/13 HREC). Portions of alveolar bone 

removed during tooth extraction were chipped into small segments, covered with complete 

medium (DMEM high glucose, invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) 

and 4% Penicillin-Streptomycin (reduced to 1% after 24 h) and incubated at 37°C with 5% 

CO2. All in vitro cell culture studies were conducted using cells passaged at 80% confluence 

and ranging from passage 4 to 6.  

2.2. Melt-electrowritten scaffold 

Melt electrowritten scaffolds (MEW) were fabricated via a direct writing approach whereby a 

programmable x-y stage is used to collect the fibres [24]. Briefly, Medical grade poly(ε-

caprolactone) (MPCL) (PC12, Corbion), pellets were placed into a 2 mL syringe and heated at 

80 °C in an oven to melt the polymer. The polymer was then melt-electrowritten through a 21 

G blunt needle, at a pressure of 1.6 bar, a voltage of 9 kV and a spinneret collector distance of 

8 mm. The temperatures of heater #1 (placed near the syringe) and heater #2 (placed near the 

needle) were set to 75 °C and 85 °C, respectively. The translational speed of the collector was 

set at 850 mm/min in order to obtain straight fibres, and a square wave pattern was employed 

to fabricate a scaffold composed of a series of alternating layers with a 0/90° pattern with 250 

μm fibre interdistance. The membranes (1 mm thickness) were sectioned into 5 mm diameter 

discs. The melt electrowritten scaffolds were etched with 2 M NaOH for 60 min at 37°C in 

order to increase hydrophilicity and roughness to facilitate fluid infiltration and subsequent cell 
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attachment [25]. The scaffolds were thereafter rinsed several times in distilled water to remove 

any excess of NaOH. The scaffolds were sterilised by immersion in 80% ethanol for 60 min, 

and then dried overnight in a biosafety cabinet before a 30-min UV-exposure.  

2.3. Cell seeding and culture of scaffolds 

The scaffolds were immersed in FBS for 1 h at 37°C, as described in a previous study [26]. 

Excess FBS was removed and the scaffolds were seeded with 50,000 cells in 30 µL complete 

medium. Cells were allowed to attach for 2 h prior to transferring the scaffolds into 48 well-

plates containing 500 µL of medium. The scaffolds were cultured for 3 days in basal medium 

before osteogenic induction was initiated by supplementing the medium with 50 µg/mL 

Ascorbic Acid (AA), 0.1 µM Dexamethasone and 10 mM β-Glycerophosphate (osteogenic 

medium), referred to hereafter as osteogenic medium. The medium was changed every 3 days 

and the cells were cultured for 1, 2 and 4 weeks (later referred as 1w, 2w and 4w) and 

subsequently either analysed or decellularised. 

2.4. Decellularisation protocol 

A previously optimised technique of decellularisation was used in this study [27] and all steps 

of decellularisation were carried out under sterile conditions. The scaffolds were washed three 

times in warm PBS at the end of each decellularising step. Firstly, the scaffolds were incubated 

in 400 µL of a 20 mM NH4OH solution with 0.5% Triton X-100 at 37°C for 1 h on an orbital 

shaker (100 rpm). This resulted in disruption of the cell membrane enabling DNA removal 

immersing the scaffolds in a DNaseI solution in PBS (100 U/mL, Invitrogen) at 37°C for 1 h 

on an orbital shaker (100 rpm). The scaffolds were then rinsed in milliQ water at 37°C for 1 h 

on an orbital shaker (100 rpm) to remove any residual DNAse [27].  

2.5. Scaffold characterisation 

2.5.1. Confocal microscopy 

The presence of remnant DNA in the decellularised scaffold and the preservation of the 

collagen structure and network were investigated using confocal microscopy. At selected time 

points (1, 2 and 4 weeks) (n = 2×2, n = 4, from two independent experiments) the scaffolds 

were rinsed in PBS, and then fixed for 30 min in 4% paraformaldehyde (PFA) in PBS. The 

scaffolds were then incubated for 30 min in 0.5% BSA solution in PBS (blocking buffer) and 

subsequently incubated for 1 h at RT with Collagen I mouse primary antibody (1:400, ab6308, 

Abcam). The samples were then washed 3 times in PBS and subsequently treated with 0.1% 

Triton X-100. Scaffolds were then stained with 5 μg/mL 4,6-diamino-2-phenylindole (DAPI, 

Life Technologies, NY,USA), 0.8 U/mL Alexa Fluor 568 Phalloidin (Life Technologies, Grand 

Island, NY, USA) and goat anti-mouse IgG Alexa Fluor® 488-conjugated secondary antibody 

(1:500, ab150113, Abcam) in blocking buffer to visualise remnants cellular components and 

collagen type I. The scaffolds were rinsed in PBS then imaged using a Confocal Microscope 

(Nikon, Eclipse- Ti, U.S.A) at excitation/emission wavelength of 405/417-477 for DAPI, 

488/500-550 nm for collagen (green)and 561/570-1000 nm for Phalloidin (red) . 
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2.5.2. DNA quantification 

DNA quantification was performed to determine the level of DNA in the cultured scaffolds, 

and the amount remaining in the decellularised scaffolds. The scaffolds (n = 4, with 2 replicates 

from 2 independent experiments) were washed in PBS and frozen at −80°C until further 

processing. Subsequently, the samples were digested overnight at 56°C, in a 0.5 mg/mL 

Proteinase-K solution in buffered Tris-EDTA. 

DNA quantification assay was performed with picogreen assay according to the manufacturer’s 

description (P11496, Invitrogen), using a spectrofluorometer (POLARstar Omega, BMG 

LABTECH, Germany), at an excitation wavelength of 485 nm and an emission wavelength of 

520 nm. A DNA calibration curve was also build using λ-DNA (provided in the kit) to 

determine the amount of double stranded DNA in the scaffolds. 

Two independent experiments with two technical replicates (hence n=4) were performed in 

order to assess the reproducibility of the seeding and decellularisation protocols. 

2.5.3. Alkaline phosphatase (ALP) activity 

The ALP activity, an osteogenic marker, was measured on the scaffolds (n = 4, 2 technical 

replicates from 2 independent experiments) prior to decellularisation, to study cell osteogenic 

differentiation at 1, 2 and 4 weeks of culture. ALP quantification was performed according to 

the manufacturer’s instruction (Thermofisher, Australia); 300 µL of lysis buffer (RIPA, 

millipore) was added to the samples and incubated at 4°C for 30min, the lysate was then 

centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was transferred to 1.5 mL 

Eppendorf tube and 50uL of the obtained lysate were plated in triplicate in a 96well plate, 50uL 

of Alkaline Phosphatase Yellow (pNPP) Liquid Substrate were added and followed by 1 h 

incubation in the dark at 37°C. The absorbance at 405 nm was measured using a microplate 

reader (POLARstar Omega, BMG Labtech, Germany). The results are expressed as units per 

milligram of protein in cell lysate. Bradford assay (B6916, Sigma Aldrich) was utilised to 

measure the total protein content from the lysate of each sample by using serum bovine albumin 

as standard. 

2.5.4. Alizarin red staining and quantification 

Alizarin Red binds to calcium deposition, an indicator of matrix mineralisation. For 

characterisation of the mineralised matrix, the scaffolds were fixed with 4% PFA for 30 min 

and wash three times in PBS prior to staining with 1% Alizarin Red S solution (pH was adjusted 

to 4.2) for 10 min at room temperature (RT) and then thoroughly but gently washed with 

distilled water. The samples, (n = 2×2) were imaged using an inverted phase-contrast 

microscope. For quantitative analysis, the staining was dissolved in 400 µL of 10% acetic acid 

(Sigma) in PBS for 30 min on a rotational shaker (100 rpm). 100 µL of each sample was plated 

in triplicate in a clear 96well plate and the absorbance, relative to the amount of mineralised 

matrix, was measured at 405 nm using a microplate reader. Three scaffolds without cells were 

used as negative control and processed using the aforementioned protocol. 
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2.5.5. Picrosirius red staining and quantification 

For characterising collagen content, scaffolds were fixed with 4% PFA and stained with 1% 

Sirius red in saturated picric acid solution for 60 min at RT, then washed several times with 

0.5% acetic acid. The samples (n = 2×2) were imaged using an inverted phase-contrast 

microscope. For quantitative analysis, the staining was dissolved 30 min in 400 µL of 0.1 N 

NaOH for 30 min on a rotational shaker (100 rpm). 100 µL of each sample was plated in 

triplicate in a clear 96well plate and the absorbance was measured at 540 nm using a microplate 

reader. Sirius Red specifically binds to collagen when dissolved in picric acid (Picrosirius Red), 

therefore the dissolved dye solution absorbance is relative to the amount of collagen in the 

construct.  

Three scaffolds without cells were used as negative control and processed using the 

aforementioned protocol. 

2.6. Scaffold recellularisation  

The biological impact of the decellularised matrices on the scaffold was investigated by 

reseeding the scaffolds with primary human osteoblasts. To this end, the decellularised 

scaffolds previously cultured for 1, 2 and 4 weeks and pristine scaffolds (Ctrl) (i.e. not 

previously cultured and incubated in 100% FBS for 1 h accordingly to our previously published 

protocol [26]) and subsequently re-seeded with 10,000 human osteoblasts at passage 2 to 4.  

2.6.1. Cell viability 

A Live/Dead® assay was performed after 1, 3, 7 and 28 days (n = 2×2) by staining the cells 

with fluorescein diacetate (FDA- green channel for living cells) or propidium iodide (PI- red 

channel for dead cells). The scaffolds were washed twice in PBS, and then incubated with FDA 

(0.8 U/ml) and PI (5 μg/mL) in PBS for 10 min at 37°C under 5% CO2. The scaffolds were 

then rinsed twice in PBS and imaged shortly after. The cells were visualised under a Confocal 

Microscope (Nikon, Eclipse- Ti, U.S.A) at excitation/emission wavelength 488/500-550 nm 

for FDA and 561/570-1000 nm for the PI. 

2.6.2. AlamarBlue and ALP activity 

The metabolism of cells seeded on the different matrix (1, 2 and 4 weeks of culture) and on the 

pristine scaffold was evaluated by alamarBlue according to the supplier’s instructions. The 

scaffolds (n = 2×2) were placed in in wells and incubated for 2 h at 37°C, 5% CO2 with 400 

µL of a 10% alamarBlue solution in complete DMEM. 100 µL were plated in triplicate in a 

96well plate and the fluorescence was measured using a microplate reader using 560/590 nm 

(ex/em). Unreacted as well as fully reduced alamarBlue solutions were used as reference to 

determine the percentage of reduction of alamarBlue in the samples, proportional to the 

scaffold overall metabolic activity.  

The osteogenic potential of each group was assessed (n = 3) by measuring the ALP activity as 

previously described with the notable exception that ALP value was normalised by DNA 
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content as opposed to total protein content secreted by the cells as the later was not possible to 

measure accurately due to the presence of the decellularised matrix. 

2.6.3. Scaffold colonisation and matrix remodelling 

Cell infiltration following recellularisation and matrix remodelling were characterised by 

confocal laser microscopy. The scaffolds at 1, 3, 7 and 28 post-reseeding were fixed in 4% 

PFA for 30 min and stained with DAPI/Phalloidin and collagen Ia as previously described. To 

determine cell proliferation, DNA quantification on the constructs at different stage of 

recellularisation (1, 3, 7 and 28 days) was performed by picogreen assay as previously 

described. 

2.7. In vivo study 

2.7.1. Calvarial defect (nude rat model) 

The bone regeneration performance of the scaffolds was tested in a rodent calvarial model. 

Animal ethics approval for the use of nude rats in this experiment was granted by the Animal 

Ethics Committee of Griffith University (ethics approval number DOH/06/14). 

The study included 20 athymic female rats, 10-12 weeks old (Animal Resources Centre, 

Canning Vale,WA, Australia) and 8 groups (n = 5) were implanted: 1) empty defect, 2) PCL 

melt electrowritten scaffold, 3) 1-week cellularised, 4) 1-week decellularised, 5) 2-weeks 

cellularised, 6) 2 weeks decellularised, 7) 4-weeks cellularised, 8) 4-weeks decellularised 

The animals were anaesthetised with isoflurane and the dorsal part of the cranium was clipped 

and disinfected with betadine. A sagittal incision was created through the skin exposing the 

periosteum of the calvarium and the cranial vertex. After raising the full thickness periosteal 

flap, two bilateral circular osseous defects were created on the calvaria by means of a trephine 

bur (internal diameter of 5.0 mm) with copious isotonic solution (0.9% Saline) irrigation. A 

6mm punched 1.5 mm thick and cell-impermeable mPCL solution electrospun membrane was 

placed on top of the exposed dura mater. The constructs were placed into each defect and a 0.8 

mm thin electrospun mPCL membrane was used to cover the defect in order to provide soft 

tissue occlusion. The wound was closed in layers using resorbable sutures (Vicryl 5.0 and 4.0, 

Ethicon, Germany). The animals were sacrificed after four weeks and the specimens were 

retrieved and fixed in 4% paralformaldehyde overnight and then transferred to PBS at pH 7.4 

until further analysis. 

2.7.2. Micro Computed Tomography (MicroCT) 

New bone formation was assessed by microcomputed tomography using a mCT40 scanner 

(SCANCO Medical AG, Bruttisellen, Switzerland) at a resolution of 30 μm and a voltage of 

45 kV and a current of 177 µA at a grey scale threshold of 220. The scans were manually 

segmented to isolate the region of interest corresponding to the defects and bone volume that 

calculated by micro-CT inbuilt software against a hydroxyapatite standard (supplied by 
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Scanco).Three-dimensional images of the samples were reconstructed using the supplier 

software. 

2.7.3. Histology and immunohistochemistry 

After micro‐CT scanning, the samples were decalcified in 10% Ethylenediaminetetraacetic 

acid (EDTA) at room temperature for a month with bi‐weekly change of solution and 

subsequently embedded in paraffin. Histological sections were prepared in the sagittal plane. 

Consecutive serial sections (6 µm) were deparaffinised and stained with hematoxylin–eosin 

(H&E). The stained slides were scanned using an AT2 Scanscope slide scanner (Leica 

Biosystems, USA).  

The area occupied by newly formed bone, mineralising tissues, and number and size of blood 

vessels were measured using Aperio ImageScope from histology slides taken near the middle 

of the defect (n=5 for each group). The blood vessels present in the defects were identified 

using the same software, quantified and their surface was measured. 

Imunohistofluorescence (IHF) targeting von Willebrand factor (vwf) was also utilised in order 

to visualise the vascularisation in the scaffold. The sections were deparaffinised, antigen 

retrieval was performed by incubating the slides for 15 min in citrate buffer at 96ºC. The slides 

were then washed with washing buffer (PeproTech) and incubated in blocking solution (1% 

bovine serum albumin (BSA), 10% goat serum, 0.05% Triton X-100 in PBS 2 h at RT. This 

was followed by an overnight incubation at 4°C with the vwf rabbit primary antibody (1:500, 

ab6994, Abcam). The sections were washed three times with PBS and incubated at room 

temperature for 2 h with goat anti-rabbit IgG Alexa Fluor® 488-conjugated secondary antibody 

(1:500, ab150077, Abcam) and washed three times with PBS. Samples were then 

counterstained with DAPI and washed three times with PBS. Sections were then imaged using 

a fluorescent confocal microscope (Nikon, Eclipse- Ti, U.S.A) at excitation/emission 

wavelength 405/417-477 for DAPI and 488/500-550 nm for vWF (green). The brightfield 

images were also recorded in order to facilitate the localisation of the blood vessels within the 

osseous defects. 

2.8. Statistical analysis 

Statistical analysis was performed using GraphPad Prism (version 8.2.1). Since the data set 

consisted of multiple groups and/or time points, multiple comparisons were performed using 

one-way ANOVA followed by a Tukey post hoc test. Statistical differences are represented by 

* (p ≤ 0.05); ** (p ≤ 0.01); *** (p ≤ 0.001) and **** (p ≤ 0.0001). 

3. Results 

3.1. Characterisation of cellularised and decellularised constructs 

3.1.1. Evaluation of the decellularisation protocol 
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The culture of the scaffolds in osteogenic medium (DMEM supplemented with AA, 

dexamethasone and β-glycerophosphate) resulted in the deposition of a naturally crosslinked 

collagenous network, enabling for the deposition of mineralisation. 

Fig. 1 and Fig. 2 respectively show the confocal and SEM images of the scaffolds before and 

after decellularisation at the different in vitro maturation periods (1w, 2w and 4w). 

Fig. 1: A) Confocal images magnification x10 of scaffolds cultured for 1w, 2w and 4w, 

before and after decellularisation. Samples have been stained for cell compounds: DNA in 

blue (DAPI), actin filaments in red (Phalloidin) and the main ECM component, collagen 1, in 
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green (FITC). B) DNA quantification in samples after 1, 2 and 4 weeks of culture, before and 

after decellularisation, using PicoGreen Assay kit, and C) percentage of DNA content 

removal after the decellularisation.  

Values are presented as individual data points, superimposed by the mean (horizontal line) and 

error bars showing plus and minus one standard deviation (SD) (as represented by the 

whiskers). P-value ≤ 0.0001 are indicated by ****. 

As observed in confocal images, the cellular components (a-actin stained by the phalloidin and 

nuclei stained by DAPI) are efficiently removed after decellularisation, in the scaffolds matured 

for 1 and 2 weeks as shown by the lack of staining in these groups. However, DNA remnants 

DNA and fragmented actin fibres were visible on the 4 week decellularised group suggesting 

that matured ECM affected the decellularisation process. A picogreen assay was performed to 

quantify the DNA content in each group, in order to evaluate the efficacy of the 

decellularisation protocol (Fig. 1B and C). This confirmed the confocal imaging and 

demonstrated a high decellularisation efficacy of 93.7%, 95.9% in the 1w and 2w groups 

whereas it decreased in the 4w group (82.5%). This was explained by the presence of a denser 

collagenous network after 4 weeks of culture which may have impacted on the level of DNA 

removal. The ECM was relatively well preserved as shown by the structure of the collagen type 

I fibres (green signal in Fig. 1A) and the SEM images (Fig. 2). Surprisingly, no obvious 

differences were seen in the quantity and organisation of the collagenous network between the 

various in vitro maturation periods. At 1 week, the collagen network was already covering the 

entire surface of the scaffold and filling the pores. With increasing culture times, at 2 and 4 

weeks, the collagen matrix became denser.  
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Fig. 2: Scanning Electron Microscopy images of scaffolds after 1, 2 and 4 weeks of in vitro 

maturation. Images of scaffolds before and after decellularisation were taken to confirm 

cellular removal and structural maintenance of the deposited ECM. 

 

3.1.2. ALP activity 

Osteogenic activity of the cells cultured on the melt electrospun scaffolds after 1, 2 and 4 weeks 

(prior to decellularisation) was assessed by measuring the intracellular ALP and staining the 

mineralised matrix with alizarin red. ALP expression varied throughout the culture of cells in 

the 3D scaffolds, with significantly higher activity at 1w (12.6 U/g of proteins) than 2w (6.03 

U/g). Further, ALP level significantly increased again and reached 26.13 U/g at 4w (Fig. 3).  
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Fig. 3: ALP activity after 1, 2 and 4 weeks of culture in osteogenic medium and prior to 

decellularisation. ALP activity of each scaffold is compared to the amount of protein it 

contains, measured by Bradford staining and absorbance reading. Values are presented as 

individual data points, superimposed by the mean and error bars. Statistical differences are 

represented by * (p ≤ 0.05), ** (p ≤ 0.01) and **** (p ≤ 0.0001). 

 

All samples were stained for alizarin red, and this demonstrated that longer in vitro maturation 

resulted in a darker coloration (Fig. 4) indicating the increase of calcium deposits on the 

scaffold over time. Quantification of the staining by dissolving the bounded alizarin Red 

confirmed this previous observation. At 1w, the scaffolds did not present any significant 

mineralisation (Fig. 4A), as expected, but still this process had been initiated as several 

mineralisation nodules were observed along with the detection of a signal above noise in the 

quantification (Fig. 4B). At 2w, the scaffolds presented homogeneous mineralisation, which 

increased at 4w, leading to a much denser matrix, as shown in the optical microscope images 

(Fig. 4A), with almost complete mineralisation of the construct and obstruction of the melt 

electrowritten pores. This indicates that mineralisation of the collagen matrix had occurred, 

entrapping the cells within the scaffold explaining remnant cellular components, and a less 

intense staining of the collagen fibres. Interestingly, there were only negligible changes in the 

level and distribution of the mineralisation imparted by the decellularisation process as shown 

in Fig. 4B. 
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Fig. 4: Qualitative and quantitative analysis of the calcium deposition by Alizarin red staining. 

Biomineralisation is stained in red and presented in A, showing mineralisation of the construct 

week 1, 2 and week 4, allowing for maturation and densification of the ECM, confirmed by the 

absorbance reading of the dissolved nodules as presented in B. Values are presented as 

individual data points, superimposed by the mean and error bars. Statistical differences are 

represented by *** (p ≤ 0.001) and **** (p ≤ 0.0001). 

 

3.1.3. Picrosirius red staining 

Collagen content was visualised and quantified using picrosirius red staining. All groups 

presented significant levels of collagen, and here again, longer in vitro maturation resulted in 

the formation of a denser network (Fig. 5). At 1w, the scaffolds already contained a significant 

amount of collagen and the collagenous network seemed increased and denser at 2 weeks. At 

4w, the collagen had completely covered the pores. Quantification of the staining by dissolving 

the bounded Sirius red confirmed these previous observations and demonstrated that a gradual 

and sustained production of collagen occurred over the 4 weeks of in vitro culture. The 1w and 

2w decellularised groups displayed significantly lower levels of collagen than their 

corresponding cellularised groups. When decellularised, the scaffolds are depleted of the cells 

and their intracellular collagen, inevitably resulting in a lower amount of collagen in the 

decellularised constructs. 
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However, there was no significant difference between cellularised and decellularised scaffolds 

after 4 weeks of culture (Fig. 5B), which could be due to a slower collagen deposition at later 

time points, hence lower intracellular collagen. 

 

Fig. 5: Picrosirius staining of the scaffolds at 1, 2 and 4 weeks of maturity, a) qualitative images 

were taking using a brightfield microscope and b) the bonded dye was eluted and the 

absorbance was measured, representing the level of in each groups. Values are presented as 

individual data points, superimposed by the mean and error bars. Statistical differences are 

represented by * (p ≤ 0.05), ** (p ≤ 0.01) and **** (p ≤ 0.0001). 

 

3.2. Recellularisation of decellularised matrices  

All decellularised groups, along with a control scaffold incubated in 100% serum for 1h, were 

reseeded with human osteoblasts. Two mains factors were studied, the potential of each group 

to maintain cell viability and promote cell proliferation; and the osteogenic activity of the cells 

on matrices matured for various time periods. 

3.2.1. Cell viability proliferation 

The viability of cells seeded in all groups was visualised and quantified as presented in Fig. 6. 

All groups displayed more than 90% cell viability at any one of the time points. Even though 

no significant differences were observed (apart between 1w and 4w at 7 days post 

recellularisation), the cell viability was slightly but consistently lower in the 4w group (Fig. 

6B). 
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Fig. 6: Live/Dead staining of scaffolds (n = 4) reseeded with human osteoblasts in osteogenic 

medium. A) All groups were imaged at 1, 3 7 and 28 days and B) each group viability rate was 

measured using ImageJ. Values are presented as individual data points, superimposed by the 

mean and error bars. P-value ≤ 0.05 is indicated by (*). 
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The recellularised groups were also stained for collagenI, DAPI and Phalloidin to study both 

cell colonisation and in vitro matrix remodeling (Fig. 7). All groups enabled cell attachment 

although, seeding efficacy seemed higher in the ECM-decorated specimens. Both controls and 

1w scaffolds displayed a very homogeneous cell distribution throughout the construct while in 

2 and 4w constructs, most cells were located on the surface up to 7 days post-seeding. At 28 

days, all constructs were homogeneously cellularised and high amounts of collagen were 

observed in the pores of the scaffolds, confirming successful colonisation of all groups over-

time. Between day 1 and 3, a decrease of collagen was visible by confocal imaging in the 1w 

scaffolds, indicating matrix remodelling by the reseeded cells. The 2w scaffolds revealed a 

similar behaviour with cells infiltration although at a later time point (after 7 days). In contrast, 

the cells remained on the surface of the 4w scaffolds for the entire time period of the culture. 
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Fig. 7: DAPI/Phalloidin/Collagen1 staining and images of recellularised scaffolds by confocal 

microscopy at magnification x10.Images were taken at 1, 3, 7 and 28 days of culture on PCL 

and ECM-decorated scaffolds.  

 

After 1 day, both the cellular activity and the DNA content were higher in the ECM-decorated 

scaffolds compared to the controls (Fig. 8). This indicated enhanced initial cell attachment in 

the presence of the decellularised ECM, confirming the confocal imaging observations made. 

Highly porous scaffolds do not allow for efficient cell retention when seeded [26], while 

presence of a dense matrix in all the ECM-decorated groups obstructs the scaffolds pores and 

retaining most cells. At 7 days, the metabolic activity of the 1w group was significantly higher 

than all other groups and at 28 days, 1w and 2w groups displayed significantly higher metabolic 

activity. This could be explained by the initial pore obstruction from the more mature matrices, 

resulting in a delayed cellular colonisation. Ctrl, 1w and 2w groups displayed a gradual increase 

in the DNA content indicating cell proliferation. However, this was not the case for the 4w 

scaffolds whereby the DNA amount remained constant throughout the 28 days. 

 

Fig. 8: A) Metabolic activity and B) DNA content were measured in all reseeded groups at 1, 

3, 7 and 28 days.  
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Values are presented as individual data points, superimposed by the mean and error bars. 

Statistical differences are represented by * (p ≤ 0.05); ** (p ≤ 0.01); *** (p ≤ 0.001) and **** 

(p ≤ 0.0001). 

All groups displayed some levels of ALP activity, confirming their suitability to support 

osteogenic differentiation (Fig. 9). At 3 days, the control group, PCL incubated in FBS, induced 

lower levels of ALP compared to the ECM-decorated groups, although it only reached 

statistical significance for the 4w group. We also observed after 28 days of culture post-

recellularisation statistically higher ALP activity for the 4w group.  

 

Fig. 9: Cellular ALP activity was measured at 3, 7 and 28 days post-recellularisation, indicating 

that 4w scaffolds at 3 and 28 days induce significantly higher osteogenic differentiation than 

all other groups with a p-value; **** ≤ 0.0001 and ** ≤ 0.01. Values are presented as individual 

data points, superimposed by the mean and error bars. 

 

3.3. In vivo study 

The post-operative course was uneventful and all animals recovered. Upon samples retrieval, 

all scaffolds were well integrated 4 weeks post-implantation no obvious signs of acute 

inflammation nor rejection were observed. 

3.3.1. MicroCT analysis 

The volume of newly formed bone in the defect area was higher in all groups where a scaffold 

was implanted compared to the empty defect (Fig. 10). Bone formation was significantly higher 

in the 1-week matured specimens for both cellularised and decellularised groups (2.47±0.24 

and 2.83±0.69mm3) than in the controls (empty: 0.65±0.51 and scaffold: 1.05±0.52) and 4w 

groups (cellularised: 0.91±0.46 and decellularised: 0.72±0.32). The decellularised scaffolds at 

2-weeks (2.43±0.86) had a significantly higher newly formed bone volume than the controls 

and 4w groups but with less consistency than the 1w groups. Finally, both 4w cellularised and 

decellularised scaffolds showed similar results to the control groups. Moreover, the frequency 
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of occurrence of bone formation away from the edges was much higher in both 1w and 2w 

decellularised constructs (Table S.4).  

 

Fig. 10: In vivo study in a nude rat model, involving calvarial defects. A) The 3D reconstruction 

of the microCT scan for all groups are presented and B) quantification of newly formed bone 

in all defects were performed, showing higher bone in 1w groups and 2w decell as compared 

to controls and 4w scaffolds; and. Values are presented as individual data points, superimposed 

by the mean and error bars. Statistical differences are represented by * (p ≤ 0.05), ** (p ≤ 0.01) 

and *** (p ≤ 0.001). 

 

3.3.2. Haematoxylin and eosin coloration  

Histology confirmed the tissue integration observed upon sample retrieval and demonstrated 

that the scaffold maintained their capacity for space maintenance which is a pre-requisite for 

bone formation. The histology also demonstrated that the decorated scaffold did not trigger an 

important inflammatory reaction as there was no obvious difference with the pristine scaffolds.  
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Four weeks post-implantation, mineralised bone was present in the middle of the defect in most 

1w scaffolds, both cellularised and decellularised, revealing the in vivo osteogenic potential of 

a short in vitro ECM decoration.  

Visual analysis of the sections confirmed osseointegration of most scaffolds and their capacity 

for space maintenance, especially in the cultured scaffolds, while the membranes defining 

empty defects collapsed, preventing structural regeneration as shown in Fig. 11A.  
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Fig. 11: A) H&E images of defect in all implanted groups at 2× magnification, and 20×, where 

dashed lines represent the defect area. Both B) mineralised and C) mineralising tissues within 

the defect were quantified and D) summed, to study tissue regeneration.  
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Values are presented as mean and standard deviation. Statistical differences are represented by 

* (p ≤ 0.05), ** (p ≤ 0.01) and *** (p ≤ 0.001). 

Histomorphometry confirmed that the decellularised scaffolds performed similarly to their 

corresponding cell seeded scaffolds (Fig. 11 ). This analysis also demonstrated that the 1w 

decell group had a higher area of mineralised tissue although it only reached statistical 

significance with the 4w decell group. The histomorphometry also analysed the tissues in the 

process of mineralisation which were characterised by high cellularity and intense eosin 

staining. This revealed that the 1w decell and cell group had a higher area of mineralising tissue 

when compared to the controls Empty and Scaffold. Similarly, the 2w decell and cell 

outperformed the Scaffold group in this parameter. When the two parameters (mineralised and 

mineralising tissues) were combined (Fig. 11D), 1w decell scaffolds significantly stimulated 

bone regeneration. In addition, 1w-cell and 2w decell showed non-significantly higher 

mineralised tissue formation than the controls, while both 4w groups were undistinguishable 

from the controls. 

The level of vascularisation was also investigated by immunohistofluorescence targeting van 

Willebrand factor (Fig. 12A). All groups had significantly more blood vessels than the empty 

defect, and no significant difference was observed between cellularised and decellularised 

groups (Fig. 12B). The 1w groups seemed to have smaller blood vessels and a lesser quantity 

compared to the 2 and 4w groups, possibly indicating a more advanced regeneration stage for 

the 1w group (Fig. 12D).  
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Fig. 12: A) Brightfield and fluorescent images of all in vivo groups, sections were stained with 

DAPI and vWF. B) The average number of blood vessels per cross-sections was measured. 

Values are presented as mean and standard deviation. Statistical differences are represented by 

* (p ≤ 0.05), ** (p ≤ 0.01) and *** (p ≤ 0.001). C) For all groups, the quantified blood vessels 
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were graphed per surface area (x axis) and frequency (y axis) distribution. The segmentation 

of the x axis represents a change in the tick mark spacing. 

 

4. Discussion 

All groups had significantly more blood vessels than the empty defect, and no significant 

difference was observed between cellularised and decellularised groups. The 1w groups 

seemed to have smaller blood vessels and a lesser quantity compared to the 2 and 4w groups, 

in agreement with a more advanced regeneration stage. 

The extracellular matrix is a dynamic environment, constantly remodelling to ensure tissue 

homeostasis. In wound healing, as well as in vitro, cells secrete ECM components, which 

subsequently maturate or are reorganised throughout the healing process to achieve structural 

and functional regeneration. This study allowed for a better understanding of the ECM-

deposition by osteoblasts on the melt electrospun scaffold.  

As thoroughly described in Chapter 1 parts 3.3 and 3.4, several methods have explored scaffold 

surface enhancement by coating the surface with ECM components [17], [28]–[30], which lack 

the complexity of native ECM and fail at directing tissue specific regeneration. A promising 

strategy addressing this limitation consists in decorating scaffolds with decellularised native 

matrix. This method consists in decellularising native tissues to preserve the ECM while 

removing the cellular content, then solubilised into a hydrogel to allow coating on a scaffold 

surface [31], [32]. Even though these strategies have demonstrated high potential for tissue 

regeneration, the use of decellularised tissues are associated with limitations (i.e. Sterilisation 

(Chapter 1 part 3.2.3.1), ECM cytotoxicity (Chapter 1 part 3.2.3.2). Therefore, cell-deposited 

ECM emerged as a promising method to generate native ECM-coated scaffolds, in a sterile and 

controlled environment and only requiring mild decellularisation treatment to remove 

immunogenic compounds [33], [34].  

The concept of this study was to compare and assess the regenerative potential of in vitro 

decorated scaffolds with various cell culture times prior to decellularisation. Indeed, previous 

studies reported beneficial regenerative impact of extensive osteogenic cellular differentiation 

in vitro prior to implantation for cell based scaffolds [30] (although contradictory reports also 

exist [35]). Therefore, the underlying hypothesis was that a prolonged in vitro differentiation 

would result in higher accumulation of biological cues in the ECM and therefore impart a 

higher bioactivity post-decellularisation. Surprisingly, our results also indicated that short in 

vitro maturation with limited osteogenic capacity in vitro when compared to longer maturation 

yielded enhanced bone regeneration and this was observed regardless of the presence of living 

cells. Indeed, both cellularised and decellularised 1w scaffolds displayed higher bone formation 

when compared to all other groups. This could be partially explained by the presence of a thick 

ECM in the 2w and 4 w scaffolds which could have impeded early vascularisation of the defect 

and therefore delayed osteogenesis. This was also corroborated with the in vitro study whereby 

the decellularised 1w scaffold was rapidly infiltrated by cells (upon recellularisation) indicating 
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that the 1 week matrix was easily remodelled. In contrast, cell colonisation was delayed in the 

2w and 4w scaffolds suggesting a physical impediment to cell infiltration imparted by the 

previously deposited ECM leading to partial obstruction of the pores. While several studies 

have previously investigated the effect of pore size over bone formation, our results indicate 

that ECM deposition and the consequent occlusion of pores, is one of the determining 

parameters for achieving bone formation. This is in agreement with previous studies suggesting 

the use of pore sizes above 300 µm for enhanced osteogenic activity [36], and the use a 3D-

printed PCL scaffolds with 400 µm pores showing high cell proliferation and ECM-deposition 

concentrated on the polymer fibres, therefore preserving the pore size integrity [14]. 

We demonstrated that the decoration of the scaffold via a decellularisation process promoted 

bone regeneration when compared to the control groups (pristine scaffold and empty) and 

therefore confirmed the regenerative potential of the decellularised ECM as previously reported 

[14], [37]. The impact of the culture time on the quality of the matrix produced remains, 

however, very poorly understood. Culture of seeded osteoblasts in osteogenic media for as little 

as 6 days have demonstrated enhance osteogenic activity of reseeded MSCs in vitro [37], [38], 

while 6 weeks of pre-culture before implantation resulted in highly enhanced in vivo bone 

formation [39]. A direct comparison of different culture times over the in vitro or in vivo 

osteogenic potential of these generated constructs is usually missing. 

We further demonstrated that the presence of living cells was not necessarily a pre-requisite 

for bone formation and that both the cellularised and the decellularised specimens performed 

equally regardless of the in vitro maturation length. While cell based therapy are regarded as 

the most potent manner to induce tissue regeneration, high level of cell death is also reported 

for these therapies due to early ischemic conditions within the graft [40], [41]. Therefore, cell 

apoptosis induced by the inflammatory and hypoxic conditions in the construct following 

implantation may have significantly prevented bone formation in our experiment. In addition, 

our results could also be partially explained by the very mild decellularisation conditions that 

preserved the components contained in the ECM as we previously reported [14], [42], [43]. In 

turns this enabled chemotaxis which leads to osteogenesis. While the precise mode of action 

by which decellularised ECM enhances tissue regeneration is not fully described, it is 

hypothesised that the release of various biological cues such as growth factors [44], cytokines 

[45], extracellular vesicles [46] etc. play a major role, further highlighting the importance of 

preserving the ECM components. The present decellularisation protocol was previously 

optimised for decellularisation of periodontal ligament cell sheets while preserving some 

important compounds of the ECM such as growth factors and glycosaminoglycans (GAGs), 

consisting in short incubation with gentle chemicals and enzymatic treatments [27], [42]. 

Generally, the decellularisation of native tissues requires the use of harsh treatments to allow 

efficient cell removal due to their densely organised ECM preventing fluid circulation. This in 

turn significantly damages the matrix and poor preservation of the biological cues embedded 

in the ECM [11], [47]. Such decellularised constructs usually present poor recellularisation 

potential and require further treatments such as electroporation to increase cell infiltration or 

recellularisation prior to implantation [10], [48]. The use of scaffold with controlled porosity 
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subsequently decorated with ECM can overcome these limitations, allowing for better 

circulation of the decellularisation solution and ultimately enabling homogenous 

recellularisation [14], [22], [23]. This strategy of using mild decelularisation solutions was 

efficiently applied to our constructs, allowing for 82.5% of DNA removal in the 4 weeks old 

constructs and over 90% in all other groups. As seen here, the prolonged in vitro culture 

significantly affected the performance of the decellularisation process as around 15-20% DNA 

remained. While this group did not show any sign of advanced cell toxicity upon 

recellularisation at early timepoint, subsequent cell proliferation was still consistently lower 

when compared to the other groups. This was caused by the presence of the ECM clogging the 

pores and preventing cell infiltration, therefore the 4w scaffolds resembled a 2D surface in this 

aspect. In addition, the implantation of this group in a calvarial defect showed excellent tissue 

integration even though only little bone was formed, indicating that the residual DNA did not 

seem to trigger an important inflammatory process. Previous studies have demonstrated that 

the residual DNA induced toxicity results in the activation of various immune response cells 

such as macrophages and T-cells [13]. Here again, the 4w group did not show any obvious sign 

of an increased immune reaction. 

A limitation to using cell-laid ECM-decorated constructs is the cost associated with their in 

vitro culture prior to implantation [49]. The availability of the cells can also become a limiting 

factor in a mass production context, as primary cells have limited proliferative properties [50] 

and can became senescent after several passages. In addition, the use of cells from different 

donors might require a reoptimisation of the culture protocols and length due to the 

heterogeneity of primary cells performance in vitro [51]. Induced pluripotent stem cells (iPSCs) 

that morphologically and functionally resemble embryonic stem cells (ESCs), have drawn 

increasing interest from the TERM community because of their self-renewal capacity, 

pluripotent differentiation potential and bypass the ethical issues of ESCs [52], [53]. As an 

alternative to primary cells, the use of MSCs derived from human iPSCs would be an ideal 

candidate for ECM-decoration applications [54]. These differentiated cells are capable of 

generating clonal expansion cultures and can be differentiated into osteoblasts, adipocytes, and 

chondrocytes; and promote vascular and muscle regeneration without risking the formation of 

tumours in vivo [55]. Since the phenotype of these cells is better controlled, IPS could be used 

in the large-scale production of decorated scaffolds with consistent cell behaviour facilitating 

both product standardisation and quality control. 

5. Conclusion: 

In this study, we successfully improved the biological properties of an originally inert PCL 

construct by natural ECM deposition. We reproducibly obtained ECM-coated scaffolds, 

capable of improving cellular interaction in vitro and promoting bone formation in vivo.  

We demonstrated that optimisation of the cell culture time is detrimental to efficient in vivo 

regeneration and that higher maturation time does not automatically increase the scaffold 

performance. Even though higher culture times led to higher biological activity of the reseeded 

cells in vitro, the densification of the matrix impairs the porosity in turn affecting 



 

 

131 

 

 

vascularisation and regeneration in vivo. As a key element in tissue regeneration, the porosity 

of our construct must be maintained during the ECM-maturation process in a manner whereby 

only the PCL fibres are decorated with ECM, without obstructing the pores. The use of scaffold 

with larger pores could allow matrix maturation while preserving high porosity and provide an 

off-the-shelf scaffold with high osteogenic potential.
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The previous chapter has investigated the coating of PCL-scaffolds with osteoblast-deposited 

ECM. This allowed for a better understanding of cell-laid ECM, its decellularisation and 

osteogenic potential in vitro and in vivo. The previous chapter also highlighted the crucial need 

for culture time optimisation, as well as the role of the final scaffold porosity on tissue 

regeneration, further characterised in the present chapter. 
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Abstract  

Bone regeneration in the craniofacial area is challenging and tissue engineering strategies have 

been developed in order to increase efficacy and predictability of osteogenesis. However, these 

approaches rely on the utilisation of autologous cell sources, associated with high cost, 

detrimental for clinical translation. In this study, we explored the concept of extracellular 

matrix (ECM) decoration to enhance the bioactivity of polycaprolactone (PCL) scaffolds 

manufactured by melt electrowriting. To this end, scaffolds of various pore sizes were seeded 

with human primary osteoblasts and cultured for 1, 2 or 4 weeks in order to allow bone-specific 

ECM deposition. Mature constructs were subsequently decellularised, resulting in an acellular 

ECM-decorated scaffold. Matrices were characterised before and after being decellularised and 

were recellularised to characterise in vitro the behaviour of human primary osteoblasts. Bone 

healing potential was then assessed in vivo in a rodent calvarial model. The various culture 

periods demonstrated that ECM morphology and quantity was significantly impacted by the 

scaffold porosity and the culture time. ECM-decoration was observed at early time points, 

gradually mineralising and leading to obstruction in smaller pores. This influenced cellular 

infiltration and metabolic activity of reseeded cells and bone regeneration in vivo, indicating 

that short to mid-term in vitro decoration is beneficial for osteogenesis. This research 

investigated the influence of in vitro maturation on the composition and osteogenic capacities 

of ECM-decorated scaffolds and demonstrated that the optimisation of culture time prior to 

decellularisation is essential in order to maximise subsequent cell infiltration, and 

differentiation towards the osteogenic lineage.  
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1. Introduction 

The extracellular matrix is a specific and adaptable environment, serving a crucial role in 

cellular proliferation, differentiation and metabolic activity [1]. The use of decellularised 

tissues have been of high interest due to their high availability compared to autografting [2], 

and their ability to mimic the biological environment as well as the mechanical properties and 

architecture of the native tissue to be regenerated [3]. Several studies have demonstrated the 

osteogenic potential of decellularised bone matrices [4], proving preservation of essential and 

tissue specific biological cues [5]. In addition to presenting essential bioactive compounds, able 

to direct specific tissue formation, decellularised matrices do not elicit pro-inflammatory 

responses if properly prepared [6]. Indeed, ECM proteins are highly conserved in mammalian 

species [7], [8] and therefore elicit a similar response when implanted in an 

allogenic/xenogeneic recipient [9].  

The immune response to implantation is a crucial aspect of tissue regeneration [10]. Indeed, 

macrophages, a key component of the host response, possess an adaptive phenotype which can 

be potentially detrimental to tissue repair [10]. A pro-inflammatory differentiation of 

macrophages (M1) will result in acute inflammation and tissue damage, while alternatively 

activated macrophages (M2) aim at restoring tissue homeostasis, hence resulting in enhanced 

tissue repair [11].  

Even though decellularised bone ECM presents several advantages (e.g., osteogenic potential 

and immunomodulation), the use of decellularised bone grafts presents several drawbacks such 

as impaired recellularisation in vivo due to the intrinsic low porosity of mature bone, potentially 

residual chemicals resulting from the decellularisation protocols etc. In addition, the removal 

of the cellular components required for avoiding a pro-inflammatory response [12], is generally 

performed at the expense of the ECM preservation, which also seems to alter efficient in vivo 

cellular colonisation [13]. Additionally, using decellularised tissues, either from animals or 

humans, presents a risk of introducing pathogens and disease transmission [14]. The limitations 

for the clinical use of decellularised bone graft is further described in the section 3.2.3 of 

Chapter 1. 

The use of three‐dimensional (3D) printing is widely used in tissue regeneration, allowing the 

fabrication of patient specific implantable devices, using synthetic polymers of which 

properties (e.g., porosity, degradation time, and mechanical characteristics) can be tailored for 

specific applications [15]. However, 3D printed scaffolds are usually bioinert and require 

further biological functionalisation to direct specific tissue regeneration [16]. The modification 

of such constructs, either physically or chemically results in the improvement the host 

biological response to the implant [17], [18]. Several strategies have also improved scaffolds 

bioactivity by integrating biological cues present in the native ECM, such as growth factors 

[19], gelatin [20] or collagen [21], limiting the inflammatory reaction occurring around 

implants, while promoting tissue regeneration [13], [22]. In bone regeneration applications, 

several strategies have been successfully implemented in order to improve the osteogenic 
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potential of scaffolds by mimicking the native ECM morphology by 3D-printing of fibrous 

structures [23], [24].  

Most of these investigations targeted the incorporation of one or several ECM components, but 

were not able to replicate the complexity of native ECM [25] and its potentially benefical 

impact on tissue regeneration. A simple yet effective method for enhancing synthetic scaffold 

bioactivity is the use of solubilised ECM (hydrogels) coated on the scaffold surface [13]. This 

concept has been demonstrated for bone tissue regeneration, by coating PCL/PLGA/TCP 

scaffolds with demineralised and decellularised bone matrix, inducing osteogenic activity of 

osteoblasts in vitro and stimulating bone formation in vivo [26]. 

Even though these hydrogels theoretically possess the complex biological composition of 

native ECM, the protocols required for their fabrication, involving strong chemical treatments 

and ECM digestion [27], results in the degradation of the ECM and the reduction of the 

bioactivity of the resulting ECM mixture. An emerging technique consisting of directly 

culturing cells in the scaffold in order to allow ECM deposition prior to decellularising the 

construct [28] can circumvent the afore mentioned limitations. Indeed, as thoroughly described 

in the section 3.4 of Chapter 1, this strategy allows for the preservation of both the biological 

and structural of the deposited ECM, while benefiting from the mechanical and structural 

properties of the porous synthetic scaffold. In vitro cell-deposited ECM has been demonstrated 

to successfully enhance the biological response of implants in vivo [29], [30]. While these 

studies paved the way for future research endeavours in this field, the impact of the length of 

culture and scaffold physical properties on the subsequent regenerative performance has not 

been systematically investigated. In our previous study, we reported that prolonged in vitro 

culture of melt eletrowritten scaffolds prior to decellularisation resulted in impairing bone 

regeneration in a rodent calvarial model (Chapter 3). While the negative effect on bone 

formation was attributed to the occlusion of the pores by the decellularised ECM preventing 

tissue infiltration, the in vitro results demonstrated an increase in the osteogenic potential of 

the scaffolds which underwent longer in vitro culture prior to decellularisation. Hence, the 

accumulation of biological cues during the in vitro culture may still result in enhanced 

osteogenic properties providing that the porosity and the pore interconnectivity of the scaffold 

is maintained. 

Therefore to test this hypothesis, we designed a study whereby melt electrowritten scaffolds 

with different pore sizes enabled longer in vitro culture without reaching pore occlusion, hence 

maintaining porosity and pore interconnection necessary for oxygen and nutrient diffusion and 

the establishment of vascularisation, essential for bone formation.  

The in vitro performance of the resulting decellularised scaffolds was assessed by investigating 

osteoblasts and macrophages response upon recellularising the scaffolds. Furthermore, the in 

vivo inflammatory reaction and bone regeneration capabilities of the decellularised scaffolds 

were assessed in a rodent calvarial model. 
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2. Materials and methods 

2.1. Melt-electrowritten scaffold fabrication 

Melt electrowritten (MEW) scaffolds were fabricated via a direct writing approach previously 

described [31], whereby a programmable x-y stage is used to collect the fibres. Briefly, Medical 

grade poly(ε-caprolactone) (MPCL) (PC12, Corbion), pellets were placed into a 2 mL syringe 

and heated at 80 °C in an oven to melt the polymer. The polymer was melt electrowritten 

through a blunt 21 G needle, a pressure of 1.6 bar, a voltage of 9 kV and a spinneret collector 

distance of 8 mm. The temperatures of the first heater (placed near the syringe) and the second 

heater (placed near the needle) were set to 75°C and 85°C, respectively. The translational speed 

of the collector was set at 850 mm/min in order to obtain straight fibres and a square wave 

pattern was utilised for fabricating a scaffold composed of alternating series of layers oriented 

at 90° with either 250, 500 or 750μm fibre interdistance. The resulting membranes (2 mm 

thickness) were punched into 5 mm discs. The melt electrowritten scaffolds were etched with 

2 M NaOH for 60 min at 37°C in order to increase hydrophilicity and roughness for facilitating 

fluid infiltration and subsequent cell attachment [32]. The scaffolds were thereafter rinsed 

several times in distilled water to remove any excess of NaOH. The scaffolds were sterilised 

by immersion in 80% ethanol for 60 min, and then dried overnight in a biosafety cabinet before 

a 30-min UV-exposure.  

2.2. Cell isolation and culture 

Primary human osteoblasts were extracted from one patient undergoing dental surgery (The 

University of Queensland human ethics approval number 2019000134, under informed and 

written patyient consent). Portions of alveolar bone were removed during tooth extraction were 

chipped into small segments, covered with complete medium (DMEM high glucose, 

invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) and 4% Penicillin-

Streptomycin (PS) (reduced to 1% after 24 h) and incubated at 37°C with 5% CO2. All in vitro 

cell culture studies were conducted using cells passaged when 80% confluent and ranging from 

passage 4 to 6. 

2.3. Cell seeding and culture of scaffolds 

The scaffolds were immersed in Fetal Bovine Serum (FBS) for 2 h at 37°C prior seeding to 

improve cell colonisation and maturation as previously described [33]. Excess FBS was gently 

aspirated and the scaffolds were seeded with 100,000 osteoblasts in 50 µL of complete medium 

(DMEM supplemented with 10% FBS, 1% PS). The cells were allowed to attach for 2 h and 

the scaffolds were transferred in 48 well-plates containing 500µL of complete medium. The 

cell-seeded scaffolds were cultured for 3 days in basal medium before osteogenic induction 

was initiated by supplementing the medium with 50µg/mL Ascorbic Acid (AA), 0.1µM 

Dexamethasone and 10mM β-Glycerophosphate (osteogenic medium). The osteogenic 

medium was changed every 3 days and the cells were cultured for 1, 2 and 4 weeks prior 

decellularisation. 
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2.4. Decellularisation protocol 

The decellularisation was previously optimised for efficient cell removal while preserving the 

extracellular matrix (Chapter 3) [34]. Every step of the decellularisation process is undertaken 

under sterile conditions, at 37ºC on an orbital shaker (100rpm) for 1 h and each treatment is 

followed by three washes in phosphate buffer solution (PBS). Briefly, the scaffolds were 

treated with 400 µL of 20 mM NH4OH solution with 0.5% Triton X-100. Remnant DNA was 

then removed by using DNase I solution (100 U/mL, Invitrogen) in PBS. The scaffolds were 

then washed in milliQ water to remove residual cell fragments and chemicals. 

2.5. Decellularised scaffolds characterisation 

We firstly assessed the degree and collagen production and the amount of mineralisation in the 

decellularised melt electrowritten scaffold with various pore sizes. 

2.5.1. Preliminary assessment of different pore sizes suitability for bone regeneration 

2.5.1.1. Picrosirius red staining and quantification 

Decellularised scaffolds with 250, 500 and 750µm pores were cultured for 1, 2 or 4 weeks 

before decellularisation. Scaffolds of corresponding pore sizes but not previously in vitro 

cultured were used as controls. All samples were fixed with 4% paraformaldehyde (PFA) and 

stored in PBS untilstained with 1% Sirius red in a saturated picric acid solution for 1 h at room 

temperature (RT), then washed several times with 0.5% acetic acid. The samples, n = 3 were 

imaged under an inverted phase-contrast microscope. For quantitative analysis, the staining 

was dissolved 30 min in 400 µL of 0.1 N NaOH for 30 min on a rotational shaker (100 rpm). 

100 µL of each sample was plated in triplicate in a clear 96well plate and the absorbance was 

measured at 540 nm using a microplate reader.  

2.5.1.2. Alizarin red staining and quantification 

Scaffolds with 250, 500 and 750µm pores were cultured for 1, 2 or 4 weeks before being 

decellularised. Scaffolds of corresponding pore sizes but not previously in vitro cultured were 

used as controls All samples were fixed with 4% paraformaldehyde (PFA) and stored in PBS 

until stained with a 1% Alizarin Red S solution in water for 10 min at RT and thoroughly 

washed with distilled water. The samples, n = 3 were imaged under an inverted phase-contrast 

microscope. For quantitative analysis, the staining was dissolved in 10% cetylpyridinium 

chloride (Sigma) in PBS and the absorbance was measured at 405 nm using a microplate reader. 

2.5.1.3. Mechanical characterisation: cyclic and tensile testing. 

The effect of the ECM maturation and length of in vitro cell culture prior to decellularisation 

on the mechanical properties was assessed by uniaxial and cyclic tensile testing. For 

mechanical testing the dimensions of these scaffolds were 50 mm length, 10 mm width and 0.5 

mm thickness. Mechanical testing was only performed with the scaffolds with pore sizes of 

250 µm and 500 µm due to a critical structural loss in the 750 µm pore size constructs when 
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placed in wet conditions at 37°C (Fig. S.3). The scaffolds (n = 5) were seeded as previously 

described, with 1 million cells in 1 mL of complete medium and cultured in osteogenic medium 

for 1, 2 or 4 weeks. Non-seeded scaffolds of 250 and 500 µm pore size were also immersed in 

medium for similar time periods (n = 5 at each timepoint) and served as controls. Both ends of 

the constructs were sandwiched in sandpaper and placed in the tensile grips so that the gauge 

length was approximately 4 cm. The mechanical properties of the decellularised scaffods were 

measured in PBS at 37°C a cross head speed of 20mm/min using a 5543 Instron microtester 

fitted with a 500 N load cell. The experiment consisted of 100 continuous tensile cycles from 

0% to 6% strain at a frequency of 0.5 Hz in order to mimic physiological deformation as 

previously reported [35]. Then, uniaxial tension was applied until rupture of the samples. The 

evolution of Young’s Modulus and the force at peak were measured and plotted as a function 

of cycle number and comparison between the different groups before and after decellularisation 

was performed. 

As the 750µm pore size scaffold underwent significant contraction during the in vitro culture 

and displayed very weak mechanical properties, they were not further assessed 

2.5.2. In vitro Characterisation 

2.5.2.1. Surface morphology characterisation 

All decellularised scaffolds were rinsed in PBS and fixed in 2.5% Glutaraldehyde in cacodylate 

buffer until further processed. The scaffolds (n = 3) were then serially dehydrated using ethanol 

solutions of increasing concentrations (50%, 70%, 80%, 90%, 95% and 100%). The dehydrated 

scaffolds along with their corresponding controls (i.e. scaffold not previously cultured and 

decellularised) were mounted onto SEM stubs and carbon-coated under vacuum using a sputter 

coater (Balzers SCD 004, Wiesbaden-Nordenstadt, Germany). the scaffolds were imaged using 

both secondary electrons (topographical mode) and backscattered electrons (BSE) on a JSM F-

7001 microscope (JEOL Ltd., Tokyo, Japan), operating at 15 kV with a 10 mm working 

distance. For energy-dispersive X-ray spectroscopy (EDS) measurements (5 per scaffold in 

different locations) were performed in order to analyse the composition of the mineralised 

matrix and this was performed at 15 kV. 

2.5.2.2. Confocal laser microscopy 

The presence of remnant DNA in the decellularised scaffold and the preservation of the 

collagen structure and network were investigated using confocal microscopy. At selected time 

points (1, 2 and 4 weeks) (n = 3) the scaffolds were rinsed in PBS, and then fixed for 30 min 

in 4% paraformaldehyde (PFA) in PBS. The scaffolds were then incubated for 30 min in 

blocking buffer (1% bovine serum albumin; 10% goat serum; 0.05% tween-20 solution in PBS) 

and subsequently incubated for overnight at 4ºC with Collagen I mouse primary antibody 

(1:400, ab6308, Abcam). The samples were then washed 3 times in PBS and subsequently 

treated with 0.1% Triton X-100. Scaffolds were then stained with 5 μg/mL 4,6-diamino-2-

phenylindole (DAPI, Life Technologies, NY,USA), 0.8 U/mL Alexa Fluor 568 Phalloidin (Life 

Technologies, Grand Island, NY, USA) and goat anti-mouse IgG Alexa Fluor® 488-
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conjugated secondary antibody (1:500, ab150113, Abcam) in blocking buffer to visualise 

remnants cellular components and collagen type I. The scaffolds were rinsed in PBS then 

imaged using a Confocal Microscope (Nikon, Eclipse- Ti, U.S.A) at excitation/emission 

wavelength of 405/417-477 for DAPI, 488/500-550 nm for collagen (green)and 561/570-1000 

nm for Phalloidin (red) . 

A different set of samples were utilised to assess the presence of ALP in the decellularised 

ECM. To this end, the samples were incubated for 1 h at RT in blocking buffer. Thereafter, the 

samples were incubated overnight at 4 °C with a rabbit polyclonal antibody to ALP (1:100, 

ab154100, Abcam) diluted in blocking buffer. The scaffolds were then thoroughly washed with 

PBS and incubated with a goat anti-rabbit IgG Alexa Fluor® 488-conjugated secondary 

antibody (1:500, ab150077, Abcam) diluted in blocking buffer at RT for 2 h in the dark. Finally, 

the scaffolds were stained with 5 μg/mL 4,6-diamino-2-phenylindole (DAPI) (Life 

Technologies, NY, USA) to localise cells in the cellularised groups and assess the presence of 

residual DNA in the decellularised specimens. The constructs were gently washed 3 times for 

5 min in PBS before imaging using a Confocal Microscope (Nikon, Eclipse- Ti, U.S.A) at 

excitation/emission wavelength of 405/417-477 for DAPI, 488/500-550 nm for ALP 

(green).Unspecific binding of the secondary antibody was assessed by omitting the primary 

antibody. 

2.6. Recellularisation of decellularised scaffolds by primary osteoblasts 

The scaffolds were seeded on different days to obtain 1w, 2w and 4w scaffold on the same day. 

All groups were simultaneously decellularised and subsequently reseeded with 20,000 human 

osteoblasts at passage 2 to 4 to assess their osteogenic potential. The resulting constructs were 

cultured in osteogenic medium for 1, 3 and 7 days. Scaffolds that were not previously cultured 

and decellularised were also seeded with 20,000 cells and cultured for 1, 3 and 7 days and 

served as controls.  

2.6.1. Cell metabolism 

2.6.1.1. AlamarBlue 

The metabolism of the cells seeded on the different decellularised scaffolds and in absence of 

ECM was evaluated by alamarBlue reduction assay by following the supplier’s instructions. 

The scaffolds were placed in new wells and incubated for 2 h at 37°C, 5% CO2 with 300 µL of 

10% alamarBlue in complete DMEM. 100 µL of each well was plated in duplicate in a dark 96 

well plate and fluorescence was measured using a microplate reader using an excitation 

wavelength of 560 nm and an emission wavelength of 590 nm. Unreacted and fully reduced 

alamarBlue solutions were used as reference to determine the percentage of reduction of 

alamarBlue in the samples 

2.6.1.2. Alkaline phosphatase (ALP) activity 

The ALP activity of the reseeded cells on the decellularised scaffolds was measured (n = 3 for 

each group at each time point) after 1, 3 and 7 days of culture. ALP quantification was 
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performed according to the manufacturer’s instruction (Thermofisher, Australia); 300 µL of 

lysis buffer (RIPA, millipore) was added to the samples and incubated at 4°C for 30 min. The 

lysate was then centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was transferred 

to 1.5 mL Eppendorf tube and 50uL of the obtained lysate were plated in triplicate in a 96well 

plate, 50uL of Alkaline Phosphatase Yellow (pNPP) Liquid Substrate were added and followed 

by 1 h incubation in the dark at 37°C. The absorbance at 405 nm was measured using a 

microplate reader. The results are expressed as units per microgram of DNA in cell lysate, 

where the DNA content was assayed by picogreen assay (described below). 

2.6.2. DNA quantification 

The recellularised scaffolds (n = 3 for each group at each time point) were washed in PBS and 

frozen at −80°C until further processing. Subsequently, the samples were digested overnight at 

56°C, in 300 µL a 0.5 mg/mL Proteinase-K solution in buffered Tris-EDTA. DNA 

quantification assay was performed with picogreen assay according to the manufacturer’s 

description (P11496, Invitrogen), using a spectrofluorometer (POLARstar Omega, BMG 

LABTECH, Germany), at an excitation wavelength of 485 nm and an emission wavelength of 

520 nm. 

2.6.3. Cell viability 

A Live/Dead® assay was performed after 1, 3 and 7 days (n = 3 for each group at each time 

point) by staining the cells with fluorescein diacetate (FDA-green channel for living cells) or 

propidium iodide (PI-red channel for dead cells). The scaffolds were washed twice in PBS, 

then incubated with FDA (0.8 U/mL) and PI (5 μg/mL) in PBS for 10 min at 37°C under 5% 

CO2. The scaffolds were then rinsed twice in PBS and imaged shortly after. The cells were 

visualised under a Confocal Microscope at excitation/emission wavelength of 488/500-550 nm 

for FDA and 561/570-1000 nm for PI. 

2.6.4. Cell colonisation and matrix remodelling 

Recellularisation and matrix remodelling were characterised in all groups. The scaffolds were 

fixed in 4% PFA after 1, 3 and 7 days and stained with DAPI, Phalloidin and collagen I as 

previously described. 

2.7. Recellularisation of decellularised scaffolds with macrophages 

We further evaluated macrophage polarisation on the decellularised scaffolds with various pore 

sizes and length of previous in vitro maturation. 

2.7.1. Cell line, culture conditions and differentiation 

THP-1 cell line was kindly given by Mrs Andrea Kazoullis (University of Queensland, 

Brisbane, Australia) and was cultured according to ATCC instructions, in RPMI 1640 medium 

(ThermoFisher) supplemented with 5% v/v FBS and 1% PS in a humidified incubator 
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(37°C/5% CO2) (as referred to as RPMI medium).Cells were grown to a density of 1 × 106 

cells/mL and used for the subsequent experiments. 

Differentiation of monocytic THP-1 into macrophagic THP-1 was achieved by culturing cells 

in RPMI medium supplemented with 25 nM phorbol myristate acetate (PMA; 8–200 nM; 

Sigma Aldrich) over 48 h, followed by a recovery period of 24 h in culture in the absence of 

PMA [36]. 

Primary human monocyte derived macrophages (referred to hereafter as M0) were then 

detached by trypsination, resuspended in RPMI medium at a concentration of 1 x 106 cells/mL 

and decellularised constructs, along with scaffolds not previously in vitro cultured, were seeded 

with 30,000 macrophages in 30 µL of medium. The macrophages were allowed to attach for 1 

h, before transferring the scaffolds in RPMI medium. 

2.7.2. Immunofluorescence staining 

The re-seeded constructs (n = 4 for each group at each time point) were incubated for 4 and 24 

h. The samples were then washed three times with PBS then fixed in 4% PFA for 30 min at 

4 °C and subsequently stored in PBS until further use. The samples were treated with 0.05% 

Triton X-100, and then incubated in blocking buffer for 1 h at RT. Thereafter, the samples were 

stained with a mouse monoclonal antibody to CD68 (cluster of differentiation 68, 1:100, ab955, 

Abcam) and one of the following rabbit polyclonal antibodies: CD206 (mannose receptor, 

1:200, ab64693, Abcam), COX2 (cyclooxygenase 2, 1:200, ab15191, Abcam), TNFα (tumor 

necrosis factor alpha, 1:200, ab6671, Abcam) or iNOS (inducible nitric oxide synthase, 1:200, 

ab15323, Abcam) diluted in blocking buffer overnight at 4°C. The samples were then 

thoroughly washed with PBS and incubated with a goat anti-rabbit IgG Alexa Fluor® 488-

conjugated secondary antibody (1:500, ab150077, Abcam) and a goat anti-mouse IgG Alexa 

Fluor® 647-conjugated secondary antibody (1:500, ab150115, Abcam) diluted in blocking 

buffer at RT for 2 h in the dark. Finally, the scaffolds were counterstained 15 min in 5 μg/mL 

DAPI to visualise the nuclei. Fluorescence images were captured using a Confocal Microscope 

(Nikon, Eclipse- Ti, U.S.A) at excitation/emission wavelengths of 405/417-477 for DAPI, 

488/500-550 nm for M1/M2 markers (green) and 561/620 nm for CD68 (red). 

2.7.3. Quantitative analysis of macrophages fluorescence 

The percentage of cells expressing the targeted markers was quantified, and the fluorescent 

intensity of each cell was automatically measured using Fiji ROI manager tool [37]. Single 

cells were selected from ungated cells to avoid overlapping signals. As the analysis was 

performed on z-stacks due to the 3D properties of our scaffolds, we excluded the cells only 

partially scanned. To this end, THP-1 cells cultured in parallel on a 2D culture plate were 

treated with 0.05% Triton X-100, and then incubated 15 min in 5 μg/mL DAPI. These cells 

were imaged using a Confocal Microscope at excitation/emission wavelengths of 405/417-477. 

The nuclei mean fluorescence intensity were measured and displayed values comprised within 

100-150. Therefore, only the cells in the 3D scaffolds displaying a nucleus mean fluorescent 

intensity between 100 and 150 were further considered. Control scaffolds stained with 
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secondary antibodies only were analysed to establish the different fluorescent thresholds. Only 

the cells positive for the expression of CD68 were quantified for the expression of all four 

markers. 

Five images were randomly taken from four different constructs for each group and markers.  

2.8. In vivo study  

The effect of pore size, the effect of previous in vivo maturation of the decellularised constructs 

and the early immune response was investigated using an established critical size rodent 

calvarial defect. Animal ethics approval for the use of Sprague-Dawley rats in this experiment 

was granted by the Animal Ethics Committee of the University of Queensland (ethic approval 

number DENT/486/19). The study included 36 male rats, 8 weeks old (Animal Resources 

Centre, Canning Vale, WA, Australia) divided into 2 time points; 1 week (n = 3) and 6 weeks 

(n = 5), and 8 groups: 

1. empty defect 

2. 250µm PCL melt electrowritten scaffold alone 

3. 500µm PCL melt electrowritten scaffold alone 

4. 500 µm 2-weeks decellularised 

5. 250µm 1-week decellularised 

6. 500 µm 1-week decellularised 

7. 250µm 4-weeks decellularised 

8. 500 µm 4-weeks decellularised 

The animals were anaesthetised with isoflurane. The dorsal part of the cranium was shaved and 

disinfected with 50 mg/mL Povidone-Iodine (Betadine, Mundipharma BV, Netherland). A 

sagittal incision was created through the skin exposing the periosteum of the calvarium and the 

cranial vertex. After raising the full thickness periosteal flap, two circular osseous defects were 

created on the calvaria by means of a trephine bur (internal diameter of 5.0 mm) with copious 

isotonic solution (0.9% Saline) irrigation. A 6 mm punched non-resorbable membrane 

(NeoGen non-reinforced membrane) was placed on top of the exposed dura mater to keep the 

soft tissue proliferation away from the newly created osseous defects. The constructs were 

placed into each defect and a fitted non-resorbable membrane was used to cover the defect 

providing soft tissue occlusion. The wound was closed in layers using resorbable sutures 

(Vicryl 5.0 and 4.0, Ethicon, Germany). The animals were sacrificed after 1 or 6 weeks and the 

specimens were retrieved and fixed in 4% PFA overnight and then transferred to PBS at pH 

7.4 for further analysis. 

2.8.1. Micro Computed Tomography (MicroCT) 
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High resolution microCT imaging was performed using a Skyscan 1272 (Bruker, Billerica, 

MA, USA) to scan the specimens. The rat calvarial specimens were wrapped in moist tissue 

paper and transferred into 5 mL cylindrical plastic tubes for imaging. The scanning parameters 

were: 90 kV X ray voltage, 111 μA current, 1800 ms exposure time, 21 μm isotropic voxel 

size, 0.6° rotation step (360° imaging), 3 frame averaging, 4 × 4 binning, and 0.5 mm Al filter. 

The datasets were reconstructed with NRecon (version 1.7.3.1; Bruker, Billerica, MA, USA) 

and InstaRecon (version 2.0.4.2; University of Illinois, Champaign, IL, USA) software using a 

cone beam reconstruction (Feldkamp) algorithm with the following corrections applied: ring 

artefact reduction, smoothing, beam hardening, and post-alignment. CT analysis was 

performed using CTan software version 1.19.11.1 (Bruker, Billerica, MA, USA), and 3D 

visualisations of mandibles generated using CTVox software (Bruker, Billerica, MA, USA) to 

assess the level of wound closure. 

2.8.2. Histological analysis 

After performing the micro‐CT analysis, the samples were decalcified in 10% 

Ethylenediaminetetraacetic acid (EDTA) at RT for a month with a bi‐weekly change of solution 

and subsequently embedded in paraffin. Histological sections were prepared in the sagittal 

plane and included intact bone margins surrounding the reconstructed defects.  

Consecutive serial sections (6 µm) were deparaffinised and stained with picrosirius red for the 

1 week samples and haematoxylin and eosin (H&E) for the 6 weeks samples. All samples were 

stained simultaneously to allow homogeneous staining and further automatised analysis. The 

stained slides were scanned using the AT2 Scanscope (Leica Biosystems, USA). 

Histomorphometric analyses were performed using Aperio ImageScope.  

Image analysis of 1 week samples was performed using the Positive Pixel Count v9 algorithm 

[38], [39]. The parameters used were hue value of 0.1, hue width of 0.5, and colour saturation 

threshold of 0.04. The upper threshold of the intensity of weak positive stain (Iwp (High)) was 

adjusted to 220 to eliminate background staining and quantify cells nuclei (cellularity). The 

lower threshold of weak positive and medium positive were respectively adjusted to 175 and 

100 (strong positive) to identify mineralised tissue and dense collagen fibres (as referred to as 

dense matrix). The lower threshold of the intensity of strong positive stain (Isp(low)) was set 

to 0. All positive pixels were then summed to obtain the total stain area representative of tissue 

infiltration. All the measurements have been normalised by the defect area and are expressed 

as a ratio. The number of blood vessels were then manually counted. 

To determine the area of newly formed bone, mineralising tissues, and number and size of 

blood vessels after 6 weeks in vivo, the middle section of n = 4 specimen stained with H&E 

were utilised and the different histological features were manually drawn using a stylus 

provided with the Aperio ImageScope software. 

2.9. Statistical analysis 
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Statistical analysis was performed using the GraphPad Prism (version 8.2.1). Since the data set 

consisted of multiple groups and/or time points, multiple comparisons were made using one 

way ANOVA followed by a Tukey post hoc test. Statistical differences are represented by * (p 

≤ 0.05); ** (p ≤ 0.01); *** (p ≤ 0.001) and **** (p ≤ 0.0001). 

3. Results 

3.1. Decellularised scaffolds characterisation 

3.1.1. Evaluation of collagen secretion and mineralisation 

Decellularised scaffolds with 250, 500 and 750 µm pores were stained with picrosirius red, the 

dye was subsequently dissolved, and the absorbance was measured to quantify the amount of 

collagen deposited in the different groups. All the structures allowed collagen deposition (Fig. 

1A), and a significant increase in collagen was observed between the different time points of 

1, 2 and 4 weeks (Fig. 1B). The 750 µm scaffolds displayed significantly lower collagen than 

250 and 500 µm, which can be explained by a lower available surface area. Interestingly, no 

difference was observed between 250 and 500 µm pore size scaffold. For all culture times, 250 

and 500 pore sizes have significantly more collagen than the 750 pore size group. In addition, 

all 1w groups display significantly less collagen than the respective 2w and 4w groups.  
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Fig. 1: Picrosirius staining of all scaffolds at 1w, 2w and 4w of culture and after 

decellularisation, A) Representative images taken using a brightfield microscope and B) 

Quantification of the relative content of collagen tissue by measuring the absorbance of the 

dissolved dye (the horizontal line represents the mean value and the whiskers the standard 

deviation)). $ indicates groups not significantly different to their respective control. 

Additionally and not displayed, all 1w groups were significantly lower than the equivalent pore 
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size at 2 weeks (**) and 4 weeks (****).Statistical differences are represented by * (p ≤ 0.05), 

** (p ≤ 0.01) and *** (p ≤ 0.001). 

All groups were also stained with alizarin red, and longer in vitro maturation resulted in a 

darker coloration (Fig. 2A) indicating the accumulation of calcium deposits on the scaffold 

over time., which was confirmed by the quantification (Fig. 2B). At 1 week, the scaffolds did 

not present mineralisation, whereas all pore sizes revealed the presence of mineral deposits 

after 4 weeks of in vitro maturation.  

At 2 and 4 weeks, the 250 µm scaffolds contained significantly higher amount of mineralisation 

than both the 500 and 750 µm scaffolds. The 500 µm scaffold also had significantly higher 

mineral deposition than the 750 µm scaffolds indicating that matrix mineralisation was delayed 

in the 750 µm pores. This large pore size also resulted in poor mechanical properties and 

handling properties (A-1), a critical parameter for clinical translational. Therefore, further 

characterisation was conducted on 250 and 500 µm scaffolds only. 
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Fig. 2: Qualitative and quantitative analysis of the calcium deposition by Alizarin red staining 

after decellularisation. A) Mineralised ECM appears in red, showing high mineralisation of the 

constructs between week 1, 2 and 4 weeks in both 250 and 500 µm pore sizes, allowing for 

maturation and densification of the ECM. The biomineralisation process also happened in 
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larger pores (750 µm) but was significantly delayed. B) Absorbance reading of the dissolved 

nodules in each sample allowed us to quantitatively confirm these observations (the horizontal 

line represents the mean value and the whiskers the standard deviation) Statistical differences 

are represented by **** (p ≤ 0.0001). 

 

3.1.2. Mechanical testing 
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Fig. 3: Mechanical testing A) Young’s Modulus of the various groups and pore sizes (the 

horizontal line represents the mean value and the whiskers the standard deviation), B) evolution 

of the Young’s Modulus during cyclic testing and C) evolution of the load at peak during cyclic 

testing as represented by mean (box) and SD. While there was no statistical difference between 

the groups within one given pore size, the 250 µm groups were significantly higher compared 

to their corresponding 500 µm pore size groups. 

 

The scaffold Young’s Modulus was measured from the initial linear part of the stress-strain 

curve and are displayed in (Fig. 3.A), demonstrating that the small pore size had significantly 

higher tensile modulus than the 500 µm scaffold for any of the groups. Within one given pore 

size, there were no differences between the groups indicating that the length of the previous in 

vitro culture and subsequent decellularisation had no effect on the mechanical properties. 

For both pore sizes and for all groups, the Young’s Modulus remained constant throughout the 

cyclic testing. Although the load at peak slightly decreased, it did not reach statistical 

significance at the end of the cycling. As expected, the all 250 µm groups displayed 

significantly higher values than the corresponding 500 µm group (Fig. 3.B and C). 
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Fig. 4: Scanning electron microscopy images of 250 and 500 µm pore size ECM coated 

scaffolds for 1, 2 and 4 weeks, along with pristine scaffolds as controls. Pictures were taken at 

100, 250 and 5000 magnification within 4 weeks.  indicate mineralised ECM. 

 

The morphology of the scaffold after 1, 2 and 4 weeks of in vitro culture and after 

decellularisation were characterised by SEM (Fig. 4). The micrographs confirmed the presence 

of ECM deposited on the scaffolds, becoming denser over longer culture times and resulted in 

filling the pores. Pore occlusion accrued as early as 1 week of culture in the 250 µm whereas 

as the 500 µm scaffold displayed open pore throughout the 4 weeks of culture. The degree of 

mineralisation increased in both pore sizes with culture time. 
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BSE and EDS confirmed the presence of mineralised nodules (Fig. 5 A and B) and 

demonstrated the mineralisation occurred homogenously in the scaffold regardless of the pore 

size. EDS was performed in order to determine the composition of the mineralised nodules, 

and this demonstrated that Ca and P were only detected from 2 weeks of culture onwards. At 

2weeks both pore sizes had a similar Ca/P ratio, close to hydroxyapatite (Ca/P=1.66) and while 

it increased in the 250 microns scaffolds, it remained constant in the 500 microns scaffolds. 

 

Fig. 5: A) SEM and BSE images of the ECM deposited in the different groups. B) EDS/EDX 

measurements in these areas allowed quantification of O, C, Ca and P atoms, represented as 

ratios. Values are presented as individual data points, superimposed by the mean and SD. 

Statistical differences are represented by ** (p ≤ 0.01). 
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3.1.3. In vitro characterisation  

Both cellularised and decellularised scaffolds were stained with DAPI and ALP (Fig. 6). In the 

250 µm scaffolds groups, ALP expression seemed higher at 1 week than at 2 weeks, and 

increased again after 4 weeks of in vitro culture, similarly to the observations made in the 

previous study (Chapter 3). For the 500 µm. the ALP gradually increased until 2 weeks and 

then decreased. Interestingly, the decellularised scaffolds demonstrated that some ALP 

secreted by the osteoblasts was entrapped in the ECM and retained in the matrix subsequent to 

decellularisation and accumulated in both pore size scaffolds without discernible differences. 
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Fig. 6: Confocal images of 250 and 500 µm pore size cultured for 1, 2 and 4 weeks, both 

cellularised and decellularised. Samples were stained with DAPI (blue) and ALP (intra and 

extracellular) (green). 

The various decellularised constructs were further characterised and stained with DAPI and 

Phalloidin to confirm the absence of cellular components, and the preservation of collagen I 

(Fig. 7). Confocal laser microscopy confirmed the rapid filling of the 250 µm pores after only 

1 week of culture while collagen was deposited along the PCL fibres in the 500 µm scaffold. 
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Hence, the 500 µm scaffold still presented an open pore structure at 2 weeks while the pores 

were mostly filled by ECM at 4weeks. 

 

Fig. 7: Collagen I (green), DAPI (blue) and Phalloidin (Red) of decellularised scaffolds after 

1, 2 and 4 weeks of culture in osteogenic medium. In all groups, DAPI and Phalloidin were not 

detected, confirming efficient cellular removal. 
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3.2. Recellularisation of decellularised scaffolds by primary osteoblasts 

The impact of pore size and length of culture prior to decellularisation on osteoblast 

differentiation was investigated. To this end, cell proliferation and infiltration, along with their 

ALP activity was assessed up to 7 days. 

The viability of the reseeded osteoblasts on the various constructs (decellularised and controls) 

was assessed by live/dead assay, confirming non-cytotoxicity of the different decellularised 

matrices (Fig. 8). 

 

Fig. 8: Live/Dead staining of scaffolds (n=4) reseeded with human osteoblasts in osteogenic 

medium. All groups were imaged at 1, 3 and 7 days, showing cell viability in all groups. 

DAPI, phalloidin and collagen stainings were used to visualise the distribution of the osteoblast 

in the scaffolds and their interaction with the various decellularised matrices at 1 at 1, 3 and 7 

days (Fig. 9). 

All scaffold enabled initial attachment, however their subsequent cellular distribution differed 

depending on the presence of decellularised ECM filling the pore, impeding osteoblasts 

infiltration. This was particularly pronounced in 2w-250 and 4w-250 groups where the cells 

remained on the surface of the scaffold until 7 days post-reseeding for the 2w group. This is in 

accordance with previous characterisation (Chapter 3), and we can expect the 4w-250 ECM to 

be remodelled in later time points (21 days). 
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Fig. 9: DAPI/Phalloidin/Collagen I stainings and images of recellularised scaffolds by confocal 

microscopy at magnification x10.Images were taken at 1, 3 and 7 days of culture on pristine 

(Ctrl) and ECM-coated scaffolds. 

To evaluate to cellular activity of the reseeded osteoblasts on the different decellularised 

scaffolds, their metabolic activity was measured by alamarBlue assay, and their proliferation 

was assessed by quantifying DNA content (Fig. 10).  

At 1 and 7 days, all decellularised 500 µm groups had a significantly higher metabolic activity 

than their corresponding PCL control, whereas 2w and 4w matrices in 250 µm pores performed 

similarly or lower than the 250 µm control (Fig. 10-A). Interestingly, all decellularised 

scaffolds, and at most time points, displayed higher metabolic activity in the 500 µm construct 

compared to 250 µm, whereas the controls performed equally. DNA quantification confirmed 

this trend and revealed higher cell number in these groups when compared to their 

corresponding controls, explaining higher metabolic activity of the constructs (Fig. 10-B). This 

was particularly notable at 1 day post reseeding where all decellularised groups had a 

significantly higher amount of DNA, indicating that the presence of decellularised ECM had a 

favourable role on initial cell attachment. While DNA content increased gradually in both 

control groups, it did not reach statistical significance. The change in the DNA content in the 

decellularised scaffolds was dependent mostly on the length of in vitro culture prior to 

decellularisation. Indeed, the 1 week culture in both pore sizes displayed DNA increase at 3 
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days post reseeding followed by a decrease. In contrast the 2 and 4 week decellularised 

scaffolds for both pore sizes maintained a similar amount of DNA throughout the culture. 

 

Fig. 10: A) The metabolic activity and B) the DNA content were measured in all reseeded 

groups at 1, 3 and 7 days on whole constructs, both presented as individual data points, 

superimposed by the mean and SD. For A) and B), values are presented as individual data 

points, superimposed by the mean and SD.; and values are presented as mean and standard 

deviation. # indicates groups significantly different to all other 250 µm groups (**** and * in 

respectively B and C) and $: indicate groups significantly different to all other 500 µm groups. 

Statistical differences are represented by * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001) and **** 

(p ≤ 0.0001). 

 

The ALP activity (normalised by the DNA content) of the reseeded osteoblasts was also 

measured, (Fig. 11). At 1 day post reseeding, there was no difference amongst the various 

decellularised scaffold and their corresponding controls. After 3 days, the 1 w groups had lower 

ALP secretions when compared to the controls, although it only reached statistical significance 

for the 250 µm scaffold. This trend was also observed for the 2 w decellularised scaffold 
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whereby by equivalent ALP secretion was measured at the exception of the 500 µm groups 

which was significantly lower than the corresponding control. The 4 w 250 µm decellularised 

scaffold had a significantly increase ALP production compared to the control and all other 250 

µm decellularised scaffolds. While the 4 w 500 µm groups had a similar ALP production when 

compared to the control, it was significantly higher than the 1 and 2 w 500 groups. At 7 days, 

only the 1w 500 µm and 2w 250 µm groups demonstrated a higher ALP activity than their 

corresponding controls, however the 2w 250 µm group had significantly higher ALP secretion 

than all other 250 µm groups. 

 

Fig. 11: Cellular ALP activity was measured at 1, 3 and 7 days of recellularisation. Values are 

presented as mean (box) and SD. # indicates groups significantly higher than all other 250 µm 

groups (*** at 3 days and ** at 7 days). Statistical differences are represented by ** (p ≤ 0.01), 

*** (p ≤ 0.001) and **** (p ≤ 0.0001). 

 

3.3 Recellularisation with macrophages 

To study the potential impact of the various constructs on the immune response, decellularised 

and pristine scaffolds were seeded with undifferentiated M0 macrophages. After 4 and 24 h, 

all groups were stained with CD206, TIMP1 (anti-inflammatory makers), TNFα or iNOS (pro-

inflammatory markers) and counterstained with CD68 (macrophage marker) (Fig. 12). 
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Fig. 12: Immunofluorescence staining of macrophages on the decellularised scaffolds after 4 

hours. The macrophages were stained with M1 markers (iNOS of TNFα) or M2 markers 

(TIMP1 or CD206) in green, and counterstained with DAPI (marking nuclei in blue) and CD68 

(activated macrophage marker) in red. Due to the difference in intensity of the CD68 signal 

compared to the other stains , the red channel was separately analysed to identify CD68-

positive cells. The macrophages seeded on pristine scaffolds displayed higher M1 expression 

whereas 1w matrix induced higher M2 expression profile. Longer in vitro culture prior to 

decellularisation seems to polarise macrophages toward a pro-inflammatory M1 phenotype. 

 

After 4 h, the controls and 4 w groups for both pore size predominantly promoted the 

expression of pro-inflammatory markers TNFα/iNOS. The 2w decellularised scaffolds 

displayed a mixed macrophage population with shared expression of pro and anti-inflammatory 

markers. In contrast, the 1 w decellularised scaffold for both pore sizes resulted in the 

expression of anti-inflammatory markers CD206/TIMP1 (Fig. 12). 

After only 4 h, M0 on 1w scaffolds expressed lower levels of TNFα than any other groups and 

higher CD206 than most groups (Fig. 13). TIMP1 expression was overall higher in the ECM 

groups compared to the respective control scaffold, and higher in 250 µm pore sizes at 1w and 

4w. ECM groups also displayed lower levels of iNOS compared to controls, 4w 250 µm 

displaying the lowest levels, followed by 1w 250. 
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Fig. 13: Semi-quantitative analysis of differential cell marker expression on macrophages 

reseeded on the decellularised matrices and controls 4 h post-seeding.. A) positive expression 

of one of the seleted markershe target marker and CD68 were quantified and are represented 

as a ratio by the total of CD68-positive cells. Values are presented as individual data points, 
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superimposed by the mean and SD. B) The mean fluorescence intensity of the target marker 

was determined for all CD68 positive cells and is represented as mean (box) and SD. $ indicates 

the group significantly higher (*) to all 250 µm groups and # indicates the group significantly 

higher (****) to all 500 µm groups. Statistical differences are represented by * (p ≤ 0.05), ** 

(p ≤ 0.01), *** (p ≤ 0.001) and **** (p ≤ 0.0001). 

 

TNFα/iNOS being markers of a pro-inflammatory response and TIMP1/ CD206 markers of a 

pro-resolving response, we observed a lower pro-inflammatory profile of macrophages seeded 

on decellularised ECM, especially on 1 week-old matrix. 1w groups also displayed an overall 

higher pro-resolving response by displaying higher CD206 positive macrophages (Fig. 13-A) 

and higher fluorescent levels of expression of both CD206 and TIMP1 (Fig. 13-B). 

Macrophages seeded on 4w groups had a similar expression profile than the controls, except 

for iNOS, which was lower than most other groups. When comparing the different pore sizes, 

no difference was observed in Ctrl and 1w groups. However, 2w maturation in 250 µm pores 

induced a significantly higher M2 profile than the 500 µm pores, while the opposite was 

observed in the 4w groups (Fig. 13-B). 

Similar observations were made after 24 h of incubation (Fig. 14). 

 

Fig. 14: Immunofluorescent staining of reseeded matrix after 24 h. Cells were stained with one 

of the M1 markers (iNOS of TNFα) or M2 markers (TIMP1 or CD206) in green, and 

counterstained with DAPI and CD68. 

 

Controls had similar expression (positive cells and intensity) of CD206 and TIMP1, but slightly 

increased levels of TNFα and decreased levels of iNOS (Fig. 15-A, B). Cells seeded on 1w 
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constructs had a sustained expression of both pro-resolving markers, while presenting 

decreased levels of both the pro-inflammatory markers. On 2w matrices, both 250 and 500 µm 

pores presented similar profiles at 4 and 24 h, however 4w matrices had different impact when 

matured on the two pores sizes. 4w 250 group induced a great increase in iNOS expression 

along with a slight decrease of both M2 markers, while 4w 500 decreased the expression of 

both M1 markers and slightly increased the ratio of cells expressing CD206 and TIMP1. 
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Fig. 15: Semi-quantitative analysis of differential cell marker expression on macrophages 

reseeded on the decellularised matrices and controls 24 h post-seeding. Unstained cell controls 

were included and used for determining fluorescence thresholds. A) Cells positive for the 

expression of the target marker and CD68 were quantified and are represented as a ratio by the 
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total of CD68-positive cells. Values are presented as individual data points, superimposed by 

the mean and SD. B) The mean fluorescence intensity of the target marker was determined for 

all CD68 positive cells. Values are presented as mean and SD.  

$ indicates the group significantly higher (*) to all 250 µm groups. Statistical differences are 

represented by * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001) and **** (p ≤ 0.0001). 

 

Overall, we observed a significant impact of the length of in vitro culture prior to 

decellularisation incubation time before decellularisation on the macrophage pro/anti-

inflammatory response, whereas the difference in pore size did not seem to have as much 

influence over the macrophages’ phenotypes. 

3.4 In vivo study 

The samples were retrieved at 1-week post-surgery to study tissue infiltration (n = 3), and 6 

weeks to evaluate the overall bone regenerative potential (n = 5) in all groups. 

Picrosirius staining, a specific stain for collagen fibres, revealed higher tissue infiltration in all 

ECM groups compared to the controls, especially in 1w 250, 1w 500 and 2w 500 groups (Fig. 

16-A). We also observed a higher number of polymorph nuclear cells, associated with higher 

infiltration. Automatic whole slide quantification confirmed these results (Fig. 16-B), revealing 

significantly higher cellularity and tissue infiltration in both 1w groups compared to the empty 

control. Higher cellularity was associated with higher recruitment of immune cells. The number 

of blood vessels in the defect area did not vary significantly between the various groups. 
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Fig. 16: A) Picrosirius staining of in vivo samples 1 week post-implantation. B) Ratio of dense 

matrix as measured by the number of strong positive pixels per total pixels (positives and 

negatives), C) cellularity as measured by the number of weak positive pixels per total pixels, 
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D) tissue infiltration as measured by the total number of positive pixels (i.e. weak, medium and 

strong) per total pixels and the E) number of blood vessels normalised by the defect area were 

measured. Values are presented as individual data points, superimposed by the mean and SD. 

Statistical differences are represented by * (p ≤ 0.05) and ** (p ≤ 0.01). 

 

The samples collected 6 weeks post-surgery were scanned by microCT in order to quantify the 

volume of newly formed bone (BV)(Fig. 17-A) and the bone specific surface (BS/BV)( Fig. 

17-B) inversely correlated with bone density [40]. The 1 week groups for both pore sizes 

resulted in significantly higher bone formation when compared to their respective controls and 

the 4 w groups, and all the other groups performed similarly. While the 1w 500 µm 

outperformed the 4w 500, there was no difference between the 1w 500 µm and the 2w 250 µm. 

When looking at the bone density, all ECM groups had a lower BS/BV mean than all the control 

groups, and no difference was observed between ECM groups. This could be indicating a 

similar quality of the regenerated bone. 

 

Fig. 17: Quantification of newly formed bone in samples explanted after 6 weeks A) bone 

volume and B) bone specific surface as measured on microCT scan reconstruction. Values are 

presented as individual data points, superimposed by the mean and SD. Statistical differences 

are represented by * (p ≤ 0.05), ** (p ≤ 0.01), *** (p ≤ 0.001) and **** (p ≤ 0.0001). 

 

H&E staining confirmed these results with the 1w groups displaying significant bone formation 

while the 2 and 4 w groups (regardless of the pore size) seems devoid of bone and the defect 

was only filled with connective tissue (Fig. 18-A). Quantification presented in Fig. 18-B 

demonstrated that 1w 250 constructs significantly promoted mineralised and mineralising 

tissue formation compared to all other groups. The density of blood vessels (as shown by the 

black arrows in Fig 18A) was similar in all groups. 
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Fig. 18: A) H&E staining of calvarial defects 6 weeks post-surgery (magnification ×2 (left 

panel) and ×20 (right panel)) and were analysed for B) the presence of mineralised and 

mineralising tissues as well as the level of vascularisation (indicated in A) by  ). Values 
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are presented as individual data points, superimposed by the mean and SD. * (p ≤ 0.05), ** (p 

≤ 0.01) and *** (p ≤ 0.001). µm 

 

4 Discussion 

There is a growing interest in harnessing extracellular matrix in vitro for tissue engineering 

applications. By pre-cultivating scaffolds with osteoblasts, several studies have demonstrated 

the capacity to enhance the osteogenicity of constructs by increasing alkaline phosphatase 

activity and calcium deposition [29], [41]. The impact of the culture time on the quality of the 

matrix produced remains, however, very poorly understood.  

Culture of seeded osteoblasts in osteogenic medium for as little as 6 days prior to 

decellularisation have demonstrated enhanced osteogenic activity of reseeded MSCs in vitro 

[29], [42]. On the contrary, longer in vitro culture prior implantation also resulted in enhanced 

in vivo bone formation [43] albeit in a conventional tissue engineering strategy whereby the 

construct was not decellularised. A direct comparison of different culture times over the in vitro 

or in vivo osteogenic potential of these generated constructs is usually missing. 

Our hypothesis was that a longer in vitro culture, associated with higher ECM deposition 

mineralisation, and the accumulation of biological cues [44], can induce a higher osteogenic 

response, both in vitro and in vivo. Our previous study demonstrated that pore occlusion also 

played a determinant role in the regenerative outcomes of the decellularised scaffolds by 

impeding tissue infiltration and rapid vascularisation. Vascularisation is a critical factor for 

tissue regeneration as it ensures appropriate supply of nutrients, correlated with bone formation 

and bone remodelling [45], [46]. Therefore, the utilisation of larger pore sizes permitted to 

decouple pore occlusion and ECM in vitro maturation in order to assess the impact of prolonged 

culture on subsequent bone formation capacity. Interestingly, our study demonstrated that short 

in vitro culture prior to decellularisation was still the condition leading to enhanced bone 

regeneration. Even though the more mature groups (4 weeks) enhanced the osteogenic activity 

of osteoblasts in vitro, they had a negative impact on bone regeneration in our calvarial model. 

While the pores of the 250 µm were filled with ECM consistently with our previous study, the 

500 µm still displayed the maintenance of some porosity after the in vitro culture and 

decellularisation. Porosity has a direct impact on the angiogenic potential of scaffolds [47], 

[48]. Therefore, a decrease in scaffold porosity with higher culture times might impede cellular 

infiltration and vascularisation, resulting in poor in vivo bone formation. However, all 

decellularised scaffolds had similar level of vascularisation at both 1 and 6 week post-

implantation. In addition, the 4w groups for both pore sizes performed poorly towards bone 

regeneration despite their difference in the maintenance of porosity and pore interconnectivity. 

This suggested that in the case of the 4w 500 µm specimens, pore occlusion was not the cause 

of the reduced bone forming capacity. 

The ECM is a complex environment, involved in cell migration, proliferation and 

differentiation. The remodelling of the ECM allows the release of growth factors and other 
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bioactive molecules, contributing to tissue remodelling and regeneration [49], [50]. It has been 

observed that modification of the ECM, such as crosslinking, can increase the delay in ECM 

remodelling and subsequently impeding tissue regeneration [51]. Our observations in vitro 

revealed a delay in matrix remodelling by reseeded osteoblasts on matrices cultured for 2 weeks 

(250 and 500µm pore size). In addition, the 4 weeks matrices did not seem to remodel after 7 

days, however they displayed enhanced osteogenic activity. We can speculate that, at early 

time points, reseeded cells are in contact with immobilised growth factors, stimulating 

osteogenic differentiation at early time points, but the delayed degradation of the ECM impedes 

overall tissue remodelling in vivo.  

Another key factor of tissue remodelling and regeneration is the immune response to 

implantation. Macrophages, the main actors of the innate immune system, have the ability to 

polarise to initiate tissue repair and a return to homeostasis. It has been well described that a 

pro-inflammatory response lead to chronic inflammatory, while an anti-inflammatory response 

direct tissue remodelling [52], [53]. Therefore, several tissue engineering strategies have 

targeted the ability of modulating macrophage phenotypes once implanted to promote tissue 

regeneration [53], [54]. 

Even though the relation between ECM scaffolds remodelling and host immune response is 

quite unexplored, it has been highlighted that macrophages reaction to scaffold surfaces are 

involved in the regenerative outcomes [55]. In the context of decellularised scaffolds, the 

removal of cellular components during decellularisation is a main criterion for successful 

scaffold integration and is essential for avoiding rejection. In addition, the important presence 

of cellular debris within decellularised scaffolds have been associated with a predominantly 

M1 response, resulting in scarring, therefore preventing tissue remodelling [12]. As observed 

in our previous study, the decellularisation of our more mature constructs (4 weeks of culture 

in osteogenic conditions) did not allow complete removal of cell debris, which might also 

explain their poor in vivo performance. Macrophages polarisation have also recently been 

associated with ECM degradation and remodelling, and reciprocally, the characteristics of the 

ECM scaffold influences the immune response [56], [57]. The composition of the ECM will 

have a unique impact over macrophages response [56], and easily remodelled matrices induce 

a M2 like response [55]. Our observations in vitro on the reseeded cell metabolism and ALP 

activity indicated that the ECM composition varies between groups, which could both explain 

the M2 response observed in our 1 week matrices, compared to a more M1 profiles of 

macrophages in the 4 weeks groups, associated with poor bone regeneration in vivo.  

3 Conclusion 

We studied ECM deposition on melt electrowritten scaffolds and demonstrated that different 

structures have various impacts over cellular ECM deposition. Moreover, the degree of 

maturity of cell-laid ECM has shown to have a crucial impact on its composition and therefore 

its biological activity. Even though higher culture times displayed higher osteogenic activity 

of reseeded osteoblasts, it also polarised macrophages toward a pro-inflammatory profile in 

vitro and impaired bone regeneration in vitro. In comparison, a short incubation resulted in an 
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ECM which enhanced osteoblasts proliferation while polarising macrophages toward a M2 

phenotype. This younger matrix seemed to be more easily remodelled in vitro, which could 

limit the inflammatory response in vivo and fasten tissue regeneration. 
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The previous chapter aimed at optimising a bone-like ECM-coated scaffold for bone 

regeneration. This was achieved by optimising the scaffold structure as well as the cell-culture 

time. The present chapter is a proof-of-concept that combining a periodontal ligament cell-

sheet with our bone-like ECM-decorated scaffold before being decellularised may ultimately 

generate an off-the-shelf biphasic scaffold capable of assisting periodontal regeneration.  
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Abstract 

Multiphasic scaffolds have been used to promote periodontal regeneration by providing 

enhanced control over the temporal and spatial healing of the different periodontal components. 

This study aimed to develop a periodontal tissue engineering approach using a biphasic scaffold 

and the emerging concept of cell-laid extracellular matrix (ECM) decoration. A melt 

electrowritten scaffold was cultured with primary human osteoblasts for the deposition of bone-

specific ECM. In parallel, periodontal ligament cells were cultured on tissue culture plate and 

stimulated for matrix deposition to generate a cell-sheet, which was later combined with the 

bone ECM scaffold. The resulting biphasic construct was decellularised to remove all cellular 

components while preserving the naturally deposited matrix. This was evaluated and confirmed 

in vitro, before assessing the regenerative performance of the construct, both freshly 

decellularised and freeze-dried, in a rodent periodontal defect model. Four weeks post-surgery, 

microCT and histologic observations revealed similar outcomes in all groups, with higher bone 

formation in the pristine scaffold and freshly decellularised biphasic construct. Higher amounts 

of newly formed cementum and periodontal attachment were observed in the fresh and freeze-

dried ECM functionalised scaffolds. The functionalisation of biphasic scaffolds with 

decellularised ECM had a positive effect on periodontal regeneration outcomes. 
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1. Introduction 

The complex architecture of the periodontium makes periodontal regeneration a challenge. The 

most commonly used technique, guided tissue regeneration (GTR), utilises an occlusive 

membrane selectively facilitate the re-population of the periodontal ligament with cells derived 

from tissues that can promote periodontal regeneration (bone, periodontal) at the expense of 

those that cannot (gingival epithelium and connective tissue) [1]. Despite the demonstrated 

success of GTR in facilitating the regeneration of a small proportion of well-defined 

periodontal defects, the technique nevertheless remains unpredictable and cannot be used to 

regenerate the vast majority of presenting defects [2], [3]. The structural complexity of the 

periodontium suggests that the development of tissue engineered solutions allowing 

compartmentalised regeneration of both soft and hard tissues [4] may be a sound approach for 

successful functional regeneration. While most strategies have been focused on achieving bone 

regeneration [5], [6], it is essential to also consider regeneration of the periodontal ligament 

and adjacent tooth root cementum, in order to meet the primary requirement of periodontal 

regeneration, which is the reconstitution of a functional periodontal attachment between bone 

and the tooth. Indeed, the periodontal ligament has been identified as the key requirement for 

periodontal regeneration, since it is composed of multi-potent stem cells, involved in bone, 

periodontal ligament and cementum regeneration [7]–[9]. 

Additive manufacturing has been explored in the context of periodontal tissue engineering, 

allowing the fabrication of scaffolds with controlled structural properties, capable of providing 

space maintenance and suitable for tissue infiltration and regeneration [10], [11]. Many 

different printing techniques, polymers and structural parameters have been assessed for their 

performance in vivo. The development of multiphasic constructs [10], [12], [13] to allow 

compartmentalised regeneration of the soft and hard tissues has shown promising results. 

Indeed, the use of 3D-printed scaffolds for periodontal regeneration was also assessed in a 

clinical case, proposing a potential patient-specific approach [14]. Notably, most of the studies 

have utilised synthetic polymers (e.g. polycaprolactone (PCL) [15], polylactide‐co‐glycolic 

(PLGA) [16]) which although biocompatible and biodegradable, lack biological activity and 

fail to achieve structural and functional regeneration of the periodontium [10], [12], [17]. 

Biological enhancement of bioinert scaffolds, involving the addition of biological cues able to 

trigger a specific cellular response has been extensively studied and described. This has been 

achieved by the addition of various bioactive molecules, such as growth factors [12], [18] and 

RGD peptides [19]. Although highly potent, such enhancements do not address the native 

tissue’s architectural and molecular complexity and have been shown to achieve limited results. 

The use of native decellularised tissues may represent the ultimate construct for tissue 

regeneration, containing all of the required structural and biological properties, and stripped of 

any immunogenic cellular components [20]. Some approaches have investigated the use of 

decellularised whole tissue, either the entire mandibular bone (with teeth) [21] or teeth slices 

[22], but this is not particularly suitable for periodontal tissues due to their scarcity. The 

decellularisation of bone/ligament interfaces (entheses) is particularly challenging as each 

tissue will be differently impacted by the decellularisation protocol applied [23]. Thus, the 
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emergence of scaffolds decorated with in vitro deposited ECM is of particular interest, as they 

possess both tailorable structures and a native biological environment. This may be achieved 

by way of coating 3D constructs with hydrogels made of solubilised native decellularised 

tissues [24], [25]. However, native tissues require sterilisation to avoid pathogen transmission 

[26], and this will affect bioactivity. Overcoming this limitation, more recent strategies have 

explored the use of decellularised in vitro deposited ECM [27], [28], which requires milder 

decellularisation treatments, allowing for high preservation of biological activity. Cells can be 

directly cultured onto scaffolds and stimulated for enhanced ECM deposition, before being 

subsequently decellularised, resulting in a construct providing mechanical support and a natural 

ECM network [29], [30].  

The use of periodontal ligament cell sheets (PDLcs) has been identified as an efficient way to 

facilitate cell delivery while maintained an intact mature ECM. Previous work by our group 

has explored the decellularisation of PDLcs in combination with a PCL melt electrowritten 

scaffold. We demonstrated successful periodontal ligament attachment as well as bone 

formation within the PCL fibres, promoting overall construct integration and periodontal 

regeneration [30]. To further enhance compartmentalised regeneration of the periodontal 

ligament and the alveolar bone, in this study the aforementioned scaffold was seeded with 

osteoblasts, stimulated for ECM production and optimised for bone regeneration (Chapter 3 

and Chapter 4). Several pore sizes and ECM maturation times were assessed, and the best 

performing group was selected for the present study.  

This study is a proof-of-concept that combining a periodontal ligament cell-sheet with a bone-

like ECM-decorated scaffold before being decellularised may ultimately generate an off-the-

shelf biphasic scaffold capable of assisting periodontal regeneration.  

2. Materials and methods 

2.1 Cell isolation and culture 

Primary human osteoblasts (hOBs) and periodontal ligament (hPDL) cells were explanted from 

redundant tissues collected from a patient undergoing dental surgery according to an 

established protocol [31], [32]. Briefly, alveolar bone fragments removed during tooth 

extraction were isolated and chopped into small segments, covered with complete medium 

(DMEM high glucose, invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) and 4% 

Penicillin-Streptomycin (reduced to 1% after 24h) and incubated at 37°C with 5% CO2. 

Similarly, periodontal ligament tissue was obtained from the middle third of tooth roots, finely 

chopped and expanded in complete medium. Cells at about 80% confluence and ranging from 

passage 4 to 6 were utilised for all in vitro and in vivo studies.  

2.2 Melt-electrowritten poly(ε-caprolactone) scaffold 

Melt electrowritten (MEW) scaffolds were fabricated via a direct writing approach previously 

described [33], whereby a programmable x-y stage was used to collect the fibres. Briefly, 

Medical grade poly(ε-caprolactone) (MPCL) (PC12, Corbion) pellets were placed into a 2 mL 
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syringe and heated at 80 °C in an oven to melt the polymer. The molten polymer was 

electrowritten through a blunt 21 G needle, a pressure of 1.6 bar, a voltage of 9 kV with a 

spinneret collector distance of 8 mm. The temperatures of the first heater (placed near the 

syringe) and the second heater (placed near the needle) were set to 75°C and 85°C, respectively. 

The translational speed of the collector was set at 850 mm/min in order to obtain straight fibres, 

and a square wave pattern was utilised for fabricating a scaffold composed of alternating series 

of layers oriented at 0 and 90° with 250 µm fibre interdistance. The resulting membranes (1.5 

mm thick) were cut with a scalpel blade into 5 mm squares. The melt electrowritten scaffolds 

were etched with 2 M NaOH for 60 min at 37°C in order to increase hydrophilicity and 

roughness, facilitating fluid infiltration and subsequent cell attachment [34]. The scaffolds were 

thereafter rinsed several times in distilled water to remove any excess NaOH. The scaffolds 

were sterilised by immersion in 80% ethanol for 60 min, and then dried overnight in a biosafety 

cabinet prior to a 30-min UV-exposure.  

2.3 Fabrication of the bone compartment 

The scaffolds were immersed in FBS prior to cell seeding to improve cell colonisation and 

maturation, as previously described [35]. The scaffolds were then incubated for 2 h at 37°C in 

FBS before removal of excess liquid. Cells (hOBs) were harvested by incubating for 5 min in 

1% trypsin, resuspended in complete medium at a concentration of 2 × 106 cells/mL, and the 

constructs were seeded with 100,000 cells in 50µL of the complete medium. The cells were 

then allowed to attach for 2 h and the scaffolds were transferred to 48 well-plates containing 

500µL of complete medium. The cells were cultured for 3 days in basal medium before 

osteogenic induction was initiated by supplementing the medium with 50µg/mL Ascorbic Acid 

(AA), 0.1µM Dexamethasone and 10mM β-Glycerophosphate (osteogenic medium). The 

osteogenic medium was changed every 3 days and the cells were cultured for 1 week. 

2.4 Periodontal ligament cell-sheet formation and harvesting 

The hPDL cell-sheets(hPDLcs) were prepared following a previously optimised protocol [36]. 

hPDL cells were seeded 24 well plates at a seeding density of 5 × 104 cells/well in in 750 µL 

of basal medium and cultured for 3 days in basal medium before supplementing with ascorbic 

acid (100 μg/ml; Sigma-Aldrich). The medium was changed every 48-72  h. After 21 days of 

culture, the cells had deposited a large amount of ECM, forming a cell sheet that could be 

mobilised and manually handled. In order to combine the bone and PDL compartments, the 1 

week old bone-scaffold were placed in the centre of the well containing the hPDLcs and the 

borders of the cell sheet were gently detached from the base of the well and folded over the 

edges of the bone-PCL construct using sterile tweezers. The resultant biphasic construct was 

placed in expansion medium for 24 h with the cell sheets facing upward, in order to allow cell 

sheet adhesion onto the scaffold. 

2.5 Decellularisation protocol 

The following protocol was previously optimised and assessed for cell removal efficiency as 

well as matrix preservation [36] (Chapter 3 and Chapter 4). Every step of the decellularisation 
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process was carried out under sterile conditions, at 37ºC on an orbital shaker (100rpm) for 1 h 

and each treatment was followed by three washes in phosphate buffered solution (PBS). 

Briefly, the biphasic scaffolds were first treated with 400 µL of 20 mM NH4OH solution with 

0.5% Triton X-100. Then, remnant DNA was removed by using DNase I solution (100 U/mL, 

Invitrogen) in PBS. Finally, the scaffolds were incubated in milliQ water in order to remove 

remaining cell fragments and chemicals to prevent any cytotoxicity or immunogenicity of the 

constructs. 

2.6 In vitro characterisation 

2.6.1 Confocal microscopy 

Biphasic scaffolds, both before and after decellularisation (n = 3) were rinsed in PBS, then 

fixed for 30min in 4% paraformaldehyde (PFA) in PBS. The scaffolds were then incubated for 

60 min in blocking buffer (1% bovine serum albumin; 10% goat serum; 0.05% tween-20 

solution in PBS) at room temperature (RT) and subsequently incubated for 1 h at RT with 

Collagen I mouse primary antibody (1:200, ab6308, Abcam) diluted in blocking buffer, or 

Collagen VI rabbit primary antibody (1:200, ab182744, Abcam) diluted in blocking buffer. 

Samples were then washed 3 times with PBS and incubated for 60 min with their respective 

secondary antibodies; goat anti-mouse IgG Alexa Fluor® 488-conjugated secondary antibody 

(1:500, ab150113, Abcam) or donkey anti-rabbit IgG Alexa Fluor® 647-conjugated secondary 

antibody (1:500, ab150075, Abcam) diluted in blocking buffer. All samples were then 

counterstained with 5 μg/mL 4,6-diamino-2-phenylindole (DAPI, Life Technologies, 

NY,USA) for 10 min at RT to visualise remnant DNA. The scaffolds were then rinsed in PBS 

and imaged using a Confocal Microscope (Nikon, Eclipse- Ti, U.S.A) at an excitation/emission 

wavelength of 405/417-477 for DAPI, 488/500-550 nm for collagen I (green) and 561/570-

1000 nm for collagen VI (red). 

2.6.2 Scanning electron microscopy 

Biphasic scaffolds, prior to and after decellularisation, were rinsed in PBS and fixed in 2.5% 

Glutaraldehyde in Cacodylate buffer overnight. The scaffolds were then serially dehydrated 

using ethanol solutions of increasing concentrations (50%, 70%, 80%, 90%, 95% and 100%). 

Scaffolds (n = 3) were then mounted onto SEM stubs and carbon coated in vacuum using a 

sputter coater (Balzers SCD 004, Wiesbaden-Nordenstadt, Germany). Scanning electron 

microscopy (SEM) was carried out using a JSM F-7001 microscope (JEOL Ltd., Tokyo, 

Japan), operating at 15 kV and 10 mm of working distance.  

2.7 In vivo study 

2.7.1 Preparation of implants  

Four groups were evaluated in vivo, (a) an untreated defect (empty), (b) a pristine scaffold and 

(c) a decellularised biphasic construct either fresh or (d) freeze dried. The freeze dried 

constructs were prepared 3 months before the surgeries. Briefly, excess milliQ water was 

removed from the freshly decellularised scaffolds which were then placed overnight at -80ºC. 
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Biphasic constructs were then freeze-dried in sterile conditions (0.005 mbar, -80˚C, FreeZone 

2.5 Plus, Labconco) for 12 h. Freeze-dried decellularised scaffolds were then stored in a 

vacuum chamber at RT for 3 months. The constructs were rehydrated in PBS for 5 min before 

implantation. 

Fresh scaffolds were decellularised on the day of surgery and placed in PBS until implantation. 

2.7.2 Rat periodontal defect 

The study protocol was approved by the Animal Ethics Committee of the University of 

Queensland (DENT/274/19). 10-12 weeks old rats (Animal Resources Centre, Canning Vale, 

WA, Australia) were carefully placed in an induction chamber and anaesthetised by inhalation, 

using a mixture of oxygen and Isoflurane (AttaneTM, Bomac Animal Health Pty Ltd, 

Australia). The periodontal defect model was adopted from a previous study [37]. Briefly, a 

full thickness incision was made along the skin of the inferior border of the mandible. The 

masseter muscle and the periosteum were reflected, followed by the preparation of alveolar 

bone defects to the dimensions of 2 mm height × 3 mm width and 1 mm in depth [37] using a 

small (1 mm) round bur and copious water irrigation. Mandibular defects were then randomly 

assigned to either remain untreated (empty) or received a pristine scaffold or the decellularised 

biphasic construct either fresh or freeze dried. ECM-decorated constructs were placed so the 

PDL sheet was facing the exposed roots. A resorbable bilayer membrane (Bio-Gide®, 

Geistlich) was then used to cover the scaffold in order to exclude the overlying connective 

tissue from the defect, according to the principles of “guided tissue regeneration” (GTR). 

The animals were sacrificed at 4 weeks post‐surgery, and the mandible samples (n = 5 for each 

group) were collected and fixed in 4% paraformaldehyde (PFA) solution overnight at room 

temperature and then rinsed with PBS. 

2.8.3 High Resolution microcomputed tomography (microCT) 

High resolution microCT imaging was performed using a Skyscan 1272 (Bruker, Billerica, 

MA, USA) to scan the rat mandibles. Rat mandiles specimens (n = 5), stored in PBS, were 

wrapped in moist tissue paper and transferred into 5 mL cylindrical plastic tubes for imaging. 

The scanning parameters were: 90 kV X ray voltage, 111 μA current, 1800 ms exposure time, 

21 μm isotropic voxel size, 0.6° rotation step (360° imaging), 3 frame averaging, 4 × 4 binning, 

and 0.5 mm Al filter. The datasets were reconstructed with NRecon (version 1.7.3.1; Bruker, 

Billerica, MA, USA) and InstaRecon (version 2.0.4.2; University of Illinois, Champaign, IL, 

USA) software using a cone beam reconstruction (Feldkamp) algorithm with the following 

corrections applied: ring artefact reduction, smoothing, beam hardening, and post-alignment. 

CT analysis was performed using CTan software version 1.19.11.1 (Bruker, Billerica, MA, 

USA), and 3D visualisations of mandibles generated using CTVox software (Bruker, Billerica, 

MA, USA).  

2.9 Histological analysis 
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The mandible samples (n = 3) were decalcified in 10% (w/v) EDTA at 37 °C and pH 7.4 for 

one month in a multifunctional microwave tissue processor (Milestone Medical, USA) with 

weekly changes of the solution prior to embedding in paraffin. Consecutive serial sections (5 

µm) were subsequently deparaffinised and stained with Masson’s Trichome (TRI Histology 

facility with Tissue-Tek automated stainer and coverslipper). The stained slides were scanned 

using a 40× objective lens on a virtual slide microscope (VS120; Olympus, Tokyo, Japan) for 

subsequent morphological analysis. 

2.10 Quantification of new attachment  

Newly formed cementum and new periodontal ligament attachment on the surgically denuded 

roots was quantified as previously described [37]. Cementum formation was determined as the 

percentage of the root surface that was covered by newly formed cementum. For periodontal 

attachment measurement, the length of the tooth surface with inserting periodontal fibres 

oriented with an angle above 60° to the root surfaces (measured as the angle between the long 

axis of the fibres and the root surface) was divided by the total length of the denuded root 

surface. The borders of the root defect could be easily differentiated from the intact native 

periodontium. The OlyViIA® software (Olympus) was used to visualise the slides and perform 

the measurements. 

2.11 Statistical analysis 

Statistical analysis was performed using GraphPad Prism (version 8.2.1). Since the data set 

consisted of multiple groups and/or time points, multiple comparisons were performed using 

one way ANOVA followed by a Tukey post hoc test.  

3. Results 

3.1 In vitro characterisation 

The decellularised bone compartment and PDLcs have been separately optimised and 

extensively characterised in previous studies from our group (Chapter 3 and Chapter 4) [36], 

[38]. The following experiments aim to verify the integrity of the ECM and the removal of its 

cellular components after both compartments were assembled prior to any decellularisation. 

The SEM images confirmed that attachment of the cell-sheet to the cellularised bone 

compartment was maintained during the decellularisation process (Fig. 1). Cells could be 

identified in the fresh scaffolds, embedded in their collagenous matrix, while they were absent 

on the decellularised constructs. The structural integrity of the ECM was observed to be 

preserved after decellularisation (Fig. 1). 
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Fig. 1: Scanning electron microscopy images of the cellularised and decellularised biphasic 

constructs. Images were taken at 50, 100 and 250 magnification to characterise the surface of 

the bone compartment, the PDL cell-sheet and the cross section of the construct. The PDL and 

bone compartment of the cross section view have been delimited by the dotted line and 

respectively labelled with “P” and “B”. 
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Staining of DNA, collagen I and collagen VI using immunofluorescent imaging confirmed the 

aforementioned observations (Fig. 2). In both compartments, bone and cell-sheet, efficient 

cellular removal was confirmed by the absence of DAPI signal. The overall structure of the 

collagen I and the collagen VI networks were similar in the cellularised and decellularised 

scaffolds, confirming overall good preservation of the ECM. 

 

Fig. 2: Confocal image ×10 and ×20 magnification of the biphasic scaffold, displaying views 

from the bone side and the periodontal ligament side. Samples were stained for cellular DNA 

in blue (DAPI), Collagen VI in red and the main ECM component, Collagen I, in green. 

3.2 In vivo study 

3.2.1 Bone formation  
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All groups performed similarly in terms of new bone formation (Fig. 3). Although no 

significant differences were observed, the pristine scaffold seemed to perform better than all of 

the other groups. Although neither of the two ECM-decorated groups improved bone formation 

compared to the controls, all samples performed similarly, while the empty (untreated) defects 

and defects receiving pristine scaffolds presented a larger dispersion of the results. 

 

Fig. 3: A) MicroCT images of the different groups along with B) the quantification of the newly 

formed bone in the defect area. Values are presented as individual data points, superimposed 
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by the mean (horizontal line) and error bars showing plus and minus one standard deviation 

(SD) (as represented by the whiskers). 

 

3.2.2 Histological analysis 

Masson’s trichrome staining allowed identification of the native periodontium, as well as newly 

formed bone, cementum and periodontal ligament (Fig. 4A). All of the groups demonstrated 

good space maintenance, PCL integration, cementum and PDL regeneration (Fig. 4A). The 

percentage of the originally denuded root covered by newly formed cementum was determined, 

with no statistically significant differences observed between the groups (Fig. 4B). However, 

there was a trend for better performance of the ECM-decorated scaffolds, with both inducing 

higher levels of cementum formation on average. The ECM groups also displayed, on average, 

higher levels of periodontal attachment (Fig. 4C), although no statistically significant 

differences were noted. This was consistent with the cementum quantification, as the 

periodontal ligament attaches to the root via the cementum layer. 
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Fig. 4: A) Masson’s trichrome staining of the different groups at magnification ×2 (left panel), 

where the area designated by the box have been magnified ×10 (right panel). Newly formed 

cementum is indicated by “C”, bone by “B”, PDL by “P” and the PCL fibres by “*”. B) The 
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percentage of newly formed cementum on the surgically denuded roots was quantified, along 

with C) the percentage of regenerated periodontal attachment.  

Values are presented as individual data points, superimposed by the mean (horizontal line) and 

error bars showing plus and minus one standard deviation (SD) (as represented by the 

whiskers). 

 

Interestingly, we observed a better preservation of the space between the newly formed bone 

and cementum in where a scaffold was implanted and especially in the presence of 

decellularised ECM (Fig. 5A). The frequency of occurrence of bone formation in direct contact 

with the dentine in controls was higher, preventing future periodontal ligament formation 

against the root (Fig. 5). This is an undesirable outcome that would compromise the longevity 

of a tooth. 
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Fig. 5: A) Masson’s trichrome staining of the different groups showing periodontal 

regeneration in the defect area at magnification ×4, where the area designated by the box have 

been magnified ×20. Newly formed cementum is indicated by “C”, bone by “B”, PDL by “P” 

and the PCL fibres by “*”. B) The frequency of bone forming in direct contact with the 

cementum or dentin where reported. 

 

4. Discussion and future direction 

The application of an established decellularisation protocol to the biphasic construct was 

successful in preserving the extracellular matrix of both compartments. As previously 

demonstrated, the utilised protocol ensures optimum retention of biological cues (Chapter 3, 

Chapter 4) [30], [36], [38].  
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Although in vitro characterisation displayed good preservation of the ECM and absence of cell 

nuclei, the scaffolds containing ECM did not induce significantly more bone formation 

compared to the controls, which was inconsistent with the findings of previous studies (Chapter 

3 and Chapter 4). The reason for this may be that the bone defect in the current study is not a 

‘critical size’ bone defect, and hence spontaneous healing of the controls makes it difficult to 

show a statistically significant additional effect in terms of bone formation. It is noteworthy 

that the periodontal defect was utilised primarily to assess the effect of the biphasic construct 

on periodontal regeneration, rather than bone. Indeed, the dimensions of the rat periodontium 

do not allow for the creation of a ‘critical size’ bone defect per se, although the defect is ‘critical 

size’ in the context of periodontal regeneration, in that its full periodontal regeneration does 

not occur in the untreated defect, at least not in the timeframe relevant to this study [39]. 

Another reason for not finding a superior outcome for bone formation in this study may be due 

to the presence of the cell-sheet during the decellularisation, previously characterised as a 

dense, non-porous layer of cells and extracellular matrix (Farag et al, 2014). To ensure the loss 

of performance of the ECM is not associated with the different structure, we could decellularise 

both compartments separately before combining them. This might however affect cell sheet 

handling as well as its potential to attach to the scaffold, which might affect overall construct 

stability. We demonstrated similar outcomes when decellularising PDLCS in static and 

perfusion conditions [36]. The use of a dynamic decellularisation treatment might allow for 

improved solution circulation and overcome the encountered limitations.  

Although decellularised ECM constructs did not induce higher levels of bone formation, they 

displayed a great potential for functional regeneration of the periodontium. Even though the 

number of replicates did not allow to reach significant difference, both fresh and freeze-dried 

constructs resulted in average in higher newly formed cementum, allowing for higher 

periodontal ligament attachment. This result, in accordance to previous characterisation [30], 

could be due to the presence of the decellularised cell-sheet which isolate the root from bone 

tissue infiltration. The regeneration of the alveolar bone and cementum are required to allow 

periodontal attachment, hence achieve functional and structural regeneration of the 

periodontium [40], [41]. 

However, the presence of bone directly against the dentine of surgically denuded root called 

ankylosis, was observed in some of the controls (empty and pristine scaffolds), and is a limiting 

factor of periodontal regeneration [42], [43]. The presence of ankylosis results in osteoclasts 

recruitment which can later lead to root resorption [43]. The absence of ankylosis in samples 

containing ECM is therefore a very promising outcome for achieving periodontal regeneration. 

Freeze drying of biological construct has been widely used to generate anhydrous implants 

which increase ECM preservation and facilitate storage [44], while maintaining the graft 

biochemical and mechanical properties [45], [46]. Both fresh and freeze-dried constructs 

performed equivalently in vivo as regards bone formation, cementum formation and 

periodontal ligament attachment. This is a very promising outcome for the clinical translation 

of ECM-decorated engineered constructs.  



 

 

199 

 

 

 

4. Conclusion 

The decellularisation of the biphasic scaffold successfully generated an acellular construct with 

preservation of the in vitro deposited ECM. All groups were capable of supporting bone 

formation, which was delayed in the presence of ECM in the bone compartment, probably due 

to a higher early immune response. Nevertheless, the presence of decellularised cell-sheet 

appeared to allow compartmentalisation of periodontal regeneration, overall resulting in higher 

newly formed cementum and periodontal attachment, the key parameter for periodontal 

regeneration. 
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1. Discussion  

 

The thesis aimed to develop a decellularised melt electrowritten scaffolds for periodontal 

regeneration. The anatomical complexity of the native periodontium makes periodontal therapy 

challenging. The presence of both hard and soft tissues with specific biological and structural 

properties requires a tissue-engineered approach allowing a controlled spatiotemporal 

regeneration. 

The use of decellularised tissues has been widely explored for several tissue engineering 

applications, having the advantage of high availability [1] and displaying native biological, 

structural and mechanical properties [2]. In the context of bone regeneration, decellularised 

bone tissues have demonstrated osteogenic potential due to the preservation of crucial 

biological components [3], [4]. However, such approaches utilising whole organ are not readily 

applicable for the treatment of periodontal defects due to the difficulty in separating the 

periodontal ligament from the root of the tooth without causing major structural damages [5]. 

In addition, the direct use of tissues from humans and animals also presents a substantial risk 

of pathogens transmission [6]. 

ECM-decoration of scaffolds has been of growing interest and consists of seeding cells on a 

scaffold thereafter cultured in vitro to allow ECM deposition. An efficient and homogeneous 

cell attachment is a critical parameter in the seeding of ultra-porous scaffolds, both for their in 

vitro characterisation and for construct maturation [7]. Therefore, the first aim of our first study 

was to optimise cell seeding of 3D constructs. After a comprehensive investigation, pre-

incubation of the scaffolds in 100% serum demonstrated to significantly improve seeding 

outcomes. This simple, yet efficient, method allowed for high seeding efficacy and 

homogeneous cell distribution, allowing more consistency for the subsequebt in vitro 

characterisation.  

After cell seeding technique optimisation, the extracellular matrix deposition by primary 

human osteoblasts in a 250 µm pore size melt electrowritten scaffold was assessed. The 

cellularised and decellulairsed constructs were characterised in vitro subsequent to 1, 2 and 4 

weeks of culture. First, the efficacy of the utilised decellularisation protocol to our bone-like 

ECM-coated scaffold was ensured, previously optimised for periodontal ligament cell sheets. 

The utilised decellularisation protocol allowed for complete cellular removal at 1 and 2 weeks 

while preserving the structure of the deposited ECM in all the tested groups. The resulting 

decellularised ECM-scaffolds displayed similar performance in vivo in a rodent calvarial 

model, compared to their cellularised counterparts. This surprisingly demonstrated that the 

presence of living cells was not necessary for bone formation regardless of the in vitro 

maturation length. Even though cell-based therapies are considered the most potent manner to 

induce tissue regeneration, studies have reported high levels of cell death due to early ischemic 

conditions within the graft [8,9]. This may have counterbalanced with the activity of surviving 

implanted cells, explaining the similar performance of acellular and cellularised matrices.  
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The different decellularised constructs were recellularised with osteoblasts to investigate their 

biological potential. This revealed significant differences between culture times, showing 

higher in vitro osteogenicity with longer incubations, associated with higher mineralisation of 

the deposited collagen and higher ALP activity. Maturation of the ECM was also associated 

with densification of the matrix, impaired construct porosity and ECM remodelling, eventually 

leading to compromised vascularisation and regeneration in vivo. For tissue regeneration, 

impaired capacity of a scaffold to support angiogenesis is a detrimental attribute. Successful 

vascularisation whitin the scaffold ensures an appropriate supply of nutrients, promoting bone 

formation and remodelling [10], [11]. Moreover, the porosity of a scaffold has been 

demonstrated to have a direct influence over its angiogenic potential in vivo [12], [13]. 

The use of a 250 µm pore size scaffold is common in bone tissue engineering applications 

[14]–[16]. However, this structure is designed for rapid cell colonisation, which does not allow 

ECM-decoration but rather filling of the pores. In order to maintain the porosity of our 

constructs throughout the in vitro maturation process, ECM-decoration in larger pores was 

thereafter explored, and evaluated their potential in bone regeneration. Three scaffolds 

structures were designed, displaying 250, 500 or 750 µm fibre inter distance. The 750 µm pores 

were rapidly ruled out due to their poor mechanical properties. Such structure also showed 

impaired capacity in supporting mineralisation of the deposited collagen. This is consistent 

with previous findings, demonstrating higher osteogenic activity of osteoblasts when seeded in 

higher density [17]. Smaller pore size increases cell condensation, improving cell-cell 

communication, and resulting in higher osteogenic differentiation [18], [19]. A higher 

osteogenic activity of reseeded osteoblasts was observed in the scaffolds with smaller pore size, 

and similarly to our second study (Chapter 3), in more mature constructs. The scaffolds with 

500 µm pores, on the other hand, maintained suitable porosity and enhanced cell proliferation, 

even with longer culture time.  

We therefore successfully obtained a ECM-decorated scaffold with high porosity, as well as 

osteogenic potential (500 µm pores cultured for 4 weeks), and therefore the maintenance of the 

porosity permitted to assess whether prolonged on vitro culture prior to decellularisation is 

beneficial for bone regeneration. Interestingly, the matrix resulting from a short in vitro culture 

which demonstrated reduced osteogenic activity in vitro, resulted in enhanced bone 

regeneration in vivo. This result was quite unexpected in the context of the extensive published 

literature on in vitro deposited ECM, predominantly targeting the use of differentiated cells. 

Indeed, the ECM deposited by differentiated cells has been shown to contain greater amounts 

of tissue-specific cues, responsible for specific biological response that direct tissue 

regeneration [20]–[22]. Such studies usually do not compare the impact of different durations 

of cell culture before decellularation.  

Some reports that compared the properties of ECM generated by different cell sources have, 

however, demonstrated enhanced regeneration when using undifferentiated cells. In particular, 

a study reported higher chondrogenic differentiating potential of decellularised MSC-derived 

ECM compared to chondrocyte-derived ECM [23]. Another study highlighted a decrease in 

angiogenic properties of MSCs when osteogenically or chondrogenically differentiated. This 
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was associated with a decrease in angiogenic factor secretion [24], thereby resulting in fewer 

angiogenic cues immobilised in the deposited ECM.  

Successful bone regeneration does not only rely on the performance of osteoblasts within the 

scaffold, but rather on a multitude of in vivo mechanisms, including angiogenicity and the host 

immune response [10], [11], [25]. The immune response to implantation has been identified as 

an important parameter in tissue regeneration, whereby a pro-inflammatory response leads to 

chronic inflammation, while an anti-inflammatory response results in tissue repair and 

remodelling [26], [27]. Although the relationship between ECM scaffold remodelling and the 

host immune response is not completely understood, it has been highlighted that macrophage 

reactions to implants are strongly involved in the regenerative outcome [28]–[30]. Moreover, 

the ECM derived from a specific cell type will have a unique impact on the macrophage 

response [31]. Recellularisation of the different decellularised constructs with activated 

undifferentiated monocytes revealed a higher pro-inflammatory differentiation on the more 

mature matrix, while 1 week ECM promoted a pro-resolving differentiation. As previously 

mentioned, the younger matrix is more easily remodelled in vitro, a parameter correlated with 

a M2-like response of macrophages [30]. This could therefore explain why shorter incubation 

time led to higher bone regeneration in vivo. 

For further development of our periodontal biphasic construct, and more specifically the bone 

compartment, the short maturation of ECM (1 week) was selected for the promotion of bone 

regeneration, along with the 250 µm pores, performing similarly to 500 µm in vivo, and 

displaying higher mechanical properties.  

Contrarily to our previous results in a calvarial defect, our decellularised biphasic construct did 

not enhance bone formation in a periodontal defect. This could be associated with several 

factors, such as the physiological difference of each tissue reacting differently to implantation 

[32]. Also, this periodontal model does not allow for the creation of a “critical size” bone 

defect, and hence spontaneous healing of the controls makes it difficult to show a statistical 

difference.  

As a promising result, and in accordance to previous characterisation [33], enhanced cementum 

formation and new periodontal attachment were demonstrated in the presence of the 

decellularised cell-sheet. The presence of the decellularised cell-sheet could therefore, as per 

its intended role, compartmentalise the cellular infiltration to this periodontal ligament 

compartment and allow spatial-specific regeneration.  

Our biphasic scaffold performed similarly when implanted fresh or freeze-dried and stored for 

3 months at RT. This result is very encouraging for the translation of ECM-based scaffolds for 

clinical application.  

 

  



 

 

208 

 

 

2. Future perspectives 

The extracellular matrix has been widely studied; however, little is known about in vitro cell-

laid ECM and its in vivo regenerative potential. Our first approach was to obtain a scaffold 

coated with mature ECM, and we assumed that a more osteogenic matrix would have better 

outcomes on bone formation. Our results revealed that greater attention should be brought to 

the impact of specific ECM over angiogenesis and the early immune response. In the context 

of the acellular constructs, the host cells are responsible for tissue remodelling and 

regeneration. Therefore, it is important for the implanted ECM to enhance the early 

mechanisms for tissue healing and remodelling, in order to support appropriate and rapid 

regeneration.  

An interesting line of research would be to assess ECM derived from different cell types. For 

example, cocultured mesenchymal stem cells (MSCs) and human umbilical vein endothelial 

cells (HUVECS) have been shown to generate an ECM mimicking the native bone niche and 

promote angiogenesis and osteogenicity [34]. These stem cells therefore promote essential 

processes of tissue remodelling, which could have a more benefic impact on the host cells once 

implanted as compared to specifically differentiated ECM. 

Even though the mechanisms involved in the cell response to different ECM sources have been 

unexplored, cell-derived ECM from different cell types has demonstrated to have a distinct 

influence over the immune response [35], [36]. Implantation of ECM derived from different 

tissues have shown different influence over the macrophage’s response [35]. As regeneration 

cannot occur in an inflamed environment, the use of ECM that do not promote pro-

inflammatory differentiation of macrophages might be a more important criteria than the nature 

of the tissues to be regenerated.  

In the context of periodontal regeneration, periodontal ligament stem cells have been identified 

as key actors required for periodontal regeneration, presenting superior regenerative properties 

compared to other cells derived from the periodontium, such as gingival connective tissue and 

alveolar bone cells [37]. Therefore, the coating of the entire scaffold with ECM from 

undifferentiated PDL cells, instead of differentiated osteoblasts, could overall improve 

periodontal regeneration, including bone regeneration. 

Other parameters have demonstrated to have an influence over the quality of the deposited 

ECM. The culture conditions of the cells during ECM deposition have a significant impact over 

the composition of the secreted ECM. It is well established that the culture of several cell types 

in dynamic conditions, as opposed to static, has a significant impact over ECM production [38], 

[39]. The scaffold pore size also had an impact over the quality of the deposited matrix, leading 

to a more mineralised matrix is smaller pores. This was observed in other studies [40]-[42], 

where the inclusion of small pore size melt electrowritten meshes to a scaffold obtained by 

fused deposition modelling (FDM) resulted in higher osteogenic potential of the construct.[42]. 

The presented studies demonstrated that the scaffold structure played a determinant role in the 

regenerative outcomes of cell-laid ECM coated scaffolds. The pore occlusion resulting from 
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ECM maturation overtime impeded overall tissue regeneration. Scaffold porosity has a direct 

impact on tissue infiltration and rapid vascularisation, and therefore angiogenesis [40], [43]. 

Vascularisation is a critical factor for tissue regeneration as it ensures appropriate supply of 

nutrients, correlated with bone formation and bone remodelling [41], [44]. Therefore, the 

utilisation of larger pore sizes permitted to decouple pore occlusion and ECM in vitro 

maturation. While the pores of the 250 µm scaffolds were filled with ECM consistently, the 

500 µm scaffolds still displayed the maintenance of some porosity after the in vitro culture and 

decellularisation. Therefore, a decrease in scaffold porosity with higher culture times might 

impede cellular infiltration and vascularisation, resulting in poor in vivo bone formation. This 

highlights the critical aspect of the structural properties of scaffolds in the development of 

tissue engineered constructs. More specifically, the impact of in vitro construct maturation over 

the structural and mechanical characteristics of constructs should be investigated. 

In regard to immune response, supplementing MSCs culture media with curcumin has shown 

to impact the cell ECM deposition, which generated an ECM with enhanced anti-inflammatory 

properties [45]. The possibility to modify deposited ECM post-decellularisation has also been 

explored, where decellularised MSC-derived ECM was grafted with heparin, enhancing 

chondrogenic differentiation of reseeded MSCs [46]. The grafting of our decellularised 

biphasic construct with immunomodulatory molecules such as cytokines or resolvins [47], [48] 

could therefore direct the early immune response and therefore significantly promote 

periodontal regeneration. 

The results obtained throughout this project provided a deeper understanding of the ECM-

deposition mechanisms and permitted to better comprehend the influence that different porosity 

and maturation times have over tissue regeneration. However, it would be a great addition to 

have a proteomic analysis of the generated matrix. This could allow correlation of the ECM 

composition with osteoblasts and macrophages differentiation, along with in vivo regeneration. 

Having a deeper knowledge on a molecular level would allow better design of ECM-decoration 

of 3D scaffolds for optimum tissue regeneration  
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Appendixes 

Fig. S.1. Cell seeding on melt electrowritten scaffolds 
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Fig. S.2. Percentage of pore closure resulting from the various seeding incubation conditions 

at 1, 3 and 7 days of in vitro culture.  
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Table. S.1: Qualitative impact of the various seeding methods and conditions on cell 

attachment, distribution and seeding reproducibility. 

 

Seeding medium Group Cell attachment Cell distribution Reproducibility 

DMEM 

+1%PS 

CT + - - 

nCT + - - 

nCTR + - - 

DMEM 

+1%PS 

+10%FBS 

CT - + + 

nCT - + + 

nCTR - + + 

FBS-coated +++ +++ +++ 
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Table. S.2: Median values of nucleus circularity according to seeding conditions and methods. 

This demonstrated a more rapid spreading for the FBS-coated group whereas the circularity 

remained high throughout the entire experiment for the cells seeded in the absence of FBS. 

 

 
Seeding medium Group average 

1 day without FBS 2D 0.88±0.15  
CT 0.75±0.15  

nCT 0.75±0.14  
nCTR 0.77±0.15 

with FBS 2D 0.80±0.20  
CT 0.69±0.17  

nCT 0.71±0.16  
nCTR 0.80±0.15  

FBS-coated 0.61±0.18 

3 days without FBS 2D 0.76±0.15  
CT 0.76±0.15  

nCT 0.75±0.16  
nCTR 0.77±0.20 

with FBS 2D 0.70±0.35  
CT 0.68±0.20  

nCT 0.67±0.18  
nCTR 0.75±0.15  

FBS-coated 0.58±0.20 

7 days without FBS 2D 0.78±0.12  
CT 0.67±0.17  

nCT 0.65±0.17  
nCTR 0.65±0.13 

with FBS 2D 0.72±0.14  
CT 0.58±0.18  

nCT 0.60±0.17  
nCTR 0.60±0.20  

FBS-coated 0.58±0.20 
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Table. S.3: Median values of the percentage of pore closure. Median values indicate a gradual 

pore fill, all methods and seeding conditions performed equally with no significant differences 

between them, with the exception of the FBS coating method which displayed a significantly 

more extensive and rapid pore closure. 

 

 
Seeding 

 

Group Median 
1 day 

  

  

  

  

  

  

without 

 

CT 27.09±12.08 
  nCT 28.58±4.93 
  nCTR 27.87±3.98 
with FBS CT 14.60±3.60  

nCT 23.18±5.53 
  nCTR 31.27±7.99 
  FBS-coated 45.66±3.26 

3 days 

  

  

  

  

  

  

without 

 

CT 41.89±13.95 
  nCT 62.60±8.01 
  nCTR 60.67±5.97 
with FBS CT 36.27±3.52 
 nCT 45.87±2.94 
  nCTR 53.93±6.72 
  FBS-coated 92.41±3.69 

7 days 

  

  

  

  

  

  

without 

 

CT 61.91±13.76 
  nCT 80.55±5.66 
  nCTR 80.95±20.66 
with FBS CT 49.44±6.91 
 nCT 67.67±5.85 
  nCTR 85.14±2.06 
  FBS-coated 93.76±3.46 
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Table S.4: Frequency of occurrence of bone formation away from the defect edges as 

assessed from the microCT images. 

 

Groups 

Frequency of 

bone 

formation 

Empty 3/5 

Scaffold 0/5 

1w cell 2/5 

1w decell 5/5 

2w cell 0/5 

2w decell 4/5 

4w cell 1/5 

4w decell 0/5 
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Fig. S.3 Macroscopic structure of 250, 500 and 750 µm pore size scaffolds after a 5-min 

incubation in PBS, showing critical loss of structure in the 750 µm pores. 

 

 

 




