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1.1. General introduction 

Bone is a rigid and highly dynamic structure that supports and protects several organs of the 

body. Furthermore, bone tissue produces red and white blood cells, plays an important role in 

mineral homeostasis, such as calcium and phosphorus, and gives a solid ground to skeletal 

muscles [1]. In bone tissue, two different phases can be distinguished: bone matrix and an 

organic phase [2] (Figure 1). Bone matrix is a dynamic system that represents the intercellular 

substance of bone tissue. It is composed of several organic and inorganic components, such as 

collagen type I (which represents the most abundant protein in bone tissue), elastin, 

polysaccharides, and calcium phosphate [3–5]. Among the principal non-collagenous proteins 

of the bone matrix there are osteonectin (ON), osteopontin (OPN), and osteocalcin (OCN)[6], 

which contain aspartic acid (Asp) and glutamic acid (Glu) residues, with a high affinity for 

calcium ions (Ca2+) due to their charged carboxyl groups [6]. The inorganic component of bone 

matrix is an ion reservoir [7]. Hydroxylapatite (HA; Ca10(PO4)6(OH)2) is the major inorganic 

crystal phase, with citrate, carbonate and several ions [8], such as F-, K+, Sr2+, Pb2+, Zn2+, Cu2+, 

and Fe2+. 

In the organic phase, osteoblasts and osteoclasts represent the majority bone tissue cells [9]. 

The specialised cells that resorb bone [10], the osteoclasts, derive from the myeloid lineage of 

hematopoietic precursors of bone marrow, can also circulate in the bloodstream. On the other 

hand, osteoblasts derived from human mesenchymal stem cells (hMSCs) in bone marrow, blood 

and also from pericytes are implicated in bone formation and substitute bone removed by 

osteoclasts [11]. The hMSC migration to the bone surface is a complex mechanism, as well as 

an important step in both bone formation and fracture healing. Indeed, alterations in MSC 

migration can lead to abnormal bone imbalances [12].  

Other osteoblast-derived cells exist in bone tissue, such as bone lining cells and osteocytes. 

Bone lining cells cover the bone surface, where bone resorption or bone formation is not 

requested [13], while osteocytes derived from osteoblasts that interrupt their activity when 

buried in the matrix. Osteocytes recognize old or damaged bone areas and recruit osteoclast 

precursors at the remodelling bone site [14]. When considered together, these cells are 

organised into temporary anatomical structures called Basic Multicellular Units (BMU). It has 

been defined the BMUs as the key grouping of cells that carry out bone remodelling, a 

biological process that leads to structural changes and skeletal renewal [15] (Figure 1).  
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Figure 1. Bone remodelling. Bone tissue is subjected to bone remodelling, a life-

dominant process that plays an important role in bone mass balance and mineral 

homeostasis. During bone remodelling osteoclasts, derived from hematopoietic stem 

cells, resorb old, or damaged bone. Subsequently, osteoblasts, derived from mesenchymal 

stem cells, are recruited to the damaged area in order to replace bone removed by 

osteoclasts. Instead, osteocytes derived from osteoblasts suspend their activity when 

buried in the bone matrix. 

 

1.2. Bone remodelling 

Bone remodelling consists in some sequential steps: initiation, reversal, and termination phases. 

During the initiation phase, osteoclast precursors are recruited and differentiated into mature 

osteoclasts in order to allow bone resorption. Osteoclastogenesis requires specific key factors, 

such as macrophage colony-stimulating factor (M-CSF or CSF-1) and receptor activator of 

nuclear factor-kB ligand (RANKL or TNFSF11). M-CSF is produced by osteoblasts and many 

other cell types; it is necessary for the osteoclast precursor proliferation, differentiation and 

fusion into osteoclasts [16]. On the other hand, RANKL binds its receptor RANK, localised on 

the surface of osteoclast precursors, to allow fusion, maturation, survival, and activation of 

osteoclasts [17,18]. Osteocytes seem to be the main source of the RANKL, which is required 

for osteoclast formation [19]. During bone resorption, a lot of factors that lead to recruitment 

and differentiation of hMSCs are released to allow bone formation in the bone marrow 

microenvironment [20]. The next transient phase, or reversal phase, consists in bone resorption 

inhibition and osteoblasts recruitment. In this context, osteoblasts can produce a protein called 

osteoprotegerin (OPG), which is a decoy receptor for RANKL. Thus, OPG prevents RANKL 

binding to RANK, inhibiting the osteoclast differentiation and activation [21]. The termination 
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phase represents the final step in the bone remodelling cycle, when an equal amount of resorbed 

bone has been replaced [22]. Osteocytes contribute to ending the remodelling process by 

producing sclerostin, which inhibits the bone formation induced by Wnt signalling in 

osteoblasts [23]. In the end, mature osteoblasts undergo apoptosis, became osteocytes or 

differentiate into bone lining cells [15]. 

A fine balance between bone resorption and bone production keeps the human skeleton in 

physiological conditions. Alterations to this process result in several skeletal diseases, such as 

osteoporosis [24], caused by excessive bone resorption, or osteopetrosis due to excessive bone 

formation [25]. 

 

1.3. Bone fracture and fracture healing 

Bone disorders are often seen on a daily basis in clinical management, with remarkable health, 

social and economic outcomes [26]. Loss of bone tissue affects more than 20 million people 

every year [27]. Bone repair after fracture is a complex process that leads to new bone formation 

through sequential cellular and molecular events regulated by systemic and local factors [28]. 

A hematoma, formed immediately after the trauma, consists of cells from peripheral and 

intramedullary blood, as well as bone marrow cells. An inflammatory reaction is triggered by 

the injury, which is required for healing. The hematoma coagulates in the spaces between and 

around the fracture ends, as well as within the medulla, establishing a template for callus 

formation [29].  

Inflammatory cytokines have a negative effect on bone; however, a brief and highly regulated 

secretion of pro-inflammatory molecules, following the acute injury, is critical for tissue 

regeneration [29]. The acute inflammatory reaction peaks within the first 24h and is complete 

after 7 days. In the initial pro-inflammatory response, tumour necrosis factor-α (TNF-α), 

interleukin-1 (IL1), IL6 and IL11 are involved. These factors recruit inflammatory cells and, at 

the same time, promote angiogenesis. During fracture healing, IL1 and IL6 are believed to be 

the most important interleukins. In the acute phase of inflammation, IL1 is produced by 

macrophages and induces production of IL6 in osteoblasts, promotes the production of the 

primary cartilaginous callus, and promotes angiogenesis at the injured site by activating either 

of its two receptors, IL1RI or IL1RII [29]. On the other hand, IL6 stimulates angiogenesis, 

vascular endothelial growth factor (VEGF) production, and the differentiation of osteoblasts 

and osteoclasts [30]. During the resolution of acute inflammation, macrophages are polarized 

from a M1 phenotype to a M2 phenotype by anti-inflammatory cytokines such as IL4, IL10, 

and IL13. The hBMSCs are attracted locally by cytokines, such as TNFα and stromal cell-



7 

 

derived factor 1 (SDF1), also known as chemokine C-X-C motif chemokine ligand 12 

(CXCL12) [31]. 

Although bone fracture repair usually restores the injured skeletal organ to its pre-injury state, 

approximately 10% of fractures do not heal properly [32]. In some cases, the bone regeneration 

process could fail in extensive bone resections and atrophic non-union [33,34]. Moreover, face 

rehabilitation, both functional and aesthetic, has grown in importance in maxillofacial surgery. 

Soft tissue asymmetry and/or bony framework abnormalities can also cause facial deformities 

or asymmetries. Natural proportions and harmonious face characteristics promote self-

confidence and psychological well-being [35]. In clinical practice, normal conditions for 

affected bones can be restored using bone grafts including autograft and allograft. Autologous 

grafts represent the clinical gold standard in improving bone regeneration since due to 

histocompatibility, alongside osteoinductive and osteoconductive proprieties. However, 

autografts still show some disadvantages resulting from the limited amount of bone available 

for grafting and donor site morbidity. Conversely, allo-grafting represents an alternative 

approach to bone grafts with some drawbacks, such as a lack of donors, high costs, the risk of 

infectious agent transmission or immune reactions [33,36]. For these reasons, a more efficient 

clinical therapeutic strategy is needed.  

To this purpose, tissue engineering has employed new osteoconductive and osteoinductive 

biomaterials/scaffolds, stem cells and growth factors to improve bone repair/regrowth [37]. 

Stem cells have been used in clinical applications for approximately 20 years, although their 

characteristics and potential for bone repair are yet to be fully elucidated [38]. Specifically, 

stem cells have been taken into consideration in several medical disciplines to repair defective 

tissue and organs, including bone [1].  

 

1.4. Stem cells 

Several types of stem cells have been put forward as a source of osteoblast progenitors [39]. 

Examples are human embryonic stem cells (hESCs), induced pluripotent stem cells (iPSCs) and 

human mesenchymal stem cells (hMSCs) [40]. 

My experimental thesis is addressed to highlight hMSCs involvement in regenerative medicine 

and the potential application in clinical practice. HMSCs are adherent cells positive for CD73, 

CD90 and CD105 markers (>95%) and negative for other specific antigens, such as CD45, 

CD34, CD14, CD79, and HLA class II (<2%), as defined by the International Society for 

Cellular Therapy (ISCT) [41]. HMSCs, first reported in bone marrow, [42] were then identified 

in other adult tissues (Figure 2) [2,43]. HMSCs derived from adipose tissue (hASCs) and bone 

marrow (hBMSCs) are probably the most common hMSCs used in clinical practice [44]. At 



8 

 

present they are one of the most studied stem cells, especially toward the healing of diseased 

and damaged tissues and organs.  

 

 

 

Figure 2. Schematic representation of adult and foetal/neonatal tissue sources of 

mesenchymal stem cells (MSCs) and their potential of differentiation in various cell 

lines. MSCs can be isolated from several tissue sources and they may differentiate 

into adipocytes, chondrocytes and osteocytes. 

 

Human MSCs seem to have potent anti-inflammatory and immunomodulatory properties, in 

addition to their ability to form both cartilage and bone. As a result of these characteristics, 

hMSCs could be employed for the treatment of autoimmune disease, whereas further clinical 

studies are needed to produce sound evidence [45]. MSCs have the ability to release bioactive 

factors, which may potentially affect both local and systemic physiological processes [2,46]. 

The anti-inflammatory effect of MSC conditionated medium (CM) has been well investigated. 

The anti-inflammatory effect of MSC is at least in part mediated by soluble immunoregulatory 

molecules. Among the anti-inflammatory cytokines present in MSC-CM, IL13 [47,48], IL18 

binding protein (IL18BP), CNTF, IL10, IL27 or IL1 receptor antagonist (IL1RA) [47] have 

been reported. MSC-CM has also been found to contain pro-inflammatory cytokines, such as 

IL1b [47], IL6 [49], IL8 and IL9 [50]. Nevertheless, it is also remarkable that MSCs inhibit 
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proinflammatory cytokines, such as interferon (IFN) gamma and tumour necrosis factor (TNF), 

while increasing anti-inflammatory IL10 release [51,52]. 

 

1.4.1. hMSC osteogenic differentiation  

Human MSCs are capable of self-replication or differentiate into multiple cell lineages, such as 

adipocytes, osteoblasts and chondrocytes. In vitro, osteogenic differentiation cocktails typically 

contain at least 10 nM of dexamethasone (dex) [53], together with β-glycerolphosphate and 

ascorbic acid [54]. Recent studies provide evidence for an off-target adipocytic differentiation 

in standard osteogenic cultures of hBMSCs induced by dex. Previous results demonstrated that 

dex induces osteogenesis by inhibiting SRY-Box Transcription Factor 9 (SOX9) gene 

expression and not by up-regulating the expression of RUNX Family Transcription Factor 2 

(RUNX2) [53]. Moreover, dex also stimulates adipogenesis by inducing the expression of 

peroxisome proliferator-activated receptor gamma (PPARG), the adipogenic transcription 

factor. However, additional studies are needed to identify which mediators lead 

to SOX9 downregulation [53]. 

Because several epigenetic factors play an important role in hMSC differentiation, a large 

number of studies have been conducted on i) the biological properties of hMSCs and ii) factors 

that might facilitate hMSC chondrogenic/osteogenic differentiation, as well as biomaterials, 

usually described as scaffolds,  for tissue engineering [55]. 

 

1.5. Biomaterials 

The ideal biomaterials for bone regeneration should not only be biocompatible, but also 

osteoconductive and osteoinductive. They should be able to promote the self-healing 

capabilities of the bone by (i) providing the main structural, compositional, and biochemical 

cues for the formation of new tissue; (ii) activating the host’s immune cells involved in the 

regenerative response; (iii) improving the recruitment, proliferation, and differentiation of 

progenitor cells; and (iv) recovering a suitable local blood supply in order to support bone 

healing and remodelling. 

In tissue engineering, biomaterials could be considered as a “template”, providing  temporary 

mechanical support and mass transport to promote cell adhesion, proliferation, and 

differentiation [56]. Ideally, a scaffold should serve as a transient structure that, over an 

extended period, will be degraded/reabsorbed in a controlled manner, in accordance with the 

regrowth rate of new bone tissue. Tissue engineering scaffolds attempt to mimic the natural 

extracellular matrix (ECM), at least partially, and to create a favourable microenvironment to 
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support tissue formation. Subsequently, the biomaterial template is correctly substituted with 

naturally deposited ECM and the newly formed tissue [56].  

It seems that osteogenesis is not simply undertaken by bone cells from the skeleton system, 

rather it represents a complex physiological process involving multiple cooperating systems. 

The close link between the immune and skeletal systems has recently been defined using the 

concept of “osteoimmunology”, suggesting that several molecules, which are involved in the 

maintenance of bone homeostasis and the regulation of inflammatory functions are shared, 

including receptors, signalling molecules and transcription factors [57]. Inflammation is an 

important factor that should be considered to develop successful biomaterial-based 

therapeutics. Indeed, inflammation is initially needed for wound healing while prolonged 

inflammation can result in delayed wound healing or, in some cases, rejection of the scaffold 

and additional tissue damage. 

A large range of options exist for designing a specific biomaterial to be used as a matrix 

template, including natural/synthetic biomaterials and composites, composed of two or more 

material types/classes [37]. Specifically, ceramics, polymers and their composites will be 

considered in this study. 

 

1.5.1. Ceramic Biomaterials 

Calcium phosphate (CaP)-based bioceramics, such as hydroxylapatite (HA), tricalcium 

phosphate (TCP), and a combination of these two, named biphasic calcium phosphate (BCP), 

are widely studied in orthopedics and dentistry [58]. (CaP)-based bioceramics similar to the 

inorganic components of natural bone, not only have intrinsic osteoinductive, [59] but also have 

effective osteo-immunomodulatory properties [60]. 

These features have been investigated by a large number of authors in literature. For example, 

Ishikawa et al. [61] compared three commercially ceramic-derived substitutes with different 

compositions: HA (Neobone®), carbonate apatite (CO3Ap, Cytrans®) and β-tricalcium 

phosphate (β-TCP, Cerasorb®). Their results demonstrated that CO3Ap shows limited 

dissolution and major stability under physiological conditions (pH 7.3) compared to other 

experimental groups. Cationic substitution (e.g. Sr2+ or Mg2+) in CaP-based biomaterials 

improve the mechanical properties and change the chemical/physical properties of CaP (e.g., 

crystallinity, microstructure and solubility) [62]. In addition, CaP-based biomaterials can be 

enhanced using recombinant human bone morphogenetic proteins (rhBMPs) [63]. Montesi et 

al. characterized a strontium-doped HA cement (with different strontium concentrations) 

enriched with sodium alginate demonstrating in vitro that Sr2+ has the capacity to induce 

osteogenic differentiation [64]. In addition, Barbanti-Brodano and his collaborators tested two 
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other commercial HA-derived biomaterials provided by Finceramica Faenza S.p.A., (Faenza, 

Italy) known as Sintlife (Mg2+doped-HA) and Engipore® (high porosity HA) in association with 

hBMSCs derived from adult orthopedic patients suffering from spine fusion in order to create 

a personalized approach to therapy for use in clinical practice. Their results suggest that 

Engipore biomaterials are better that Sintlife since the former induces cellular proliferation and 

focal adhesion kinase activation in hBMSCs [65]. 

Recently, HA powders doped with Mg2+, Sr2+, and Zn2+ ions were investigated. Ion doping in 

the HA structure can specifically influence the phase composition and microstructure of HA/β-

TCP composites. This fact enhances flexural strength and resistance to biofilm formation, in 

respect to the un-doped HA, while retaining up-regulation of various genes involving in 

osteogenesis, as shown by the cell analysis performed with hASCs and with two different 

Gram+ and Gram- bacterial strains, frequent in post-surgical infections (S. aureus and E. coli) 

[66]. 

It is important to recall that HA can be synthesised in the laboratory by a chemical precipitation 

reaction. However, HA can be obtained naturally and economically from different natural 

sources [67,68]. Previous studies have found a huge potential for producing porous scaffolds 

from several marine sources, including marine coral [69]. Coral derived porous HA (Interpore 

200®, Interpore Orthopaedics, Inc., Irvine, CA) is available in granule and block form. This 

biomaterial is frequently used in maxillofacial surgery for procedures to augment the 

splanchnocranium [35]. However, the coral reefs are exposed to catastrophic situations. 

According to research by the International Union for Conservation of Nature (IUCN), one third 

of the world’s coral species are said to be at increased risk of extinction. Thus, there is a need 

to look for alternatives [70]. In this context, bovine bone, which is a bio-waste, is an economical 

alternative source of HA for hard tissue replacement in medical and dental therapy [68]. Bio-

Oss® is a common bone substitute employed for bone regeneration. It consists of bovine spongy 

bone free of organic ingredients, in which the trabecular structure of the fine bone and the 

internal voids are preserved. Bio-Oss® plays a decisive role in controlling bone regeneration 

[71]. 

Despite the large number of studies and medical devices available using HA, regeneration in 

the case of critical-sized bone defects is still a serious concern. This is due to a lack of 

bioactivity relating to the classic ceramic-making process by which CaP scaffolds are obtained 

(i.e., powder compaction/three-dimensional forming), particularly the high temperature 

sintering required to give the scaffold adequate mechanical properties [72]. Problems relating 

to reduced HA bioactivity upon sintering are being increasingly discussed in the literature. 

Indeed, many studies are dedicated to the development of self-assembling or self-consolidating 
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ceramic-based scaffolds with adequate mechanical properties, which at the same time maintain 

the nanostructure [73]. Recently, it has been developed a new procedure to chemically 

transform rattan wood into a biomimetic hierarchically structured HA [74]. The new procedure 

can directly transform wood pieces into large HA scaffolds, preserving the original multiscale 

structure through a heterogeneous reaction under supercritical conditions directly in the three-

dimensional (3D) state, without adopting any sintering process [75]. In this way, it is possible 

to obtain large 3D HA scaffolds with physical-chemical, morphological and mechanical 

features typical of natural bone [73,74]. 

However, bioceramics suffer from a low elasticity, a high brittleness, a poor tensile strength, a 

low mechanical reliability and fracture toughness, which leads to various concerns about their 

mechanical performance after implantation [76]. In addition, in many cases, it is difficult to 

form bioceramics into the desired shapes. 

 

1.5.2. Polymers 

Polymer biomaterials employed for tissue regeneration can be synthetic and natural. Among 

the most important synthetic polymers there are poly (ε-caprolactone) (PCL), polylactic acid 

(PLA), polyglycolide (PGA) and the copolymer of poly-(DL-lactic-co-glycolic-acid) (PLGA). 

PCL is an aliphatic polyester biomaterial, which was approved by the FDA since it is multiform 

and highly biocompatible [77]. PLA and PGA are unsuitable as biomaterials for bone tissue 

regrowth because of the low osteoconductivity and compressive strength. PLGA copolymers 

with several ratios of PLA and PGA are more soluble and have major osteoconductivity, 

whereas the degradation time of the latter can be controlled [78,79]. These scaffolds undergo 

hydrolytic degradation in vivo where in their monomeric degradation products are removed 

through natural pathways. They are approved by the FDA for use in tissue engineering, although 

their use has some disadvantages due to their degradation. This process gives rise to acid 

products that can alter the local microenvironment causing local change in pH [80].  

Furthermore, their hydrophobic nature is not favourable for cell attachment, and the absence of 

functional groups results in inferior osteoinduction [80]. These limitations may be somewhat 

diminished in composite scaffolds with hydrophilic polymers, such as polyethylene glycol 

(PEG), and by coating with natural biomaterials such as collagen, the most abundant protein in 

the bone matrix [37,81]. Inclusion of PCL-PEG-PCL copolymer nanofibers in collagen [82] 

serves to combine the bio-mimic and stimulatory effects of natural polymers with the structural 

and mechanical stability of synthetic polymers, thus offering viable scaffold options with 

superior osteogenic potential. Indeed, pure collagen have not good mechanical proprieties, thus 
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it is usually associated also with ceramic biomaterials in bone tissue regeneration [37].  

  

1.5.3. Composite Biomaterials 

Composite biomaterials derived from a combination of two or more material types/classes. 

Composite biomaterials composed of polymers and ceramics scaffolds have certain 

characteristics, such as high cytocompatibility, mechanical hardness and load-bearing 

capabilities that make these biomaterials suitable in tissue engineering [83]. 

The composite scaffolds composed of a PLLA/β-TCP matrix grafted with gelatin/HA represent 

a good candidate for bone repair [84]. Moreover, Arafat et al. analysed the proprieties of a 

scaffold composed of PCL/TCP with carbonated HA (CHA)-gelatin composite. This study 

indicated a strong increase in cellular proliferation and differentiation of porcine MSCs grown 

on this scaffold [85].  

Some recent in vitro and in vivo studies analysed composite biomaterial formed by porous HA 

and collagen to evaluate the biological and mechanical effects of scaffolds [86]. Calabrese et 

al. analysed, both in vivo and ex vivo, the characteristics of cell-free collagen-HA scaffolds 

[87]. Subsequently, they evaluated implanting collagen-HA scaffold in association with hASCs 

to determine if bone formation could be influenced by human stem cells [88], concluding that 

adding hASCs can improve the bone repair process. 
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Bone injuries and abnormalities can have a highly deleterious impact on patients' quality of life. 

Many studies have been carried out in the effort to identify the ideal substitute for the bone 

regrowth. However, little is known about the biological, genetic and epigenetic effects of adding 

substitutes to bone. The biological parameters of cells grown on bone substitutes should be 

known before proposed scaffolds are clinically employed. At the same time, in vitro evaluation 

allow us to better understand the molecular mechanisms that lead to the formation of new bone 

observed after in vivo implantation.  

Overall, the present project aims to evaluate the cytocompatibility, osteoconductivity and 

osteoinductivity proprieties of different scaffolds, which can improve bone regeneration. To 

this purpose, in vitro studies have been conducted through analysis described in the Materials 

and Methods section, using hASCs as cellular model. Specifically, metabolic activity and 

cytoskeleton morphology analyses allowed scaffold cytocompatibility to be evaluated. The 

structure of scaffolds, with cells grown on them, was analysed by scanning electron microscope. 

On the other hand, the study of mineral matrix deposition along with osteogenic genes 

expression and osteocalcin protein expression studies allowed to assess the osteoinductivity of 

the scaffolds under analysis.  

 

Briefly, this scientific work is organized as follows: 

I. In the first part, investigation on two HA/Collagen composite scaffolds employed in 

maxillofacial surgery, i.e. Pro Osteon 200/Avitene and Bio-Oss/Avitene, have been conducted. 

Moreover, the immune response of hASCs grown on both Pro Osteon 200/Avitene and Bio-

Oss/Avitene scaffolds has been evaluated after 21 days.  

 Coral Pro Osteon 200/Avitene has been widely used in clinical practice. Thus, the in vitro 

experiments were carried out up to day 40 in order to mimic the long period needed in vivo 

by the bone to repair itself. Patients operated for maxillomandibular malocclusion and/or 

asymmetry, or for aesthetic reasons, who underwent malar augmentation with Pro Osteon 

200/Avitene were evaluated for the new bone formation during a 3-year period of follow-up 

using radiological and histological analyses. 

 Recently, bovine Bio-Oss/Avitene has been employed for zygomatic augmentation and 

bimaxillary osteotomy. Thus, this study provides information on its regenerative potential in 

vitro, up to 21 days. Radiological analysis on 30 patients after 15 days showed stable results 

that could guarantee adequate long-term aesthetic restoration of the zygomatic area.  
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In both cases, the obtained mixture composed of HA/Collagen at first result very malleable; 

this is an important aspect in clinical practice because the prosthesis can be shaped in view 

of the desired result depending on the patient’s features. 

II. In a second part, the biological proprieties of an innovative HA-derived biomaterial have 

been described. This scaffold, provided by Finceramica Faenza S.p.A., (Faenza, Italy),  has 

been obtained through a new procedure of “biomorphic” transformation, which can directly 

transform wood pieces into large HA scaffolds, preserving the original multiscale structure 

through a heterogeneous reaction under supercritical conditions, directly in the 3D state, 

without adopting any sintering process. 

III. Finally, in the last part of the thesis, experiments focused on the mechanisms of 

dexamethasone (dex)-induced osteogenesis of hBMSCs will be described. These 

experiments have been conducted during my abroad experience at AO Research Institute, 

Davos, Switzerland. The synthetic glucocorticoid dex is commonly used in protocols for 

trilineage differentiation of hMSCs in vitro. Previous results demonstrated that dex induces 

osteogenesis by inhibiting SOX9 gene expression and not by up-regulating the expression 

of RUNX2. Moreover, dex also stimulates adipogenesis by inducing the expression of 

PPARG, the adipogenic transcription factor. At present, it is not clear which factor mediates 

SOX9 downregulation: PPARG is one promising candidate. The present experiments aimed 

to clarify whether PPARG mediates the SOX9 downregulation induced by dex, through 

modulation of PPARG activity using the inverse agonist T0070907.  
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3. MATERIALS AND METHODS 
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3.1. Biomaterials 

3.1.1. Pro Osteon® 200/AviteneTM composite biomaterial 

The Pro Osteon 200/Avitene porous HA-derived scaffold used herein is composed of coral 

Granular Pro Osteon 200 (Interpore Cross Irvine, California) mixed with Avitene Microfibrillar 

Collagen Hemostat (Bard Warwick, Rhode Island). Avitene collagen was used in flour form. 

The granules of Pro Osteon 200 (5 g) were mixed with 1 g of Avitene and then 5 ml of sterile 

water were added [86,89]. The mixtures were separated to obtain several small disks (Ø, 1 cm; 

height, 0.2 cm). These blocks of biomaterial were left overnight to dry under UV light. 

 

3.1.2. Bio-Oss®/AviteneTM composite biomaterial 

The Bio-Oss/Avitene composite scaffold used herein is composed of bovine spongious bone 

substitute Bio-Oss granules 1 mm-2 mm (Geistlich Italia s.r.l., Thiene) mixed with Avitene 

Microfibrillar Collagen Hemostat (Bard Warwick, Rhode Island) [89]. In this study, Avitene 

collagen was used in flour form. The granules of Bio-Oss (3 g) were mixed with 1 g of Avitene 

and then 6 ml of sterile water were added (Iaquinta et al., 2022. Accepted). The mixtures were 

separated to obtain several small disks (Ø, 1 cm; height, 0.2 cm). These blocks of biomaterial 

were left overnight to dry under UV light. 

 

3.1.3. Bioceramic biomorphic hydroxlyapatite 

The biomorphic scaffold (B-HA), provided by Finceramica Faenza S.p.A., (Faenza, Italy), was 

obtained following the method described elsewhere [74], while being slightly modified to 

obtain a pure HA scaffold with no further ion doping. Briefly, cylindrical rattan wood pieces 

(Calamus manna) were pyrolyzed at 1000° C in an N2 atmosphere, generating a pure carbon 

template. Then, the carbon template was transformed into a biomorphic HA scaffold by a 

sequence of gas-solid reactions in a controlled atmosphere at supercritical conditions, which 

concluded with a hydrothermal process carried out at 220°C. The cytocompatibility and 

osteoinductivity properties of B-HA were assessed compared to a commercial sintered HA 

scaffold (Engipore®; Finceramica Faenza, Faenza, Italy; herein after coded as S-HA) [73]. 

Before cell loading, each sample (diameter 8 mm, height 4 mm), was sterilized using 25 kGy 

γ-ray radiation, placed in a 24-well plate (one per well) and pre-soaked in culture medium for 

72 h at 37°C. 

 

3.2.  Cell culture  

The characteristics of scaffolds analysed herein were evaluated using human adipose derived 

stem cells (hASCs). The hASCs used in this study were purchased (PT-5006, Lonza Milan, 
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Italy) as cryopreserved frozen cells during the first passage. The company certified that hASCs 

are positive for surface markers CD13, CD29, CD44, CD73, CD90, CD105 and CD166, while 

being negative for other markers, such as CD14, CD31 and CD45. Cells were expanded in alpha 

MEM (Lonza, Milan, Italy) supplemented with 10% foetal bovine serum (FBS), antibiotics and 

incubated at 37°C with 5% CO2 in a humidified atmosphere. Primary hASC cultures were 

grown (i) on analysed scaffolds (ii) in osteogenic condition (OC). HASC cultures grown on 

biomaterials were maintained in basal medium alpha MEM (Lonza, Milan, Italy) supplemented 

with 10% FBS and antibiotics. Control cultures were hASCs grown in tissue culture polystyrene 

(TCPS) vessels, and maintained with basal medium, described above. OC was obtained using 

differentiation Bullekit osteogenic medium (Lonza, Milan, Italy), containing osteogenic basal 

medium (Lonza, Milan, Italy) and osteogenic SigleQuotes, which include dex, ascorbate, 

mesenchymal cell growth supplement, L-glutamine, β-glycerophosphate (Lonza, Milan, Italy) 

[73]. The scaffolds were placed separately in 24-well plates (Ø, 10 mm), filled with 200 µL of 

cell suspension containing 104 hASCs for each sample and incubated for 2 h. Cell suspension 

was shaken every 15 min to maximize cell-scaffold interaction. Cells were cultured at 37°C in 

a humidified atmosphere with 5% CO2, whereas they were re-fed with fresh medium every 

three days until the time of analysis.  

 

3.3. Microstructural Analysis 

The scaffolds were analysed using scanning electron microscopy (SEM) [73]. Samples were 

washed with saline, fixed by 2.5% glutaraldehyde and with a 1% osmium solution in phosphate 

buffer. The specimens were coated with colloidal gold and analysed using scanning electron 

microscopy (SEM, model Stereoscan S-360, Cambridge UK).The open and total porosity of the 

studied ceramics was measured using Archimedes’ method and geometrical weight-volume 

evaluation, respectively. The specific surface area (SSA) of the scaffold was measured using 

the nitrogen adsorption method, following the Brunauer–Emmett–Teller (BET) model (Sorpty 

1750, Carlo Erba, Milan, Italy). 

 

3.4. Cell Morphology 

In order to analyse the cytocompatibility of the scaffolds, the direct morphology of recombinant 

genetically engineered cells hASCs-eGFP grown on the biomaterials was evaluated by 

fluorescence microscopy analysis. To facilitate the observation of hASC cultures grown onto 

biomaterials, cells were transfected with an adenovirus vector that expresses the enhanced green 

fluorescence protein (eGFP) [89]. After 48 h, the efficiency of the adenovirus infection was 
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evaluated by measuring the emitted fluorescence by a fluorescence microscope. Cell nuclei 

were stained with 0.5 mg/mL DAPI. 

 

3.5. Cytoskeleton Architecture  

Cytoskeletal actin filaments of hASCs were stained with tetramethyl-rhodamineisothiocyanate 

(TRITC) conjugated-Phalloidin (Sigma, Milan, Italy) [73]. Cells were washed with PBS 1X 

and fixed for 10 min at room temperature (RT) using 10% formalin. Cellular nuclei were stained 

with 0.5 mg/mL DAPI. Images were obtained using a TE 2000-E fluorescent microscope. 

Digital images were capture using ACT-1 and ACT-2 software for DXM1200F digital cameras 

(Nikon Instruments, Sesto Fiorentino, Italy). 

 

3.6. Cell Proliferation Assay 

The proliferation rate of hASCs grown on scaffold was evaluated using the Alamar Blue assay 

(ThermoFisher Scientific, Milan, Italy). The assay was performed to assess cell proliferation 

attached and grown on biomaterials and TCPS [73]. Briefly, cells were incubated with a 

solution of 5% Alamar Blue in medium for 3 h at 37°C. HASCs (1.6 x 105 cells), serially diluted 

1:2, were seeded to generate a calibration curve with scalar concentrations of hASCs, up to 

5,000 cells. Afterwards, the optical density of the supernatants was measured at 570 nm and 

620 nm using the spectrophotometer (Thermo Electron Corporation, model Multiskan EX, 

Helsinki, Finland). 

 

3.7. Matrix Mineralization  

Alizarin red staining (ARS, Sigma, Milan, Italy) was performed to investigate hASC scaffold-

induced mineralization, as described [73]. The medium was removed and cells were fixed with 

10% formalin. Plates were rinsed three times with PBS 1X and stained with ARS (pH 4.2) for 

30 min at RT. Excess dye was removed, in case of over-staining, by washing three times with 

PBS 1X. Cell images were captured using an inverted fluorescence microscope. The 

mineralized substrates were quantified using a 20% methanol and 10% acetic acid in a water 

solution (Sigma-Aldrich, Milan, Italy). For the quantification of matrix mineralization, the 

solution containing an amount of dissolved Alizarin red was read spectrophotometrically 

(Thermo Electron Corp., model Multiskan EX, Vantaa, Finland) at a wavelength (λ) of 450 nm. 

 

3.8. Alkaline phosphatase protein expression 

Alkaline phosphatase (ALP) activity was determined by a colorimetric Naphthol AS-BI 

phosphate-based reaction using the Alkaline Phosphatase Detection Kit (Merck Millipore 
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Corporation, Milan, Italy), according to manufacturer instructions [89,90]. Images were 

obtained by using a standard light microscope (Nikon Eclipse TE 2000-E; Nikon Instruments, 

Sesto Fiorentino, Italy) that was equipped with a digital camera (DXM 1200F; Nikon 

Instruments). 

 

3.9. Osteocalcin protein expression 

More elaborate methods to demonstrate hASC osteogenic differentiation include the detection 

and quantification of bone-specific proteins, such as osteocalcin (OCN) [89]. To this purpose, 

protein extraction was performed using Cell extraction Buffer (Thermo Fischer Scientific, 

Milan, Italy) added to 1 Mm phenylmethylsulfonylfluoride and a protease inhibitor cocktail. 

Total protein concentration was determined by bicinchoninic acid assay (BCA) according to 

the manufacturer’s instructions. The OCN protein was quantified using the Human Osteocalcin 

Instant ELISA (Thermo Fisher Scientific, Milan, Italy) according to the manufacturer’s 

instructions. 

 

3.10.  Cytokine/Chemokine and Osteogenic gene expression  

To identify genes involved in immune response and osteogenic differentiation, activated by the 

scaffolds, the Real Time PCR (qPCR) Array were performed in hASCs grown on biomaterials. 

Specifically, total RNA was isolated through RNeasy Plus Micro Kit (Qiagen, Milan, Italy) 

according to the manufacturer's instructions. RNA was quantified by using a Nanodrop 

spectrophotometer (ND-1000; Wilmington, Delaware). Purified RNA was reverse transcribed 

to cDNA by using the RT2 First-Strand Kit (Qiagen, Milan, Italy). Specific primers sets used 

in qPCR were employed to analyse the expression of differentially expressed genes (DEGs) 

that encode for i) human cytokines and chemokines (Qiagen, PAHS-150ZA) (Iaquinta et al., 

2022. Accepted) and ii) human osteogenic markers (Qiagen, PAHS-026ZA) [73,89]. For data 

analysis, a value of p<0.05 was considered significant. The Fold Change (FC) of each gene 

expression was calculated by using the 2−ΔΔCt method, whereas housekeeping gene, used as 

control, was used to normalize results and Log2 FC <-1 or >+1 was considered significant 

[73,89]. 

 

3.11.  Statistical Analysis 

Statistical analyses of data, obtained from experiments performed in technical triplicate for each 

biological samples of hASCs (n=3), were carried out using Prism 8.0 (GraphPad Software, La 

Jolla, California). Data obtained from Alamar Blue assay were analysed with two-way 
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ANOVA. Data obtained from ARS quantification and OCN expression analysis were analysed 

using one-way ANOVA. A value of p<0.05 was considered significant. 

 

3.12. In vivo evaluation 

The study was designed as a prospective study and approved by the ethics committee of the 

hospital of Verona, Verona, Italy. Shaping of the prosthesis is performed according to surgical 

needs, depending on the clinical evaluation of the patient. The obtained materials were very 

moldable; they are warmed for at least 2.5 hours and they becomes stiff. At the end of the main 

orthognathic surgical procedure, utilizing the same upper vestibular incision of the Lefort I 

through a subperiosteal dissection of the area between infraorbital nerve medially and the 

zygomatic arch laterally, a pocket is created over the zygomatic bone similar in size to the 

prosthesis, which are settled without any need of fixation [89,91,92]. 
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4.1. Pro Osteon® 200/AviteneTM composite biomaterial 

4.1.1. SEM analysis 

SEM analysis was performed to investigate the microstructure and morphology of the scaffold 

(Pro Osteon 200/Avitene) without hASCs (Figure 3A) and with cells grown on it, up to day 40 

(Figure 3B-F). The granular HA mixed with collagen fibres creates a highly fibrous structure. 

The biomaterial showed a different like-bone structure, in the presence of cells, at day 40. 

hASCs grown on the scaffold showed a normal cell morphology exhibiting pseudopodium-like 

structures in tight contact with the ECM (Figure 3F). 

 

Figure 3. Scanning electron microscopy analysis of the Pro Osteon 200/Avitene. (A) 

Bovine collagen fibrils from Avitene Microfibrillar Collagen were mixed with 

Granular Pro Osteon 200 to generate the scaffold Pro Osteon 200/Avitene. The 

biomaterial shows the porous structure with several pores in the range 190 to 230 

μm, Scale bar: 100 μm, ×86. (B-E) Human adipose derived stem cells (hASC) grown 

on HA-derived scaffold for 40 days. The structure of scaffold was observed at 

different magnification, Scale bar: 100 μm, ×133 (B), Scale bar: 100μm, ×214 (C), 

Scale bar: 100 μm, ×344 (D), Scale bar: 20 μm, ×647 (E), respectively. F, Cells, 

homogeneously spread on the substrate, exhibited cytoplasmic bridges, whereas their 

morphology did not show any sort of alteration. Scale bar: 2 μm, magnification 

×6.55k. 
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4.1.2. Scaffold is biocompatible in hASCs 

hASCs grown on the biomaterial were investigated for their proliferation and cytoskeleton 

organization at days 14, 21, and 40. hASC-eGFP grown on biomaterial showed a normal cell 

morphology (Figure 4A,B). The biomaterial demonstrated its cytocompatibility up to day 40 

in terms of cell adhesion and proliferation. The cytoskeleton architecture appeared to be well 

organized, whereas its integrity remains uninfluenced by the scaffold, up to day 40 (Figure 

4C,D). Actin fibres seem to connect the cellular membranes and the cytoskeleton to the scaffold 

surface with no visible loss or structural displacement. Similar physiologic cytoskeleton 

architecture was observed by confocal microscopy at day 40 (Figure 4D). 

 

Figure 4. Stem cell morphology and cytoskeleton architecture. (A) Human adipose 

mesenchymal stem cell hASC-eGFP grown on the biomaterial at days 14, 21, and 40 are 

shown at magnification ×40. (B) hASC-eGFP grown on the biomaterial at days 14, 21, 

and 40 are shown at magnification ×20. (C) Cytoskeleton analysis by 

Phalloidintetramethyl-rhodamine-isothiocyanate (TRITC) staining of hASCs grown on 

the biomaterial. (D) Cytoskeleton analysis carried out by the confocal microscopy at day 

40, magnification ×40. Cellular nuclei were stained with 0.5 mg/mL DAPI. 

 

4.1.3. Scaffold induces the matrix mineralization and osteogenic expression protein in 

hASCs 

Recently, we reported a significant increase of matrix mineralization and ALP activity in 

hASCs grown on the biomaterial, at day 21 [90]. In the present investigation, the osteoinductive 

activity of the biomaterial is highlighted by the matrix mineralization detected in hASCs grown 

on the scaffold at day 40. Indeed at day 40, the biomaterial favoured the matrix mineralization 
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better than the plastic vessel (TCPS), the control (Figure 5A,C, *p< 0.05). Moreover, calcium 

deposits in hASCs grown on OC were higher compared with cells grown on the biomaterial or 

TCPS (**p<. 0001; Figure 5A,C). Cells grown on the biomaterial and in OC showed a 

significant increase of the ALP activity compared with TCPS, at day 40 (Figure 5B).  

ELISA data show a statistically significant increase of the OCN protein expression in cells 

grown on biomaterial, at the three time points, i.e. 14, 21 and 40 days, compared with the 

control. This result is in agreement with previous data obtained at day 9 [90]. The expression 

of OCN in hASCs grown on the biomaterial was higher than in OC/TCPS, at day 14 (*p< 0.05). 

The hybrid scaffold influences the osteogenic pathway at days 21 and 40 compared with TCPS 

(*p< 0.05) (Figure 5D). Cells grown in OC showed higher expression levels of OCN compared 

with TCPS at days 14 and 21 (*p<0.05) (Figure 5D). 

 

 

Figure 5. Osteogenic markers in human adipose mesenchymal stem cells (hASCs) cultured 

on the biomaterial. (A) ARS at day 40 is shown in the panel, in experimental conditions tested. 

Scale bar: 50 μm, Magnification ×4. (B) Alkaline phosphatase (ALP) activity at day 40. Scale 

bar: 50 μm, Magnification ×4. (C) The matrix mineralization was evaluated by ARS, whereas 

its quantification was carried out spectrophotometrically. (D) The temporal pattern of 

osteocalcin (OCN) protein levels was detected at different time points, i.e. 14, 21 and 40 days, 

and quantified by ELISA. Symbols indicate statistical significance (*p< 0.05; **p<0.0001). 

Scale bar: 50 μm, Magnification ×40. 
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4.1.4. Cytokine/Chemokine Gene Expression in hASCs grown on the Pro Osteon® 

200/AviteneTM 

In hASCs grown on the Pro Osteon 200/Avitene scaffold at day 21, n=32 differentially 

expressed genes (DEGs, Table 1) including 14 up-regulated genes (Figure 6, red), i.e. 

CX3CL1, CD40LG, Interleukin 27 (IL27), IL22, Chemokine (C-C motif) ligand 1 (CCL1), 

CXCL13, Nodal homolog (NODAL), IL13, CXCL12, Interleukin 18 (IL18), IL15, Interleukin 

7 (IL7), Transforming growth factor, beta 2 (TGFB2), CNTF were identified. On the other 

hand, 18 genes resulted down-regulated in hASCs grown on Pro Osteon 200/Avitene 

biomaterial, respect to TCPS, the control (Figure 6, green). Among these, we identified 

Interleukin 23, alpha subunit p19 (IL23A), Chemokine (C-C motif) ligand 7 (CCL7), 

Chemokine (C-C motif) ligand 11 (CCL11), IL6, CCL2, Chemokine (C-C motif) ligand 5 

(CCL5), LIF, Interleukin 1, beta (IL1B), CXCL2, CXCL5, Tumour necrosis factor (ligand) 

superfamily, member 10 (TNFSF10), IL11, Chemokine (C-C motif) ligand 20 (CCL20), 

CXCL1, Bone morphogenetic protein 6 (BMP6), CXCL8, Interleukin 24 (IL24), IL1RN. 
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Figure 6. Graphical representation through heatmap of the mRNA expression. Expression 

of genes involved in immune response in human adipose mesenchymal stem cells (hASCs) 

grown on Pro Osteon 200/Avitene biomaterial compared to tissue culture polystyrene 

(TCPS). A value of p<0.05 was considered significant. The fold change (FC) of each gene 

expression was calculated using the 2−ΔΔCt method, whereas housekeeping genes, used as 

controls, were used to normalize results and Log2 FC <-1 or >+1 was considered 

significant. 
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Table 1. List of genes involved in immune response found to be up-regulated and down-

regulated in hASCs grown on Pro Osteon 200/Avitene scaffold at day 21.  

 

      Up-regulated genes    Down-regulated genes 

Number  Symbol/ Fold-Change                 Number    Symbol/ Fold-Change 

  Acronym (Log2 FC)     Acronym (Log2 FC) 

1  CX3CL1 8.27    1 IL23A  -1.22 

2  CD40LG 6.70    2 CCL7  -1.60 

3  IL27  6.25    3 CCL11  -1.84 

4  IL22  5.20    4 IL6  -1.84 

5  CCL1  4.94    5 CCL2  -2.25 

6  CXCL13 4.23    6 CCL5  -2.74 

7  NODAL 3.33    7 LIF  -2.74 

8  IL13  2.75    8 IL1B  -2.94 

9  CXCL12 2.10    9 CXCL2 -3.06 

10  IL18  1.88    10 CXCL5 -3.06 

11  IL15  1.40    11 TNFSF10 -3.18 

12  IL7  1.35    12 IL11  -3.32 

13  TGFB2 1.33    13 CCL20  -3.47 

14  CNTF  1.14    14 CXCL1 -3.47 

        15 BMP6  -4.32 

        16 CXCL8 -4.64  

        17 IL24  -5.64 

        18 IL1RN  -6.64 

 

 
Chemokine (C-X3-C motif) ligand 1 (CX3CL1),CD40 ligand (CD40LG), Interleukin 27 (IL27), Interleukin 22 

(IL22), Chemokine (C-C motif) ligand 1 (CCL1), Chemokine (C-X-C motif) ligand 13 (CXCL13), Nodal homolog 

(mouse, NODAL), Interleukin 13 (IL13), Chemokine (C-X-C motif) ligand 12 (CXCL12), Interleukin 15 (IL15), 

Interleukin 18 (IL18), Interleukin 7 (IL7), Transforming growth factor, beta 2 (TGFB2), Ciliary neurotrophic 

factor (CNTF), Interleukin 23, alpha subunit p19 (IL23A), Chemokine (C-C motif) ligand 7 (CCL7), Chemokine 

(C-X-C motif) ligand 11 (CCL11), Interleukin 6 (interferon, beta 2 IL6), Chemokine (C-C motif) ligand 2 (CCL2), 

Chemokine (C-C motif) ligand 5 (CCL5), Leukemia inhibitory factor (cholinergic differentiation factor, LIF), 

Interleukin 1, beta (IL1B), Chemokine (C-X-C motif) ligand 2 (CXCL2), Chemokine (C-X-C motif) ligand 5 

(CXCL5), Tumour necrosis factor (ligand) superfamily, member 10 (TNFSF10), Interleukin 11 (IL11), Chemokine 

(C-C motif) ligand 20 (CCL20), Chemokine (C-X-C motif) ligand 1 ( CXCL1), Bone morphogenetic protein 6 

(BMP6), Chemokine (C-C motif) ligand 8 (CXCL8), Interleukin 24 (IL24), Interleukin 1 receptor antagonist 

(IL1RN).  
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4.1.5. Pro Osteon® 200/AviteneTM modulates genes implicated in skeletal development 

In a previous study, few specific osteogenic genes, such as ALP, Osteonectin, Transcription 

factor SP7 (Osterix) and CLEC3B were analysed in a short period of time, which were reported 

up-regulated in hASCs grown on the scaffold at day 9 [90]. Herein, RT2 Profiler PCR array was 

used to analyse the expression of osteogenic genes. The gene expression was evaluated in 

hASCs grown on Pro Osteon 200/Avitene compared with TCPS, at days 21 and 40. Among 

DEGs, 22 up-regulated genes (red), 7 down-regulated genes (green), and 2 genes (i.e. FGFR2 

and NOG) which were up-regulated (day 21) and then down-regulated (day 40), were identified 

in hASCs grown on biomaterial. Among DEGs, osteogenesis-related genes, including the Bone 

Morphogenetic Protein 1/2 (BMP1/2), ALP, Bone Gamma-Carboxyglutamate Protein 

(BGLAP), transcription factor Sp7, Runt-related transcription factor 2 (RUNX2), Secreted 

Phosphoprotein 1 (SPP1), Collagen type I alpha 1 (COL1A1), epidermal growth factor receptor 

(EGFR), which play important roles in osteogenesis, were found to be up-regulated at day 21. 

Moreover, the transcription factor condensation SRY (sex-related Y)-type high mobility group 

box SOX-9 (Sox9), and BMPR1B which plays a central role in chondrocyte differentiation, 

were also found to be up-regulated, on hASCs grown on the scaffold, at days 21 and 40. The 

qPCR revealed increased expression of the receptor activator of nuclear factor kappa-Β ligand 

(RANKL), also known as tumour necrosis factor ligand superfamily member 11 (TNFSF11) at 

days 21 and 40. The growth factors, such as the colony-stimulating factor 2/3 (granulocyte-

macrophage) (CSF2/3), and epidermal growth factor (EGF), were also found to be up-regulated 

at days 21 and 40. The heatmaps, shown in Figure 7, provides a visualization of expression 

values among genes.  
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Figure 7. Graphical representation through heatmap of the mRNA expression in human 

adipose mesenchymal stem cells (hASCs) grown on Pro Osteon 200/Avitene, compared 

to tissue culture polystyrene (TCPS). The fold-change values of up-regulated (red) and 

down-regulated (green) genes in hASCs grown on Pro Osteon 200/Avitene compared 

with the control are reported at day 21 (A) and day 40 (B), respectively.  
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In hASCs grown on the biomaterial down-regulated DEGs were n=1 at day 21 and n=9 at day 

40. Genes encoding for cell-ECM, adhesion molecules such as CD36 molecule thrombospondin 

receptor (CD36), Cartilage oligomeric matrix protein (COMP), and Integrin, alpha M 

complement component 3 receptor 3 subunit (ITGAM) were down-regulated at day 40. The list 

of up-regulated and down-regulated genes at day 21 and 40 is reported in Table 2 and Table 3, 

respectively. 

 

Table 2. List of genes involved in osteogenic differentiation found to be up-regulated and 

down-regulated in hASCs grown on the Pro Osteon 200/Avitene scaffold at day 21. 

  

 Up-regulated genes     Down-regulated genes 

Number  Symbol/ Fold-Change              Number   Symbol/     Fold-Change 

  Acronym (Log2 FC)       Acronym       (Log2 FC) 

1  ALP  1.15   1    VCAM1           -1.66  

2  BGLAP 1.94 

3  BMP1  1.20 

4  BMP2  1.62 

5  BMPR1B 2.78 

6  COL1A1 1.05 

7  CSF2  3.41 

8  CSF3  5.18 

9  EGFR  1.37 

10  FGFR1 1.04 

11  FGFR2 1.35 

12  IGF1  1.90 

13  IGF1R  1.06 

14  NOG  1.75 

15  RUNX2 1.59 

16  SOX9  1.18 

17  SP7  4.89 

18  SPP1  1.88 

19  TGFB1 1.51 

20  TNFSF11 4.36 

21  TWIST1 1.27 

22  VDR  1.33    

      
Alkaline Phosphatase (ALP), Bone Gamma-Carboxyglutamate (gla) (BGLAP), Bone Morphogenetic Proteins 1 

and 2 (BMP1 and 2); Bone Morphogenetic Protein Receptor type IB (BMPR1B); Collagen type I alpha 1 

(COL1A1); Colony Stimulating Factor 2 and 3 (CSF2 and 3); Epidermal Growth Factor receptor (EGFR); 

Fibroblast Growth Factor Receptor 1 and 2 (FGFR1 and 2); Insulin Growth Factor 1 (IGF1) and its Receptor 

(IGF1R); Noggin (NOG); Runt-related Transcription Factor 2 (RUNX2); Transcription Factor SOX9 (SOX9), 

Transcription Factor Sp7 (SP7), Secreted Phosphoprotein 1 (SPP1), Transforming Growth Factor Beta 1 

(TGFB1); TNF Superfamily Member 11 (TNFSF11);  Twist Family BHLH Transcription Factor 1 (TWIST1); 

Vitamin D Receptor (VDR); Vascular Cell Adhesion Molecule 1 (VCAM1). 
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Table 3. List of genes involved in osteogenic differentiation found to be up-regulated and 

down-regulated in hASCs grown on the Pro Osteon 200/Avitene scaffold at day 40. 

 

 Up-regulated genes     Down-regulated genes 

Number  Symbol/ Fold-Change    Number  Symbol/ Fold-Change 

  Acronym  (Log2 FC)     Acronym (Log2 FC) 

1  BMP2  1.89   1  BMP6  -1.14 

2  BMPR1B 3.73   2  CD36  -1.33 

3  CSF2  2.73   3  COMP  -2.16 

4  CSF3  4.88   4  FGFR2 -2.11 

5  EGF  1.47   5  IGF2  -2.15 

6  EGFR  1.04   6  ITGAM -7.12 

7  ITGA2  2.20   7  NOG  -1.05 

8  SOX9  1.75   8  TGFB3 -1.07 

9  SPP1  2.84   9  VCAM1 -1.83 

10  TNFSF11 4.87  

 

Bone Morphogenetic Protein 2 (BMP2); Bone Morphogenetic Protein Receptor type IB (BMPR1B); Colony 

Stimulating Factor 2 and 3 (CSF2 and 3); Epidermal Growth Factor  (EGF); Epidermal Growth Factor Receptor 

(EGFR); Integrin Subunit Alpha 2 (ITGA2); Transcription Factor SOX9 (SOX9), Secreted Phosphoprotein 1 

(SPP1), TNF Superfamily Member 11 (TNFSF11); Bone Morphogenetic Protein 6 (BMP6); CD36 Molecule 

(CD36); Cartilage Oligomeric Matrix Protein (COMP); Fibroblast Growth Factor Receptor 2 (FGFR2); Insuline-

like Growth Factor 2 (IGF2); Integrin Subunit Alpha M (ITGAM);  Noggin (NOG); Transforming Growth Factor, 

Beta 3 (TGFB3); Vascular Cell Adhesion Molecule 1 (VCAM1). 
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4.1.6.  Bone regrowth in maxillofacial patients 

The bone substitute Pro Osteon 200/Avitene, compared with other biomaterials, gave 

remarkable aesthetic results, in terms of naturalness and symmetry. These data allowed us to 

give high Visual Analogue Scale (VAS) scores to patients. A 3-year clinical study was 

performed to evaluate the long-term results of new bone formation in patients (n=50) who 

underwent malar augmentation during orthognathic surgical procedures. The imaging data 

collected at 1 month after surgery (T1) showed that the prosthesis maintained their granular 

structure, without evidence of HA granules migration into the  surrounding soft tissues (Figure 

8A). This result gives evidence of biomaterial physical stability. 

The prosthesis structure was radiotransparent compared with the compact aspect of the 

zygomatic bone. At 24 months after surgery (T2), the prosthesis seemed to adhere staunchly to 

the underlying zygomatic bone in all patients (Figure 8B).The granular structure was still 

distinguishable, although less evident if compared with the previous healing period. The partial 

radiotransparency evolved to a radiopacity, similar to that observed in the compact part of the 

native bone, making it impossible to distinguish the interface between the prosthesis and bone 

(Figure 8B). At 36 months after surgery (T3), that tendency continued in agreement to the 

imaging data, toward progressive loss of definition of the granular architecture and an almost 

complete radiopacity and apparent corticalization of the bone in contact with the prosthesis. 

The interface between the prosthesis and bone at T3 appeared indistinguishable (Figure 8C).  

Histological analysis on bone specimens, harvested from three patients requiring plate device 

removal 2 years after surgery, was carried out. The persistence of porous HA scaffold and 

macrophages, although without inflammatory infiltrate, was found in samples. In analysed 

fields, fibrous stroma was revealed in 50% of the biopsies, whereas new osteogenesis and 

mature bone was found in 70% of these specimens (Figure 8D). Immunohistochemical 

investigations uncovered some cathepsin K protease contained in the cytoplasm of the 

macrophages, thus indicating the presence of osteoclast activity localized around HA granules 

(Figure 8D). The anti-CD56 antibodies indicated a higher amount of new bone formation at 

the side of the biopsy sample adjacent to the native bone (deep), confirming the results of 

histomorphometric analyses (data not shown). 
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Figure 8. Scaffold characterization in patients: radiologic and histologic analyses. (A-C) 

Cone-beam tomogram, coronal slice, at T1 (1 month), T2 (24 months), and T3 (36 months) 

after surgery. (A) The prosthesis maintained its granular structure, whereas the granules 

did not migrate to the surrounding soft tissues. The structure of the prosthesis is 

radiotransparent compared with the compact portion of the zygomatic bone (T1). (B) Cone-

beam tomogram, coronal slice, at 24 months after surgery. The prosthesis seems to adhere 

strongly to the underlying zygomatic bone in patients. The granular structure is still 

distinguishable, although less evident, whereas the partial radiotransparency evolved to a 

radiopacity similar to that seen in the compact part of the native bone, making it impossible 

to distinguish the interface between the prosthesis and bone. (C) Cone-beam tomogram, 

coronal slice, at 36 months after surgery. Progressive loss of definition of the granular 

architecture, with an almost complete radiopacity and apparent corticalization of the bone 

in contact with the prosthesis. The interface between the prosthesis and bone at T3 appears 

indistinguishable. (D) Biopsies harvested 24 months after implant placement. Bone 

maturation gradient can be observed proceeding from the periosteal layer toward the native 

bone (hematoxylin and eosin stain: magnification ×10). Osteoclasts surrounding HA 

residual granules (immunohistochemistry with cathepsin K, magnification ×20). 
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4.2.  Bio-Oss®/AviteneTM composite biomaterial 

4.2.1. SEM analysis  

SEM analysis was performed to investigate the microstructure and morphology of the scaffold 

(Bio-Oss/Avitene) with cells grown on it, up to day 21 (Figure 9A-F). The granular HA mixed 

with collagen fibres creates a highly fibrous structure (Figure 9D).  

Figure 9. Scanning electron microscopy analysis of the Bio-Oss/Avitene. Bovine 

collagen fibrils from Avitene Microfibrillar Collagen Hemostat were mixed with bovine 

Bio-Oss to generate the final scaffold. Human adipose derived stem cells (hASCs) grown 

on HA/Collagen scaffold for 21 days. The structure of scaffold was observed at different 

magnification: Scale bar: 200 μm, ×43 (A), Scale bar: 100 μm, ×200 (B), Scale bar: 100 

μm, ×300 (C), Scale bar: 20 μm, ×600 (D), Scale bar: 10 μm, ×1.00k (E), Scale bar: 10 

μm, ×2.06k (F). 

 

4.2.2. Cytocompatibility analysis of Bio-Oss®/AviteneTM scaffold employing hASCs 

In vitro cytocompatibility analyses, i.e., proliferation/cytoskeleton organization, tested in 

hASCs cultured on biomaterials, were evaluated up to day 9. 

Actin filaments in the cytoskeleton appeared to be well organized, whereas its integrity 

remained uninfluenced by scaffolds, after 6 days (Figure 10A). The Bio-Oss/Avitene 

biomaterial was assessed in terms of cell proliferation at day 3, 6, 9. The Alamar blue assay 

showed increased scaffold metabolic activity in hASCs grown on the Bio-Oss/Avitene scaffold, 

demonstrating that the Bio-Oss/Avitene biomaterial elicited no cytotoxic effects (Figure 10B). 

The biomaterial showed the highest value in cell proliferation between day 0 and 9 (p<0.05). 

The metabolic activity measured by Alamar Blue assay demonstrated different cellular growth 

kinetics, which were statistically significant, at day 6 and 9, compared to cell proliferation on 

the TCPS control group (p < 0.05).  
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Figure 10. Stem cell proliferation and cytoskeleton architecture. (A) Stem cell 

cytoskeleton architecture. Cell nuclei were stained with 0.5 mg/mL DAPI. 

Cytoskeleton analysis by Phalloidin TRITC staining (magnification 20x). (B) Human 

adipose stem cells (hASCs) metabolic activity was evaluated by colorimetric 

intensity at day 3, 6 and 9 of co-culture on the Bio-Oss/Avitene and culture 

polystyrene (TCPS) vessels. The biomaterial showed the highest value in cell 

proliferation between day 0 and 9 (p<0.05).  

 

4.2.3.  Matrix mineralization 

A significant increase of matrix mineralization in hASCs grown on the biomaterial at day 21 

was reported. Indeed at day 21, the biomaterial favoured the matrix mineralization better than 

the plastic vessel (TCPS), the control (Figure 11A, *p <0.05). Moreover, calcium deposits in 

hASCs grown on OC were higher compared with cells grown on the biomaterial or TCPS 

(Figure 11B, ***p<. 0001). 
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Figure 11. Biomaterial induced matrix mineralization. hASCs grown on 

scaffold were stained with ARS and imaged with bright-field microscopy at 

day 21 (10x magnification upper figures, 4x magnification lower figures) (A). 

The biomaterial induces mineral matrix deposition better than the plastic vessel 

(TCPS), the control (A, B). The quantification of ARS was performed by 

eluting ARS staining and acquiring optical density measurements. Osteogenic 

differentiation of hASCs grown on the biomaterial was increased than TCPS 

(*p< 0.05; B). In OC, the calcium deposits were higher than in cells grown on 

the scaffold and in TCPS (***p< 0.0001). 

 

4.2.4. Cytokine/Chemokine Gene Expression in hASCs grown on the Bio-

Oss®/AviteneTM 

The expression profile of human genes that encode cytokines and chemokines was evaluated 

by qPCR Array technology. To this end, hASCs were grown on the Bio-Oss/Avitene scaffold, 

for 21 days. For data analysis, the Ribosomal protein, large, P0 (RPLP0) was used as 

housekeeping gene and Log2 FC < -1 or > +1 was considered significant. Twenty-four DEGs 

involved in immune response (12 up-regulated and 12 down-regulated genes) were identified 

in hASCs grown on the Bio-Oss/Avitene biomaterial (Figure 12A, Table 4). The up-regulated 

genes which were accounted for included Chemokine (C-X3-C motif) ligand 1 (CX3CL1), 
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Interleukin 10 (IL10), CD40 ligand (CD40LG), Interleukin 13 (IL13), Interleukin 22 (IL22), 

Chemokine (C-X-C motif) ligand 13 (CXCL13), Tumour necrosis factor (ligand) superfamily, 

member 11 (TNFSF11), Interleukin 16 (IL16), Secreted phosphoprotein 1 (SPP1), Ciliary 

neurotrophic factor (CNTF), Chemokine (C-X-C motif) ligand 12 CXCL12 and Interleukin 15 

(IL15). The down-regulated genes induced by Bio-Oss/Avitene biomaterial were Vascular 

endothelial growth factor A (VEGFA), Tumour necrosis factor receptor superfamily, member 

11b (TNFRSF11B), Chemokine (C-X-C motif) ligand 5 (CXCL5), Chemokine (C-C motif) 

ligand 2 (CCL2), Interleukin 11 (IL11), Leukemia inhibitory factor (cholinergic differentiation 

factor, LIF), Chemokine (C-X-C motif) ligand 2 (CXCL2), Interleukin 1 receptor antagonist 

(IL1RN), Chemokine (C-X-C motif) ligand 1 ( CXCL1), Interleukin 6 (interferon, beta 2 IL6) 

Chemokine (C-C motif) ligand 8 (CXCL8) and Colony stimulating factor 3 (granulocyte, 

CSF3). 

 

4.2.5. Bio-Oss®/AviteneTM modulates genes implicated in skeletal development 

DEGs (n=31) involved in osteogenic differentiation were detected in hASCs grown on the Bio-

Oss/Avitene biomaterial. DEGs, including 24 up-regulated genes (red) and 7 down-regulated 

genes (green), were identified in hASCs grown on the Bio-Oss/Avitene biomaterial (Figure 

12B, Table 5). These up-regulated genes included osteoblast differentiation-related genes, for 

instance, SPP1, SMAD family member 3 (SMAD3), Noggin (NOG), Bone morphogenetic 

protein 2 (BMP2), the bone morphogenetic protein receptor type II (BMPR2), Bone 

morphogenetic protein receptor, type IA (BMPR1A), the Bone gamma-carboxyglutamate (gla) 

protein (BGLAP), while fibroblast growth factor receptor 2 (FGFR2), resulted as up-regulated 

in hASCs grown on the Bio-Oss/Avitene compared to the control group (TCPS). Up-regulated 

transcription factors included Runt-related transcription factor 2 (RUNX2), transcription factor 

Sp7 (SP7) and SMAD family member 1 (SMAD1). Moreover, the transcription factor 

condensation SRY (sex-related Y)-type high mobility group box SOX9 (SOX9) and BMPR1B, 

which plays a central role in chondrocyte differentiation, was also found to be up-regulated in 

hASCs grown on the scaffold, at day 21. Human cell adhesion analysis and ECM gene 

expression revealed that the following growth factors, Epidermal Growth Factor (EGF), colony-

stimulating factor 2 (CSF2), (Fibroblast Growth Factor 1 (FGF1), Platelet-derived growth 

factor subunit A (PDGFA) were up-regulated in hASCs grown on the scaffold.  In addition, 

genes encoding for ECM molecules, adhesion molecules, such as Fms Related Receptor 

Tyrosine Kinase 1 (FLT1), Integrin alpha-3 (ITGA3) and Serpin Family H Member 1 

(SERPINH1) were also up-regulated. The tested genes which resulted as down-regulated 

included those encoding for ECM molecules, such as Col type III alpha 1 (COL3A1), Col type 
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V alpha 1 (COL15A1), Twist Family BHLH Transcription Factor 1 (TWIST), VEGFA, 

Cartilage Oligomeric Matrix Protein (COMP), Intercellular adhesion molecule 1 (ICAM1) and 

CSF3. 

Figure 12. Gene expression involved in immune response and in osteogenic 

differentiation in human adipose mesenchymal stem cells grown on Bio-Oss/Avitene 

biomaterial. (A) Analysis of genes involved in the immune response. In hASC cultures, 

CX3CL1, IL10, CD40LG, IL13, IL22, CXCL13 TNFSF11, IL16, SPP1, CNTF, CXCL12 

and IL15 resulted up-regulated (red). Moreover, VEGFA, TNFRSF11B, CXCL5, CCL2, 

IL11, LIF, CXCL2, IL1RN CXCL1, IL6, CXCL8 and CSF3 tested down-regulated 

(green) at day 21. (B) PCR array analysis genes involved in osteogenic differentiation. 

The genes SP7, SPP1, EGF, SMAD3, NOG, BMP2, BGLAP, CSF2, TGFB2, FLT1, 

FGFR2, BMPR1B, ITGA3, SOX9, RUNX2, TGFBR2, SMAD1, FGF1, BMPR1A, 

SERPINH1, TGFB1, BMPR2, IGF1R and PDGFA were up-regulated compared to TCPS 

(red) while COL3A1, TWIST1, COL15A1, VEGFA, COMP, ICAM1, CSF3 resulted as 

down-regulated after 21 days. A value of p-value <0.05 was considered significant. The 

fold change (FC) of each gene expression was calculated using the 2−ΔΔCt method, 

whereas housekeeping genes, used as controls, were used to normalize results and Log2 

FC < -1 or > +1 was considered significant. 
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Table 4. List of genes involved in immune response found to be up-regulated and down-

regulated in hASCs grown on the Bio-Oss/Avitene scaffold at day 21. 

 

 Up-regulated genes    Down-regulated genes 

Number  Symbol/ Fold-Change   Number   Symbol/ Fold-Change 

  Acronym (Log2 FC)    Acronym (Log2 FC) 

1  CX3CL1 8.56 1 VEGFA  -1.15 

2  IL10  8.16 2 TNFRSF11B -1.51 

3  CD40LG 8.14 3 CXCL5  -2.06 

4  IL13  7.99 4 CCL2  -2.84 

5  IL22  7.74 5 IL11  -3.06 

6  CXCL13 7.23 6 LIF  -3.18 

7  TNFSF11 5.58 7 CXCL2  -3.47 

8  IL16  5.26 8 IL1RN  -3.47 

9  SPP1  3.57 9 CXCL1  -4.64 

10  CNTF  2.73 10 IL6  -4.64 

11  CXCL12 1.89 11 CXCL8  -5.64 

12  IL15  1.47 12 CSF3  -6.64 

  

 

 
Chemokine (C-X3-C motif) ligand 1 (CX3CL1), Interleukin 10 (IL10), CD40 ligand (CD40LG), Interleukin 13 

(IL13), Interleukin 22 (IL22), Chemokine (C-X-C motif) ligand 13 (CXCL13), Tumour necrosis factor (ligand) 

superfamily, member 11 (TNFSF11), Interleukin 16 (IL16), Secreted phosphoprotein 1 (SPP1), Ciliary 

neurotrophic factor (CNTF), Chemokine (C-X-C motif) ligand 12 (CXCL12), Interleukin 15 (IL15), Vascular 

endothelial growth factor A (VEGFA), Tumour necrosis factor receptor superfamily, member 11b (TNFRSF11B), 

Chemokine (C-X-C motif) ligand 5 (CXCL5), Chemokine (C-C motif) ligand 2 (CCL2), Interleukin 11 (IL11), 

Leukemia inhibitory factor (cholinergic differentiation factor, LIF), Chemokine (C-X-C motif) ligand 2 (CXCL2), 

Interleukin 1 receptor antagonist (IL1RN), Chemokine (C-X-C motif) ligand 1 ( CXCL1), Interleukin 6 (interferon, 

beta 2 IL6) Chemokine (C-C motif) ligand 8 (CXCL8), Colony stimulating factor 3 (granulocyte, CSF3). 
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Table 5. List of genes involved in osteogenic differentiation found to be up-regulated and 

down-regulated in hASCs grown on the Bio-Oss/Avitene scaffold at day 21  

 

 Up-regulated genes     Down-regulated genes 

Number  Symbol/ Fold-Change      Number      Symbol/  Fold-Change 

  Acronym (Log2 FC)    Acronym  (Log2 FC) 

1  SP7  7.14   1 COL3A1  -1.09 

2  SPP1  5.52   2 TWIST1  -1.15 

3  EGF  5.12   3 COL15A1  -1.18 

4  SMAD3 4.99   4 VEGFA  -1.29 

5  NOG  4.80   5 COMP   -1.56 

6  BMP2  4.41   6 ICAM1   -1.84 

7  BGLAP 4.05   7 CSF3   -2.12 

8  CSF2  3.67    

9  TGFB2 3.41    

10  FLT1  3.37    

11  FGFR2 3.23    

12  BMPR1B 2.99    

13  ITGA3  2.64    

14  SOX9  2.08    

15  RUNX2 1.77    

16  TGFBR2 1.74    

17  SMAD1 1.72    

18  FGF1  1.59    

19  BMPR1A 1.57    

20  SERPINH1 1.52    

21  TGFB1 1.42    

22  BMPR2 1.30    

23  IGF1R  1.23    

24  PDGFA 1.10     

 
Sp7 transcription factor (SP7), Secreted phosphoprotein 1 (SPP1), Epidermal growth factor (EGF), SMAD family 

member 3 (SMAD3), Noggin (NOG), Bone morphogenetic protein 2 (BMP2), Bone gamma-carboxyglutamate 

(gla) protein (BGLAP), Colony stimulating factor 2 (CSF2), Transforming growth factor, beta 3 (TGFB2), Fms-

related tyrosine kinase 1 (FLT1), Fibroblast growth factor receptor 2 (FGFR2), Bone morphogenetic protein 

receptor, type IB (BMPR1B), Integrin, alpha 3 (ITGA3), SRY (sex determining region Y)-box 9 (SOX9), Runt-

related transcription factor 2 (RUNX2), Transforming growth factor, beta receptor II (TGFBR2), SMAD family 

member 1 (SMAD1), Fibroblast growth factor 1 (FGF1),  Bone morphogenetic protein receptor, type IA 

(BMPR1A), Serpin peptidase inhibitor, clade H (heat shock protein 47), member 1 (SERPINH1), Transforming 

growth factor, beta 1 (TGFB1), Bone morphogenetic protein receptor, type II (BMPR2), Insulin-like growth factor 

1 receptor (IGF1R), Platelet-derived growth factor alpha polypeptide (PDGFA), Collagen, type III, alpha 1 

(COL3A1), Twist homolog 1 (TWIST1), Collagen, type XV, alpha 1 (COL15A1), Vascular endothelial growth 

factor A (VEGFA), Cartilage oligomeric matrix protein (COMP), Intercellular adhesion molecule 1 (ICAM1) and 

Colony stimulating factor 3 (CSF3). 
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4.2.6.  In vivo evaluation 

A combination of bony biomaterial (Bio-Oss) and Microfibrillar Collagen (Avitene) can be 

successfully used to mold prostheses for aesthetic check bone augmentation during 

orthognathic surgery in patients with flat or inadequate projection or asymmetry of the 

zygomatic area. The bone substitute Bio-Oss/Avitene gave remarkable aesthetic results in terms 

of naturalness and symmetry. The mean dimension of the prostheses calculated on 30 patients’ 

Cone Beam Computed Tomography (CBCT) was 6.8 x 27.9 x 16.0 mm with a mean volume of 

1,793 mm3 (Figure 13). 

 

 

Figure 13. In vivo evaluation of Bio-Oss/Avitene biomaterial. (A, B) Patient 1 

clinical evaluation before implant. (C, D) Patient 1 post-operative assessment 15 days 

after the procedure. (E, F) Placement of the implants in the subperiosteal pockets. 

Cone-beam CT scan showing final position of the prosthesis in the malar area. 

 



44 

 

4.3. Biomorphic hydroxlyapatite 

4.3.1.  Microstructural Analysis 

Biomorphic scaffold (B-HA) shows lamellar, closely interconnected HA nanocrystals (~200 x 

20 nm) with a hexagonal shape (Figure 14A). The absence of any high temperature sintering 

process prevented grain growth in B-HA, thus resulting in a higher specific surface area (i.e., 

B-HA: 12.5 m2/g; S-HA: 4.8 m2/g), without evidence of intergranular boundary layers in strong 

contrast to the typical microstructure of sintered ceramic bodies. Both scaffolds showed a 

porosity extent of ~60 vol. %. Conversely, S-HA shows a typical sintered HA microstructure, 

with coalesced rounded ~1–2 µm sized grains and diffuse intergranular porosity (Figure 14B). 

 

 

Figure 14. Scanning electron microscopy (SEM) analysis of B-HA and S-HA. (A) B-HA 

structure is characterized by nanometric particles forming thin lamellae with a 

microstructure composed of nano-size building blocks and multi-scale porosity, Scale 

bar: 1μm, x 10,210K. (B) SEM S-HA images show its porous structure, Scale bar: 1μm, 

x 11,57K.  

 

4.3.2.  Cytocompatibility analysis of biomorphic HA scaffold employing hASCs 

In vitro cytocompatibility analyses, i.e. proliferation and cytoskeleton organization, assayed in 

hASCs cultured on biomaterials were evaluated up to day 14. B-HA and sintered S-HA 

biomaterials demonstrated cytocompatibility in terms of cell growth and proliferation. Actin 

fibres of the cytoskeleton appeared to be well organized, whereas its integrity remains 

uninfluenced by scaffolds (Figure 15A). The Alamar Blue assay showed an increased scaffold 

metabolic activity during the analysis in hASCs grown on B-HA and S-HA scaffold. The 

metabolic activity measured by Alamar Blue assay demonstrated that B-HA and S-HA 

biomaterials did not elicit cytotoxic effects, although different cellular growth kinetics, which 

are statistically significant at day 14 compared to day 7 (p < 0.05), were induced. Moreover, 
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the B-HA scaffold had a substantial overall effect on cell proliferation compared to S-HA and 

TCPS (p < 0.05) (Figure 15B). 

 

 

Figure 15. Stem cell proliferation and cytoskeleton architecture. (A) Cytoskeleton 

analysis by Phalloidin TRITC staining of hASCs-eGFP grown on biomaterials B-HA 

and S-HA (magnification 40x). Actin filaments do not show alteration in the structural 

organization, confirming the compatibility of the assayed biomaterials, at day 14. 

Cellular nuclei were stained with 0.5 mg/ml DAPI. (B) hASC metabolic activity 

measured by colorimetric intensity at day 3, 7, and 14 of co-culture on B-HA, S-HA 

and TCPS. 3D biomorphic biomaterials exhibited the highest value in cell proliferation 

between day 7 and day 14 (p<0.05). Statistically differences are significant for B-HA, 

S-HA and TCPS at day 7 and day 14 (p<0.05). 
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4.3.3.  Matrix mineralization and osteocalcin expression protein in hASCs 

In order to test the osteogenic differentiation induced by biomorphic material B-HA, hASCs 

were grown on scaffolds for two weeks. Mineral matrix deposition was evaluated by ARS at 

day 14 in hASCs cultured on B-HA and SHA biomaterials, in osteogenic condition (OC) and 

in plastic vessels (TCPS) (Figure 16A). 

ARS staining showed that stem cells formed a small number of calcified nodules (Figure 16A). 

When co-culture processing was performed for a further two weeks, several calcified nodules 

were observed (Figure 16A). The B-HA scaffold favoured matrix mineralization better than 

TCPS, the control group (** p < 0.01). Calcium deposits quantified in hASCs grown on the B-

HA material were higher compared to stem cells grown on the S-HA biomaterial (** p < 0.01). 

Cells grown in OC showed a significant increase in calcium deposits compared to S-HA, TCPS 

(** p < 0.01) and B-HA (* p < 0.05), (Figure 16B). OCN is the most important non-collagenous 

protein involved in bone matrix organization and deposition. ELISA data show a statistically 

significant increasing level of OCN protein expression in cells grown on B-HA biomaterial, 

compared to the other experimental groups, represented by S-HA and OC (*p < 0.05) and TCPS 

(**p < 0.01) at day 14 (Figure 16C). These improved cellular responses for hASCs grown on 

B-HA material demonstrate the inductive effect exerted by B-HA compared to S-HA scaffold.  
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Figure 16. Osteogenic markers in hASCs cultured on Biomorphic (B-HA) and 

Engipore (S-HA) biomaterials. (A) ARS at day 14 is shown in the panel, in 

experimental conditions tested, 10x magnification upper figures, 4x 

magnification lower figures. (B) The matrix mineralization was evaluated by 

ARS, whereas its quantification was carried out spectrophotometrically. 

*p<0.05; **p<0.01, ANOVA test. Matrix mineralization data was reported as 

optical density. (C) The osteocalcin (OCN) protein levels detected at day 14 were 

quantified by ELISA test. OCN protein was reported as ng of Osteocalcin/1µg 

of total protein, **p<0.01 ANOVA test. 

 

The matrix mineralization was also evaluated at day 21 showing that the B-HA scaffold 

favoured matrix mineralization better than TCPS (*p<0.05) (Figure 17). 

 

 

 

 

Figure 17. Matrix mineralization in hASCs cultured on B-HA and S-HA 

biomaterials at day 21. (A) The matrix mineralization was evaluated by 

Alizarin red staining at day 21, whereas its quantification was carried out 

spectrophotometrically. Matrix mineralization data was reported as optical 

density. *p<0.05; **p<0.01; *** p<0.001 (ANOVA test was used). (B) 

Alizarin red staining is shown in the panel, in experimental conditions tested 

(10x magnification upper figures, 4x magnification lower figures). 
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4.3.4.  Osteogenic Gene Expression in hASCs 

The expression profile of human osteogenic genes was evaluated by qPCR Array technology. 

To this end, hASCs were grown on both B-HA and S-HA scaffolds for 14 days. Quantitative 

qPCR Array results were compared to the control group using hASCs grown on TCPS. A value 

of p< 0.05 was considered significant. In hASCs grown on B-HA, 17 DEGs were detected up-

regulated at day 14 (Table 6), i.e. ALPL, BGLAP, CHRD, COL10A1, CSF3, EGF, FGFR2, 

GLI1, ITGA3, MMP10, MMP8, MMP9, SMAD3, SOX9, SP7, TGFB3 and TNFSF11.  

 

Table 6. List of genes found to be up-regulated in hASCs grown on the B-HA scaffold at 

day 14. 

    Up-regulated genes    

 Number   Symbol/    Fold-Change   

               Acronym    (Log2FC) 

      

 1   ALPL     7.72 

 2   BGLAP    6.94 

 3   CHRD     9.46 

 4   COL10A1    7.72 

 5   CSF3     11.18 

 6   EGF     11.21 

 7   FGFR2    9.83 

 8   GLI1     12.85 

 9   ITGA3     6.97 

 10   MMP10    16.46 

 11   MMP8     14.08 

 12   MMP9     10.49 

 13   SMAD3    10.65 

 14   SOX9     7.50 

 15   SP7     14.29 

 16   TGFB3    6.95 

 17   TNFSF11    13.78   

     
Alkaline phosphatase (ALPL), Bone gamma-carboxyglutamate (gla) protein (BGLAP), Chordin (CHRD), 

Collagen, type X, alpha 1 (COL10A1), Colony stimulating factor 3 (CSF3), Epidermal growth factor (EGF), 

Fibroblast growth factor receptor 2 (FGFR2), GLI family zinc finger 1 (GLI1), Integrin, alpha 3 (ITGA3), 

Matrix metallopeptidase 10 (MMP10), Matrix metallopeptidase 8 (MMP8), Matrix metallopeptidase 9 

(MMP9), SMAD family member 3 (SMAD3),SRY (sex determining region Y)-box 9 (SOX9), Sp7 transcription 

factor (SP7), Transforming growth factor, beta 3 (TGFB3),Tumour necrosis factor (ligand) superfamily, 

member 11 (TNFSF11). 
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26 DEGs were identified in hASCs grown on S-HA biomaterial, 10 up-regulated genes and 16 

downregulated genes were identified (Table 7). Among these genes were accounted BMP2, 

COL2A1, CSF2, EGF, GLI1, MMP10, MMP8, SP7, SPP1, TNFSF11, which were up-

regulated , while 16 tested genes resulted down-regulated at day 14, i.e. BGLAP, BGN, BMP6, 

COL1A1, COL1A2, COL3A1, COL5A1, FGF1, FN1, IGF1, ITGA2, ITGA3, ITGB1, MMP2, 

TGFB3 and VCAM1.  

 

Table 7. List of genes found to be up-regulated and down-regulated in hASCs grown on 

the S-HA scaffold at day 14  

 Up-regulated genes    Down-regulated genes 

Number  Symbol/ Fold-Change        Number     Symbol/ Fold-Change 

  Acronym (Log2 FC)    Acronym (Log2 FC) 

1  BMP2  1.90    1 BGLAP -2.18  

2  COL2A1 1.01        2 BGN  -2.18 

3  CSF2  5.30    3 BMP6  -3.64  

4  EGF  2.01    4 COL1A1 -2.12  

5  GLI1  2.75    5 COL1A2 -1.60  
6  MMP10 5.59    6 COL3A1 -1.06  
7  MMP8  3.10    7 COL5A1 -2.00  

8  SP7  3.08    8 FGF1  -1.47  

9  SPP1  2.33    9 FN1  -2.06  

10  TNFSF11 4.02    10 IGF1  -2.12  

        11 ITGA2  -1.36 

        12 ITGA3  -1.89  

        13 ITGB1  -1.06  
        14 MMP2  -1.09  

        15 TGFB3 -1.06  

        16 VCAM1 -1.03 

    

  
Bone morphogenetic protein 2 (BMP2), Collagen, type II, alpha 1 (COL2A1), Colony stimulating factor 2 

(CSF2), Epidermal growth factor (EGF), GLI family zinc finger 1 (GLI1), Matrix metallopeptidase 10 

(MMP10), Matrix metallopeptidase 8 (MMP8), Sp7 transcription factor (SP7), Secreted phosphoprotein 1 

(SPP1), Tumour necrosis factor (ligand) superfamily, member 11 (TNFSF11), Bone gamma-

carboxyglutamate (gla) protein (BGLAP), Biglycan (BGN), Bone morphogenetic protein 6 (BMP6), 

Collagen, type I, alpha 1 (COL1A1), Collagen, type I, alpha 2 (COL1A2), Collagen, type III, alpha 1 

(COL3A1), Collagen, type V, alpha 1 (COL5A1), Fibroblast growth factor 1 (FGF1), Fibronectin 1 (FN1), 

Intercellular adhesion molecule 1 (ICAM1), Insulin-like growth factor 1 (IGF1), Integrin, alpha 1 (ITGA1), 

Integrin, alpha 2 (ITGA2),  Integrin, alpha 3 (ITGA3), Integrin, beta 1 (ITGB1), Matrix metallopeptidase 2 

(MMP2), Transforming growth factor, beta 3 (TGFB3), Vascular cell adhesion molecule 1 (VCAM1). 

 

It appears that both biomaterials stimulate the over-expression of specific osteoblastic genes, 

such as Sp7 and GLI1 with different fold change values. DEGs modulated by the two scaffolds 

also include growth factors such as EGF and ECM molecules, including MMP8 and MMP10, 
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and factors implicated in osteoclastic differentiation, such as TNFSF11. B-HA induced the up-

regulation of these common genes, with a higher fold change compared to S-HA material. 

BGLAP, ITGA3 and TGFB3 tested up- and down-regulated in hASCs grown on B-HA and S-

HA, respectively. 
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5. DISCUSSION 
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5.1. Pro Osteon 200/Avitene and Bio-Oss®/AviteneTM composite biomaterials 

In tissue engineering, biomaterials could be considered as a “template”, providing  temporary 

mechanical support and mass transport to promote cell adhesion, proliferation, and 

differentiation [56]. Ideally, a scaffold should serve as a transient structure that, over an 

extended period, will be degraded/reabsorbed in a controlled manner, in accordance with the 

regrowth rate of new bone tissue. Tissue engineering scaffolds attempt to mimic the natural 

ECM, at least partially, and to create a favourable microenvironment to support tissue 

formation. Subsequently, the biomaterial template will be correctly substituted with naturally 

deposited ECM and the newly formed tissue [56]. The mineral content of bone is predominantly 

HA, while the organic matrix is composed mainly of type I collagen (∼90%). Biomechanically, 

the inorganic mineral HA endows bone with its rigid structural framework, while collagen 

confers bone with its elastic properties [93]. To mimic the natural bone composition, prevailing 

scaffolds for bone tissue engineering are HA/Collagen composites. 

In this study, in vitro cellular model consisting of primary hASCs was employed to evaluate 

two composites HA-derived scaffolds, i.e. coral (0.5 mm-1 mm) and bovine (1 mm-2 mm) 

granules combined with bovine collagen Avitene, named Pro Osteon 200/Avitene and Bio-

Oss/Avitene, respectively. A cohort of maxillofacial patients was evaluated for their 

cytocompatibility proprieties and bone regrowth. To this end, collagen and HA were joined 

with sterile water to form collagen–apatite slurry. In vivo, Shaping was performed according to 

surgical needs, depending on the clinical evaluation of the patient. The handmade bone 

substitutes were made in vitro according to clinical procedures. Subsequently, their 

cytocompatibility, immunomodulatory and osteoinductivity proprieties were analysed. 

Coral derived porous HA is frequently used in maxillofacial surgery for procedures to augment 

the splanchnocranium [91]. In a previous study [90], hASCs from adults were employed as an 

in vitro model to evaluate the cytocompatibility, osteoconductivity, osteoinductivity, and 

osteogenic properties of Pro Osteon 200/Avitene, until 21 days. In the present study, in order 

to mimic the long period needed in vivo by the bone to regrowth and repair itself, the 

experiments were carried out up to day 40. Patients operated for maxillomandibular 

malocclusion and/or asymmetry, or for aesthetic reasons, who underwent malar augmentation 

with porous Pro Osteon 200/Avitene prostheses, were evaluated for the new bone formation 

during a 3-year period of follow-up using radiological and histological analyses [89]. 

However, because the coral reefs are exposed to catastrophic situations,  there is a need to look 

for alternatives [70]. In this context, bovine bone, which is considered a biowaste, is an 

alternative source of HA for hard tissue replacement in medical and dental therapy [68].  



53 

 

Bio-Oss is a common bone substitute employed for bone regeneration. It consists of bovine 

spongy bone free of organic ingredients, in which the trabecular structure of the fine bone and 

the internal voids are preserved. Numerous studies have shown that this physical microstructure 

of Bio-Oss plays a decisive role in controlling bone regeneration [71]. In this study, Bio-Oss 

granules were used in combination with collagen Avitene and the in vitro analysis were 

performed until day 21 (Iaquinta et al., 2022. Accepted). Patients operated for 

maxillomandibular malocclusion and/or asymmetry, or for aesthetic reasons, who underwent 

malar augmentation with porous Bio-Oss/Avitene prostheses, were evaluated for the new bone 

formation after 15 days. 

Analysis of proliferation conducted with hASCs suggest that both Pro Osteon 200/Avitene and 

Bio-Oss/Avitene scaffolds meet the requirements for in vitro cytocompatibility, offering a good 

microenvironment for hASCs adhesion and proliferation. Cytoskeleton architecture seemed to 

be well organized. Indeed, the actin filaments were distributed uniformly in hASCs grown on 

the Pro Osteon 200/Avitene and Bio-Oss/Avitene biomaterials. 

Inflammation is an important factor that should be considered to develop successful 

biomaterial-based therapeutics. Indeed, inflammation is initially needed for wound healing 

while prolonged inflammation can result in delayed wound healing or, in some cases, rejection 

of the scaffold and additional tissue damage. Epigenetic studies were carried out at day 21 by 

analysing the main genes involved in the immune response to hASCs grown on the Pro Osteon 

200/Avitene and Bio-Oss/Avitene biomaterials, compared to hASCs grown on plastic vessel 

TCPS, used as control. Cytokines are small signalling proteins secreted by immune cells and 

many different cell types to stimulate immune response, inflammation and other processes. 

Historically, cytokines were functionally separated into two families: lymphokines/interleukins 

and chemokines. All cytokines released by immune cells were called lymphokines/interleukins, 

whereas chemotactic cytokines were called chemokines. In Table 8, were indicated the 

common genes involved in immune response found to be dysregulated in hASCs grown on both 

scaffolds at day 21. 
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Table 8. List of common genes involved in immune response found to be dysregulated in 

hASCs grown on both scaffolds at day 21. 

 

 Up-regulated genes      Down-regulated genes 

  

Number  Symbol/ Fold-Change          Number    Symbol/  Fold-Change 

  Acronym (Log2 FC)    Acronym  (Log2 FC) 

____________________________________________________________________________ 

    PA BA      PA BA 

____________________________________________________________________________ 

1  CX3CL1 8.27 8.56  1 IL6   -1.84 -4.64 

2  CD40LG 6.70 8.14  2 CCL2   -2.25 -2.84 

3  IL22  5.20 7.74  3 LIF   -2.74 -3.18 

4  CXCL13 4.23 7.23  4 CXCL2  -3.06 -3.47 

5  IL13  2.75 7.99  5 CXCL5  -3.06 -2.06 

6  CXCL12 2.10 1.89  6 IL11   -3.32 -3.06 

7  IL15  1.40 1.47  7 CXCL1  -3.47 -4.64 

8  CNTF  1.14 2.73  8 CXCL8  -4.64 -5.64 

       9 IL1RN   -6.64 -3.47 

 
Chemokine (C-X3-C motif) ligand 1 (CX3CL1),CD40 ligand (CD40LG), Interleukin 22 (IL22), Chemokine (C-X-

C motif) ligand 13 (CXCL13), Nodal homolog (mouse, NODAL), Interleukin13 (IL13), Chemokine (C-X-C motif) 

ligand 12 (CXCL12), Interleukin 15 (IL15), Interleukin 7 (IL7),Ciliary neurotrophic factor (CNTF), Interleukin 6 

(interferon, beta 2 IL6), Chemokine (C-C motif) ligand 2 (CCL2), Leukemia inhibitory factor (cholinergic 

differentiation factor, LIF), Chemokine (C-X-C motif) ligand 2 (CXCL2), Chemokine (C-X-C motif) ligand 5 

(CXCL5), Interleukin 11 (IL11), Chemokine (C-X-C motif) ligand 1 (CXCL1), Chemokine (C-C motif) ligand 8 

(CXCL8), Interleukin 1 receptor antagonist (IL1RN). 

PA: Pro Osteon 200/Avitene; BA: Bio-Oss/Avitene. 

 

Among up-regulated genes, 8 common DEGs were identified. These include anti-inflammatory 

cytokine, such as IL-13 and IL-22 in hASCs grown on both the Pro Osteon 200/Avitene and 

Bio-Oss/Avitene biomaterials. IL-22 is involved in human MSC proliferation/migration in 

inflammatory environments [94]. This biomaterial also induced CD40L up-regulation, which 

facilitates B-cell activation to promote early bone healing [95].  Protein XC chemokine ligand-

13 (CXCL13) and its receptors were involved in the process of BMSCs migration. For example, 

CXCL13, alongside chemokine CXCR5, regulated the B-cell chemotaxis and the recruitment 

of BMSCs during fracture healing [96,97]. CNTF resulted as over-expressed in hASCs grown 

on both the Pro Osteon 200/Avitene and Bio-Oss/Avitene biomaterial, after day 21. Finally, 

CXCL12,  also known as SDF1, tested up-regulated in hASCs grown on the scaffolds; this 

chemokine is responsible of recruitment of MSCs [31]. 

On the other hand, 9 DEGs were identified down-regulated by Pro Osteon 200/Avitene and 

Bio-Oss/Avitene biomaterials after day 21. Neutrophils play a critical initial role in controlling 

infections, firstly by phagocytosing the microorganisms and secondly, by releasing mediators 
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that draw other leukocytes into the injured tissue. It is therefore important to understand how 

these cells are recruited. Chemokine CXCL1 and many others are potent chemo-attractants, 

which neutrophils respond to [98]. In this study, CXCL1 resulted as down-regulated in hASCs 

grown on the Pro Osteon 200/Avitene and Bio-Oss/Avitene biomaterials, compared to the 

control. CXCL8 (also known as Interleukin 8) binds to CXCR1 as well as CXCR2, specifically 

[99,100]. CXCL8 also tested as down-expressed in hASCs grown on the Pro Osteon 

200/Avitene and Bio-Oss/Avitene biomaterials. CXCL8, a multifunctional pro-inflammatory 

chemokine that was initially classified as a neutrophil chemoattractant, has recently been found 

to be a key contributor in tumourigenesis [101]. Indeed, CXCL8 is up-regulated in several 

human cancers. This suggests interplay between the tumour and its microenvironment, 

rendering tumour progression by enhancing angiogenesis, tumour genetic diversity, survival, 

proliferation, immune escape, metastasis and multidrug resistance [101]. In addition, 

chemokine CCL2 tested as down-regulated in hASCs grown on the Pro Osteon 200/Avitene 

and Bio-Oss/Avitene. CCL2 can affect bone metabolism. Osseous inflammation studies have 

shown selective expression of this chemokine by osteoblasts, which are strictly correlated to 

monocyte recruitment at osteolytic inflammatory lesion sites. In vivo, CCL2 is one of the main 

chemokines induced in osteoblasts in response to bacterial infections.  

After acute injury, pro-inflammatory cytokines IL6 and IL11 are involved in the initial 

proinflammatory response. After 21 days, hASCs grown on both biomaterials studied herein, 

i.e. Pro Osteon 200/Avitene and Bio-Oss/Avitene, show a decreased expression of IL6 and IL11 

(Figure 18), which are considered the most important interleukins involved in immune 

response in fracture healing. 

 

Figure 18. IL6 and IL11 gene expression in hASCs grown on Pro Osteon 

200/Avitene and Bio-Oss/Avitene at day 21 (*p<0.05). 
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IL6 stimulates angiogenesis, VEGF production [30]. In agreement, VEGFA resulted down-

regulated in hASCs grown on the Bio-Oss/Avitene scaffolds. In order to confer angiogenic 

properties to the scaffold material, VEGF is frequently used [102]. 

Interestingly, SPP1 gene, which codifies for OPN, was up-regulated by the Bio-Oss/Avitene 

biomaterial. OPN is considered to play an important role in bone regrowth [89]. Some studies 

indicate OPN as a cell adhesive, signalling, migratory and survival stimulus for various 

mesenchymal, epithelial and inflammatory cells, in addition to being a potent regulator of 

osseous and ectopic calcification. Based on these reports, a general picture of OPN as an 

important inflammation and biomineralization regulator is emerging [103]. Recently, Mahon et 

al., observed increased expression of BMP2, ALP and OPN in MSCs in the presence of 

recombinant anti-inflammatory cytokine IL-10 [60], demonstrating a direct pro-osteogenic role 

for this cytokine, which resulted as up-regulated by the Bio-Oss/Avitene biomaterial in the 

present study. Current strategies being explored include incorporating anti-inflammatory 

cytokines, including IL-10, into scaffolds [104]. 

The close link between the immune and skeletal systems has recently been defined using the 

concept of “osteoimmunology”, suggesting that several molecules which are involved in the 

maintenance of bone homeostasis and the regulation of inflammatory functions are shared, 

including receptors, signalling molecules and transcription factors [57]. DEGs (n= 14) involved 

in osteogenic pathways resulted dyregulated in hASCs grown on both scaffolds under analysis, 

respect to the control TCPS at day 21 (p<0.05) (Table 9). 
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Table 9. List of common genes found to be dysregulated in hASCs grown on the scaffolds 

at day 21. 

 

Common dysregulated genes 

        Fold-Change (Log2 FC) 

Number                                  Symbol/Acronym                               PA        BA   

1    BGLAP    1.94 4.05 

2    BMP2     1.62 4.41 

3    BMPR1B    2.78 2.99 

4    CSF2     3.41 3.67 

5    CSF3     5.18 -2.12 

6    FGFR2    1.35 3.23 

7    IGF1R     1.06 1.23 

8    NOG     1.75 4.80 

9    RUNX2    1.59 1.77 

10    SOX9     1.18 2.08 

11    SP7     4.89 7.14 

12    SPP1     1.88 5.52 

13    TGFB1    1.51 1.42 

14    TWIST1    1.27 -1.15   

  
Bone gamma-carboxyglutamate (gla) protein (BGLAP), Bone morphogenetic protein 2 (BMP2), Bone 

morphogenetic protein receptor, type IB (BMPR1B), Colony stimulating factor 2 (CSF2), Colony stimulating 

factor 3 (CSF3), Fibroblast growth factor receptor 2 (FGFR2),Insulin-like growth factor 1 receptor (IGF1R), 

Noggin (NOG), SRY (sex determining region Y)-box 9 (SOX9), Runt-related transcription factor 2 

(RUNX2),Sp7 transcription factor (SP7), Secreted phosphoprotein 1 (SPP1), Transforming growth factor, 

beta 1 (TGFB1), Twist homolog 1 (TWIST1). 

PA: Pro Osteon 200/Avitene; BA: Bio-Oss/Avitene. 
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It is important to notice that among these, four essential transcription factors resulted 

dysregulated by both biomaterials at day 21 (Figure 19). 

 

 

Figure 19. Expression of most important trascription factors (TFs) resulted 

dyregulated in hASCs grown on Pro Osteon 200/Avitene and Bio-Oss/Avitene 

biomaterials at day 21 (*p<0.05).  

 

During osteoblast differentiation, RUNX2 is weakly expressed in uncommitted MSCs, and its 

expression is up-regulated in pre-osteoblasts, where it reaches the maximal level in immature 

osteoblasts, while decrease in mature osteoblasts  [105]. SP7, also known as Osterix (Osx), is 

an osteoblast-specific transcription factor [106]. It plays a role in the latter stages of 

osteogenesis and maturation, controlling maturation in functional osteoblasts and further 

differentiation to osteocytes. Deletion of Osx in mice leads to neonatal lethality due to a failure 

in general bone formation, severe rib cage malformation and a lack of expression of osteoblast 

genes, such as SPP1 [106]. As a result, during osteogenic lineage specification, RUNX2 

promotes mesenchymal progenitor differentiation thus, initiating osteogenesis, and OSX 

supports the maturation of functional osteoblasts. SOX9 is a transcription factor which plays a 

key role in chondrogenesis, by controlling type II collagen and aggrecan expression, as well as 

supporting chondrocyte survival and hypertrophy [107].  

RUNX2/SOX9 ratio it has been proposed as  in vitro screening method for osteogenicity of 

human MSCs [108]. It has been reported that RUNX2/SOX9 ratios decrease on day 14 and 21 

compared to days 2 and 7 in hBMSCs induced to osteogenic differentiation [108]. In this study, 
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an increase of RUNX2 and SOX9 expression respect to TCPS was identified; not statistical 

difference between hASCs grown on biomaterials was shown in terms of RUNX2/SOX9 ratio 

(Figure 20). 

 

 

Figure 20. RUNX2/SOX9 ratio based on expression fold change to TCPS, day 21. 

RUNX2/SOX9 ratio it has been proposed as in vitro screening method for 

osteogenicity of human MSCs. 

 

TWIST1 plays key roles in the control of mesenchymal cell lineage allocation during skeletal 

development as supported by several in vivo studies [109,110]. Twist1 is expressed in vivo by 

osteoprogenitor cells but not by mature osteoblasts [110]. Several studies have indicated that 

TWIST1 also plays a role in skull vault and craniofacial development [110,111]. The lack of 

one TWIST allele in mice caused misexpression of FGFR2 in the sagittal suture [110]. In 

humans, haplo-insufficiency of TWIST1 is associated with the autosomal dominant Saethre-

Chotzen syndrome [112], characterized by a varied pattern of craniofacial defects including 

craniosynostosis, indicating that TWIST1 is an important transcription factor controlling 

osteoblastogenesis. TWIST1 shRNA silencing increased the osteogenic potential of hASCs in 

vitro and their skeletal regenerative ability when applied in vivo [113]. 

BMP2, belonging to the BMPs family, is a potent osteoinductive cytokine from the 

transforming growth factor beta (TGF-β) family, and it is currently the most commonly used 

protein-based bone graft substitute [114]. BMP2 is induced and up-regulated by both scaffolds 

analysed herein at day 21. Accumulating studies proved that BMP2 is involved in bone 

formation, bone remodelling, bone development, and osteoblast differentiation [115]. Among 

DEGs modulated by the biomaterials, BMPR1B was identified. BMPRIB appears primarily 

expressed in mesenchymal precartilage condensations, in differentiated osteoblasts and 
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chondrocytes [116]. In hBMSCs, the knockdown of BMPR1B by siRNA inhibited the 

osteogenic differentiation [117]. 

MSC recruitment is a crucial process in the development, maintenance and repair of tissues 

throughout the body. In this context, TGFβ1 is a potent chemokine, which is essential for MSC 

recruitment in bone, as it couples the remodelling cycle. Dysregulation of TGFβ signalling has 

been linked to a number of skeletal pathologies [118]. 

Both SPP1 and BGLAP resulted up-regulated in hASCs grown on the scaffolds respect to 

TCPS, the control group (p<0.05). Interestingly, Bio-Oss/Avitene induce their up-regulation 

with higher value of FC (Table 9). As reported above, OPN is considered to play an important 

role in bone regrowth [103,119]. BGLAP gene encodes for OCN, a highly abundant bone 

protein secreted by osteoblasts which regulates bone remodelling and energy metabolism. OCN 

expression analysis in hASCs grown on Pro Osteon 200/Avitene show a statistically significant 

increase of the OCN in cells grown on biomaterial, at the three time points (14, 21 and 40 days), 

compared with the control. In the same way, Pro Osteon 200/Avitene modulated ALP 

expression at both mRNA and protein level. Further analysis on OPN and ALP protein 

expression are needed for long-term evaluation of Bio-Oss/Avitene biomaterial. 

The results of this work demonstrated that both Bio-Oss/Avitene and Pro Osteon 200/Avitene 

composite biomaterials induced hASC osteogenic differentiation, stimulating the production of 

anti-inflammatory cytokines compared to 2D plastic-cultured hASCs (TCPS).  

In recent years, the application of 3D cell culture techniques has received incremental interest 

with evidence showing significant differences between the cellular phenotype and biological 

response of cells cultured in monolayers respect to 3D culture. The latter facilitates greater cell-

cell contacts and interactions of cells with the ECM by allowing cells to adapt to their native 

morphology, an aspect that might influence intercellular signalling activity [120]. Approaches 

used to provide cells with a 3D environment include 3D multicellular spheroids [121,122], 

which show superior secretion profiles compared to similar number of MSCs in monolayer 

culture, or 3D cell sheet [2,123].  

Thus, further studies should be carried out in order to understand the cellular and molecular 

aspects of hASCs grown on Bio-Oss/Avitene and Pro Osteon 200/Avitene composite 

biomaterials respect to other scaffolds with similar chemical-physical characteristics and 3D 

cell culture, which might provide a cellular environment more consistent with that in vivo. 
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5.2. Biomorphic hydroxylapatite scaffold 

Previous in vivo studies, carried out on skeletally mature adult New Zealand White disease-

free rabbits, have highlighted the osteogenic and osteoconductive character of biomorphic HA 

scaffolds inherited from the original wood template structure and show extensive bone 

formation and penetration inside the channel-like pores of the scaffold [124]. Indeed, a more 

recent study has reported the in vivo osteoinductive ability shown by biomorphic HA scaffold, 

which was attested by the formation of mature bone tissue in ectopic sites 12 weeks after 

subcutaneous implantation in rabbits [74]. In vivo data are a clear indication of the relevance 

of biomimetic physical/chemical, morphological and mechanical features of biomorphic HA 

scaffold, which stimulates bone tissue regeneration. This scaffold has been obtained through a 

new procedure of “biomorphic” transformation, which can directly transform wood pieces into 

large HA scaffolds, preserving the original multiscale structure through a heterogeneous 

reaction under supercritical conditions, directly in the 3D state, without adopting any sintering 

process. 

However, genes and cellular signalling pathways, which drive biomorphic HA osteoinductivity 

in human MSCs, are not known. The aim of this investigation is address to analyse 

molecular/cellular pathways and osteogenic genes induced in hASCs grown on biomorphic B-

HA. When taken together, analysis conducted with hASCs suggest that both scaffolds meet the 

requirements for in vitro cytocompatibility, offering surface properties with good 

microenvironments for stem cell adhesion and proliferation. In the examined hASCs grown on 

the biomorphic B-HA scaffold, the actin filaments were distributed uniformly and occupied 

most of the cell cytoplasm at day 14. The hASCs grown on S-HA also showed good cellular 

metabolic activity and well-organized cytoskeleton confirming its cytocompatibility. 

The in vitro osteoinductive ability of both the B-HA and S-HA scaffolds was assessed by an 

analysis of i) calcium deposits and ii) OCN protein expression.  The hASCs grown on both B-

HA and S-HA scaffolds, at day 14, accumulated calcium in the ECM, thus demonstrating 

osteoinductive properties in both scaffolds (p<0.05). The B-HA scaffold favoured matrix 

mineralization better than TCPS, also at day 21 (p<0.05).  Furthermore, ELISA data show a 

statistically significant increase of OCN in B-HA compared to controls, represented by S-HA 

and TCPS, at day 14, in agreement with the up-modulation of BGLAP gene expression. In 

contrast, this gene tested down-expressed in hASCs grown on S-HA (Table 10). As previously 

described, OCN, together with OPN, are known to be major non-collagenous proteins (NCPs) 

that play key roles in both the biological and mechanical functions of bone [125]. Indeed, OCN 

is produced during bone formation, late in the mineralization process, as it is involved in 

organizing ECM, coordinating cell–matrix and mineral–matrix interactions, particularly 
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controlling either directly and/or indirectly bone mass, mineral size and orientation [125]. These 

improved osteogenic markers, expressed by hASCs grown on the B-HA scaffold, demonstrate 

a higher osteoinductive ability for B-HA compared to S-HA scaffold. In addition, a PCR array 

was performed in order to analyse the expression of genes involved in the osteogenic pathway. 

S-HA biomaterial influences the differentiation of hASCs by up-regulating osteogenic genes. 

Indeed, S-HA biomaterial, at day 14, induced the up-regulation of 10 genes including BMP2, 

COL2A1, SPP1 and SP7, which play important roles in the ossification process. In agreement, 

previous studies have reported that sintered HA induced the expression of osteogenic genes, 

including SPP1, in hASCs [66], as well as high proliferation and focal adhesion kinase 

activation were observed in hBMSCs [65]. In this study, the novel biomimetic scaffold 

modulated the ossification differentiation genes including the chondrogenic transcription factor 

and genes involved in the osteoclast pathway, at day 14. Among the DEGs, gene expression 

analysis showed significant early up-regulation of the osteogenic markers ALPL, BGLAP, 

CHRD, FGFR2, SMAD3, and TGFB3 in hASCs grown on B-HA.  

Animal models have indicated that the BMP-antagonist chordin (CHRD) and Noggin promote 

inductive and trophic activities in rostral organizing centers during early development of the 

mammalian head [126]. SMAD3 is an intracellular molecule that transmit signals from plasma 

membrane receptors to the nucleus. SMAD3 operates down-stream of growth factors, such as 

TGFB [127]. It is worth noting that TGFB3 tested up-regulated in hASCs grown on B-HA, 

whereas it was down-regulated in cells grown on the S-HA scaffold. TGFB3 loaded on a 3D 

scaffold enhanced the chondrogenic differentiation of hASCs during 28-days of culture [128]. 

Interestingly, it has been reported that TGFB3 promotes osteogenic differentiation [129] and it 

is used for cartilage repair, tissue regeneration and wound healing in vivo [128,130]. TGFB3 

promotes the proliferation and early differentiation of MSCs into osteoblasts, chondrocytes, 

adipocytes and tendon cells [131]. Moreover, it is also involved in the recruitment of 

endogenous MSCs to initiate bone tissue regeneration [132]. Furthermore, it stimulates 

endochondral ossification [133] and completes bone remodelling [134]. 

In this investigation, B-HA modulated EGF, GLI1, MMP8-10, SP7 and TNFSF11 gene 

expression with higher fold change values compared to S-HA material (Table 10). The 

intracellular stimulation of EGF gene expression is much more active with B-HA scaffolds than 

S-HA (11.21 vs. 2.01 Log2 FC). EGF has been reported as playing an enhancer role on 

osteogenic differentiation since it increases ECM mineralization [135]. GLI1 gene expression 

is also up-regulated by B-HA, compared to S-HA. GLI1, together with to GLI2 and GLI3, is 

involved in the signalling-mediated specification of the osteoblast lineage. GLI1 induces an 

early stage of osteoblast differentiation, at least to some extent, in a Runx2-independent manner 
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[136]. Chi et al., reported that the Hedgehog signalling pathway can promote osteogenic 

differentiation in BMSCs via the activation of key molecules Smoothened (Smo) and GLI1 

Family Zinc Finger 1 [137]. B-HA modulated matrix metalloproteinases (MMP) expression 

genes more actively than S-HA in hASCs (Table 10). MMPs are members of a family of zinc-

dependent proteinases, which are able to cleave many non-ECM and ECM components, such 

as collagens and proteoglycans. They have a role in normal development and tissue damage in 

various pathophysiological conditions involving wound healing and tissue remodelling [138]. 

MMP8 has been reported as being expressed by osteoblastic progenitors, differentiated 

osteoblasts, osteocytes and chondrocytes [139]. In the present study, ITGA3 was up- and down-

regulated in hASCs grown on B-HA and S-HA, respectively (Table 10). In this context, it is 

important to recall that at the cellular level, the integrins are significant mechano-transducers 

involved in both matrix deposition and organization. SP7, an important transcriptional factor 

that controls the proliferation and differentiation of MSCs in mature bone cells, tested as over-

expressed in hASCs grown on both S-HA and B-HA scaffolds. In this context, it is worth 

recalling that SP7 controls the expression of proteins involved in terminal osteoblast 

differentiation [140]. Osteoclast differentiation, mediated by TNFSF11/RANKL gene, was 

greatly up-regulated (13.78 Log2 FC) by B-HA compared to S-HA (4.02 Log2 FC) (Table 10). 

RANKL is a homotrimeric transmembrane protein secreted by osteoblasts as well as immune 

and tumour cells, which stimulate the differentiation of osteoclasts in the bone and the release 

immature progenitor cells into the circulation.  
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Table 10. List of gene differentially modulated in hASCs grown on the S-HA and B-HA 

scaffolds at day 14.   

 

   Common differentially modulated genes   

                                                                                          Fold-Change (Log2 FC)  

Number                       Symbol/Acronym              S-HA              B-HA 

   

1   BGLAP    -2.18  +6.94 

2   EGF     +2.01  +11.21 

3   GLI1     +2.75  +12.85 

4   ITGA3     -1.89  +6.97 

5   MMP10    +5.59  +16.46 

6   MMP8     +3.10  +14.08 

7   SP7     +3.08  +14.29 

8   TGFB3    -1.06  +6.95 

9   TNFSF11    +4.02  +13.78  

Bone gamma-carboxyglutamate (gla) protein (BGLAP), Epidermal growth factor (EGF), GLI family zinc 

finger 1 (GLI1), Integrin alpha 3 (ITGA3), Matrix metallopeptidase 10 (MMP10), Matrix 

metallopeptidase 8 (MMP8), Sp7 transcription factor (SP7), Transforming growth factor, beta 3 

(TGFB3), Tumour necrosis factor (ligand) superfamily, member 11 (TNFSF11).   

S-HA: Sintered HA; B-HA: biomorphic HA 

 

 

The high expression of various genes or transcription factors implicated in skeletal 

development, e.g. SP7, induced by B-HA compared to S-HA can be ascribed to the different 

physical-chemical features of the two HA-derived scaffolds. Despite having the same 

composition, B-HA is characterized by nano-size lamellar particles resembling the structure of 

the mineral phase in natural bone tissue. Due to such a fine nanostructure, in comparison with 

the micron-size particles making up the sintered S-HA structure, B-HA shows a much higher 

specific surface area and can also exchange Ca and P ions which are relevant as chemical signals 

for stem cells favouring osteogenic gene expression, as previously shown with a Mg, Sr-doped 

biomorphic HA based scaffold [74]. Furthermore, in comparison with S-HA, characterized by 

wide open, but random and non-aligned porosity, B-HA shows a hierarchically organized 

structure at increasing size scales, following the complex structure of the rattan wood used as a 

template and closely mimicking the osteon structure of bone. Therefore, hASCs cultured on the 

B-HA scaffold could also receive topological information from its 3D architecture, which 
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closely reproduces the physiological bone environment from the nano- to the macro-scale and 

is relevant in instructing cells on new bone formation and organization [141]. 

Overall, these new data indicate that B-HA improves the osteogenic, osteoclastic and 

chondrogenic gene expression, promoting bone regrowth. However, as the osteogenesis process 

is the result of a very complex sequence of biochemical reactions, induced by both the chemistry 

and the structure of the scaffold, a more detailed investigation with different time points is 

required in order to have a global understanding of the molecular events related to osteogenesis 

[75]. The HA derived from rattan wood, studied herein, could be considered as a good 

alternative source of HA for hard tissue replacement. The enhanced osteoinductive ability of 

B-HA, compared to S-HA scaffold, confirms that the use of biomimetic scaffolds can support 

metabolic processes yielding tissue regeneration without the aid of additional growth factors, 

bioactive molecules and cells. These results could have a significant impact on translational 

processes, because it would be possible to avoid regulatory complexes, linked to the use of 

osteogenic molecules and human stem cells. This scaffold may significantly reduce the time 

required for the translation “from the bench to the patient”, whereas decreasing subsequent 

healthcare costs. 
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6. CONCLUSIONS 
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In order to develop new biomaterials, an in-depth understanding of a number of important issues 

is mandatory. The hybrid scaffolds Pro Osteon/Avitene and Bio-Oss/Avitene, investigated 

herein, seems to be excellent biomaterials for driving bone regrowth and remodelling. Analysis 

conducted with hASCs suggest that both Pro Osteon 200/Avitene and Bio-Oss/Avitene 

scaffolds meet the requirements for in vitro cytocompatibility, offering a good 

microenvironment for hASCs adhesion, proliferation and osteogenic differentiation. 

Inflammation is an important factor that should be considered to develop successful 

biomaterial-based therapeutics. Indeed, inflammation is initially needed for wound healing 

while prolonged inflammation can result in delayed wound healing or, in some cases, rejection 

of the scaffold and additional tissue damage. In this context, the two hybrid scaffolds under 

analysis displayed no significant negative effects on inflammation, stimulating the production 

of anti-inflammatory cytokines at day 21. However, further analysis will be needed to better 

define the pathway involved in the immune response. In both cases, the obtained mixture 

composed of HA and collagen at first result very malleable; in the context of personalized 

medicine, this is an important aspect because the prosthesis can be shaped in view of the desired 

result depending on the patient’s features. In conclusion, the study carried out on the Pro Osteon 

200/Avitene and Bio-Oss/Avitene scaffolds indicates that both the scaffolds are suitable 

materials for use in maxillofacial surgery.  

In order to identify a new source of HA employing as scaffold, in this study HA derived from 

rattan wood has been investigated. The creation of a 3D ceramic scaffold retaining 

nanostructure was possible thanks to the use of a new fabrication process transforming a natural 

wood into a ceramic scaffold, without using high temperature sintering thus preventing the 

growth of HA crystals and the loss of bioactivity. The over-expression of osteogenic genes in 

hASCs allow us to better understand the molecular mechanisms that lead to the formation of 

new bone observed before in the animal model. The unique features of biomorphic HA are 

relevant in enhancing the capacity to modulate various osteogenic genes, transcription factors 

and genes related to osteoclast differentiation in hASCs, indicating that the use of scaffolds 

associating biomimetic composition and nanostructure, enabling higher surface activity, is a 

promising route towards the development of new bio-devices with superior performance in the 

regeneration of bone tissue. 
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7.1.  INTRODUCTION 
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The regeneration of bone fractures, resulting from trauma, osteoporosis or tumours, is a major 

problem in our super-aging society [37]. Glucocorticoids are powerful immunomodulatory and 

anti-inflammatory drugs, widely prescribed for the treatment of idiopathic disorders with a 

strong inflammatory component, e.g. chronic obstructive pulmonary disease, rheumatoid 

arthritis, inflammatory bowel disease, and autoimmune disorders [142]. The long-term use of 

such drugs, however, comes at the expense of serious side effects, such as osteoporosis [143] 

or osteonecrosis [144], including osteonecrosis of the jaws (ONJ) [145,146]. Glucocorticoids 

exert important effects on bone and are crucial for human osteoblast differentiation, along with 

the formation of the extracellular matrix [147]. 

As previously reported, the synthetic glucocorticoid dexamethasone (dex) is commonly used 

for in vitro trilineage differentiation of hBMSCs, thus it presents pro-osteogenic as well as pro-

adipogenic and pro-chondrogenic effects. The osteogenic medium used for hBMSCs osteogenic 

differentiation contains usually 10 nM of dex, together with ascorbic acid and glycerol-2-

phosphate [55,148]. Despite clear induction of osteogenesis by glucocorticoids in vitro, they 

are still considered to be negative regulators of osteogenesis [149]. Previous studies provide 

evidence for an off-target adipocytic differentiation in standard osteogenic cultures of hBMSCs 

induced by dex. Dex induces osteogenesis by SOX9 gene expression inhibition and not by up-

regulating the expression of RUNX2. Moreover, dex also stimulates adipogenesis by inducing 

the expression of PPARG, the adipogenic transcription factor [53]. At present, it is not clear 

which factor mediates SOX9 downregulation: PPARG is one promising candidate (Figure 1). 

 

Figure 1. Theoretical model of RUNX2-SOX9-PPARG interaction. The basical 

model, proposed by MacArthur [150], was modified to account for the influence of 

dex-activated glucocorticoid receptor gene expression [53]. 
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Recent studies have shown that repressive PPARG modulators promote bone formation [151]. 

T0070907 was identified as inverse agonist of PPARG; this molecule could display a profile 

opposite of an agonist, increasing the binding affinity of corepressors and decreasing the 

binding affinity of coactivators, or weaken the affinity for coactivators or coregulators, resulting 

in transcriptional repression [152]. 

Thus, the present experiment aimed to clarify whether PPARG mediates the SOX9 

downregulation induced by dex, through modulation of PPARG activity using T0070907. 
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7.2.  MATERIALS AND METHODS 
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7.2.1. Cell culture 

The bone marrow mesenchymal stem cells used for this experiment were obtained from 

different donors with full ethical approval and after written informed consent [53,153]. After 

isolation and initial expansion, the cells were cryopreserved in 92% FBS BMSCs and were 

seeded at a density of 1.5x104 cells/cm2 in 24-well plates (TPP, Trasadingen, Switzerland) and 

treated with different concentrations of dex (Dexamethasone-Cyclodextrin complex, water-

soluble formulation, cat. D2915 Sigma-Aldrich) and PPARG antagonist (T0070907, cat. T8703 

Sigma-Aldrich). The 20 experimental groups were realized as reported in Table 1. 

 

Table 1. List of experimental groups realized using different concentrations of dex and 

T0070907.      

Number                                   Experimental groups                 Dex (nM)           T0070907 (nM) 

1          -  - 

2    Control      -  10 

3          -  100 

4          -  1000 

5    DMSO Control     -  - 

6          -  - 

7    Osteo       -  10 

8          -  100 

9          -  1000 

10    Osteo DMSO control    -  - 

11          10  - 

12    Osteo 10     10  10 

13          10  100 

14          10  1000 

15    Osteo 10 DMSO control    10  - 

16          100  - 

17    Osteo 100     100  10 

18          100  100 

19          100  1000 

20    Osteo 100 DMSO control   100  - 
Control: DMEM basal medium+10% FBS, and penicillin/streptomycin 

Osteo: DMEM basal medium+10% FBS, and penicillin/streptomycin+ascorbic acid+glycerol-2-phosphate 

 

 

 

7.2.2. RNA extraction, reverse transcription and Real Time PCR 

Total RNA was isolated using TRIreagent (Molecular Research Center Inc., Cincinnati, OH, 

USA) after 7 days of treatments. Afterward, reverse transcription (RT) was performed with 

TaqMan Reverse Transcription reagents (Applied Biosystems, Foster City, CA, USA). In order 

to understand how T0070907 regulates PPARG, SOX9 and RUNX2 expression, the levels of 

these transcription factors (TFs) were analysed through Real Time PCR (qPCR; QuantStudio 7 
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Flex Real-Time PCR system, Applied Biosystems), n=4 donors. Moreover, the expression of 

PPARG target genes, i.e., ADIPOQ, IL8, IL6 was evaluated (n=3 donors). Relative gene 

expression was calculated as 2-ΔCt using RPLP0 as a reference gene. Primer details are reported 

in Table 2. 

 

Table 2. Details of primers used for PPARG, SOX9, RUNX2, ADIPOQ, IL8, IL6 and RPLP0 gene 

expression analysis through Real Time PCR. 

 

RPLP0* Forward primer: 5'-TGGGCAAGAACACCATGATG-3' 

Reverse primer: 5'-CGGATATGAGGCAGCAGTTTC-3' 

Probe: 5'-AGGGCACCTGGAAAACAACCCAGC-3' 

RUNX2* Forward primer: 5'-AGCAAGGTTCAACGATCTGAGAT-3' 

Reverse primer: 5'-TTTGTGAAGACGGTTATGGTCAA-3' 

Probe: 5'-TGAAACTCTTGCCTCGTCCACTCCG-3' 

PPARG** TaqMan Gene Expression Assay Hs00234592_m1 

SOX9** TaqMan Gene Expression Assay Hs00165814_m1 

ADIPOQ** TaqMan Gene Expression Assay Hs00605917_m1 

IL6** TaqMan Gene Expression Assay Hs00174131_m1 

CXCL8 (IL8)** TaqMan Gene Expression Assay Hs00174103_m1 

* Custom sequences (synthesized from MicroSynth, Balgach, Switzerland). Reporter dye: 6-carboxyfluorescein 

(FAM); quencher: 6-carboxy-N, N, N´, N´-tetramethylrhodamine (TAMRA).  

** Commercially available assays (Thermo Fisher) Reporter dye: FAM; quencher: non-fluorescent quencher, 

minor groove binder (NFQ-MGB). 
 

7.2.3.  Alizarin Red Staining and Quantification 

Cells at day 21 (n=2 donor) were fixed in 4% neutral buffered formalin and stained with a 40 

mM, pH 4.2 solution of Alizarin Red S (ARS, Sigma-Aldrich). After extensive washing to 

remove unbound staining, mosaic pictures were created with an Evos2 microscope 

(ThermoFisher). Subsequently, ARS was eluted from cultures, using the cetylpyridinium 

chloride method and quantification was performed by measuring absorbance at 540 nm. 
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7.3.  RESULTS 
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7.3.1. Gene expression level of PPARG, SOX9 and RUNX2 transcription factors 

To determine if osteogenic and adipogenic pathways are controlled separately by dex and how 

the different TFs interact with each other, the gene expression analysis of PPARG, SOX9 and 

RUNX2 were performed at day 7 (Figure 2). As expected, PPARG gene was up-regulated in 

the presence of dex 10 nM and 100 nM compared to experimental groups without dex. 

Moreover, PPARG showed no differences in term of gene expression among the experimental 

groups with different concentration of T0070907. The reason might be the inhibitory activity 

on PPARG at post-transcriptional level. SOX9 expression resulted down-regulated in cells 

cultured in osteogenic medium with 10 nM and 100 nM of dex compared to cells cultured in 

undifferentiated control medium and osteogenic medium without dex, confirming previous 

observations [53]. In cells cultured in osteogenic medium without dex, a statistically significant 

decrease of SOX9 expression level in a T0070907 dose-dependent manner was observed 

(Figure 2). In undifferentiated control medium, RUNX2 expression decreased in hBMSCs 

treated with 1000 nM of T0070907, in comparison to control 0 nm and 100 nM of T0070907 

(p <0.05). Finally, a decrease in RUNX2 expression levels has been detected in hBMSCs grown 

in osteogenic medium without dex in presence of 1000 nM of T0070907, when compared to 10 

nM of T0070907 (p <0.05). 

The RUNX2/SOX9 ratio (2‐ΔCt ratio), that is a strong marker of osteogenesis [108], revealed 

that hBMSCs osteogenesis is enhanced in the presence of dex, in particular in cells treated with 

10 nM dex and 1000 nM of T0070907 (Figure 2). 
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Figure 2. Expression of genes encoding for transcription factors with a known influence 

on osteogenic or adipogenic differentiation. Summary of results from a two-way ANOVA 

with the Tukey post-hoc test. RUNX2. a. p <0.05; Control 0 nM T0070907 vs. Control 1000 

nM T0070907. b. p <0.05; Control 10 nM T0070907 vs. Control 1000 nM T0070907. c. p 

<0.05; Osteo-no dex 10 nM T0070907 vs. Osteo-no dex 1000 nM T0070907. SOX9. d. p 

<0.001; Osteo-no dex 10 nM T0070907 vs. Osteo-no dex 100 nM T0070907. e. p <0.05; 

Osteo-no dex 10 nM T0070907 vs. Osteo-no dex 1000 nM T0070907. RUNX2/SOX9 ratio. 

f. p <0.05; Osteo-100 nM dex 1000 nM T0070907 vs. Osteo-100 nM dex DMSO control. 

 

7.3.2. Gene expression level of PPARG target genes 

As reported above, T0070907 can increase the binding affinity of corepressors and decrease the 

binding affinity of coactivators of PPARG. Thus, after 7 days of treatment, the expression of i) 

ADIPOQ, an adipocyte marker, and  ii) CXCL8 (IL8) and IL6, which are NF-kB target genes 

and represent two of the major mediators of the inflammatory response, have been analysed 

(Figure 3). ADIPOQ expression level resulted up-regulated in the presence of dex 10 nM and 

100 nM, compared to experimental groups without dex. ADIPOQ also decreased in cells treated 

with T0070907 in comparison to the controls. Interestingly, although not significantly, cells 

treated with 1000 nM T0070907 showed a strong increase of IL8 mRNA expression, both in 

presence and in absence of dex. Finally, we observed high expression levels of IL6 in cells 

grown in undifferentiated control medium and osteogenic medium without dex in comparison 
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to cells cultured in presence of dex 10 nM and 100 nM, while T0070907 did not influence IL6 

expression. 

 

 

 

Figure 3. Expression of PPARG target genes. Statistical analysis was performed 

using two-way ANOVA with the Tukey post-hoc test. 
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7.3.3. Matrix mineralization 

In order to evaluate cell mineralization, cells were stained with ARS at day 21. The morphology 

of the cells was observed after 21 days of treatment (Figure 4A). Results showed increased 

calcium deposition in cells cultured in osteogenic medium with and without dex respect to the 

control, as expected (Figure 4B).  

 

Figure 4. (A) The morphology of the cells was observed after 21 days of 

treatment. (B) Cells were stained with ARS at day 21 in order to evaluate cell 

mineralization. Images represent mosaics of pictures, transmitted light, and 

brightfield images. The diameter of Thermanox coverslips, which were fully 

pictured, was 22 mm. 
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ARS quantification revealed an increase of calcium deposition in cells treated with dex 10 nM 

and 1000 nM of T0070907 (Figure 5A). The RUNX2/SOX9 ratio at day 7 was shown to 

positively correlate with ARS at day 21 (Figure 5B). 

 

 

 

Figure 5.  ARS staining quantification and RUNX2/SOX9 ratio correlation to ARS. (A) 

ARS staining quantification was performed via elution of the stain from the cultures and 

the subsequent spectrophotometric determination of optical density. Statistical analysis 

was performed using a two-way ANOVA with the Tukey post-hoc test. (B) 

RUNX2/SOX9 ratio correlation to ARS. Pearson’s correlation was calculated to correlate 

the RUNX2/SOX9 ratio (2-ΔCt ratio) at day 7 with amount of Alizarin Red staining at day 

21, expressed as a fold-change in comparison to the undifferentiated control. The R2 value 

obtained (0.3894) suggests other factors were involved in process, which influenced the 

linear correlation. The dashed line represents the line of best fit, of which the equation is 

reported. The dotted lines represent the 95% confidence interval. 
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7.4.  DISCUSSION 
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The common protocols for inducing osteogenic differentiation in hMSCs are based on the use 

of dex. Even though dex has a pro-osteogenic effect, the evidence from the clinical use of 

glucocorticoids is that it negatively affects bone tissue and vasculature health, with serious 

consequence for the patient in the long term. Dex promotes hBMSC osteogenic differentiation 

enhancing RUNX2/SOX9 ratio after 7 days [53]. The RUNX2/SOX9 ratio, rather than RUNX2 

alone, is a better predictor of the mineralization potential of hBMSCs due to changes in SOX9 

expression [108]. Dex induces PPARG gene expression and inhibits SOX9 expression, and both 

effects seem to be mediated by a transactivation pathway [53].  

Therefore, in order to understand whether PPARG could mediate the SOX9 downregulation 

induced by dex, an inverse agonist of PPARG (T0070907) has been used in this work [152]. 

The initial hypothesis was that PPARG activation mediates SOX9 inhibition. Unexpectedly, it 

has been observed that PPARG inhibition decreased SOX9 expression. Afterwards, in order to 

elucidate the mechanism by which T0070907 inhibits PPARG and clarify if the treatment was 

effective, the expression of well-established PPARG target genes, i.e. ADIPOQ, IL8 AND IL6, 

was analysed. ADIPOQ is a target of PPARG transactivation pathway. The obtained results 

confirm that T0070907 blocks the transactivation activity of PPARG downregulating ADIPOQ. 

The IL6 and IL8 expression is inhibited by PPARG activity through the transrepression 

pathway. The obtained results indicated that T0070907 also blocks the transrepression activity 

of PPARG showing the upregulation of IL8 expression. Therefore, T0070907 effectively 

inhibits both transactivation and transrepression activities of PPARG. However, PPARG seems 

not to mediate SOX9 downregulation induced by dex. Further investigations are needed to 

understand the reason of SOX9 down-regulation in the presence of dex and T0070907. Further 

analysis could be carried out using a siRNA to effectively knock down overall PPARG gene 

expression, also analysing PPARG and SOX9 protein expression. 
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