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ABSTRACT 
 

Bone tissue engineering aims to generate functional bone tissue, fabricating biocompatible and 

biodegradable scaffolds, and developing new approaches to enhance the functionality and bioactivity of the 

scaffolds, such as the use of growth factors, bioactive peptides or extracellular matrix (ECM) components. 

Numerous pre-clinical trials with different animal models have generated optimistic results, however, the 

difficulty to translate it into a clinical setting suggests that some limitations and concerns remain and need to 

be further addressed to design enhanced bone grafts for bone fracture repair treatment. 

By looking deep into nature, we observe that each tissue has its own ECM, with different composition 

regarding its specificity. It is known that most of the outstanding properties of the bone are related to its matrix 

constitution. More specifically bone extracellular matrix is composed by an organic and inorganic part, 

composed by collagen, non-collagenous proteins and hydroxyapatite. Although in smaller amounts, non-

collagenous bone proteins can be found in the bone matrix and they have been reported to play important 

roles in bone mineralization and cellular activities, in particular osteocalcin (OC) and osteopontin (OPN). We 

evaluated the role of OC and OPN at the cellular level by investigating osteogenic differentiation of 

mesenchymal stem/stromal cells (MSC) derived from OC-/- OPN-/- mice. We observed that osteogenic 

differentiation is impaired and, using spectroscopic analysis, we confirmed that mineralization is delayed and 

the mineral formed by these cells is not mature enough after 21 days of osteogenic differentiation. Therefore, 

we concluded that OC and OPN are important regulators of bone mineralization at a cellular level, providing 

new insights into forming high quality bone, relevant for treatment of fracture healing in older and osteoporotic 

bone. By understanding the fundamental roles of OC and OPN, we applied the synergistic effect of these 

proteins and developed biomimetic scaffolds for bone tissue engineering that enhance and accelerate the 

process of bone repair. 

Throughout this thesis, we highlighted the crucial role that ECM can play on cell activity, such as on MSC 

proliferation and osteogenic differentiation, as well as on their angiogenic capacity. New techniques should be 

focused on designing biomimetic matrices that recapitulate the architecture, composition and structure of 

native ECM. With this in mind, we explored the use of cell-derived ECM as a biomaterial. We observed that 

decellularized ECM derived from co-culture of MSC and human umbilical vein endothelial cells (HUVEC) 

enhances osteogenic differentiation of MSC, up-regulating osteogenic gene expression, and increases the 

angiogenic potential of these cells. Moreover, we applied these decellularized ECM into electrospun scaffolds 

and developed cell-derived ECM electrospun polycaprolactone (PCL) scaffolds to be further used in bone 

tissue engineering applications. 

 

 
 

Keywords: Extracellular matrix (ECM), Mesenchymal stem/stromal cells (MSC), Osteocalcin (OC), 
Osteogenesis, Osteopontin (OPN). 
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RESUMO 
 

 
Engenharia do tecido ósseo tem como objectivo criar tecido ósseo funcional, produzindo materiais 

biocompatíveis e biodegradáveis e desenvolvendo novas abordagens para melhorar a funcionalidade e 

bioactividade desses mesmos materiais, como a incorporação de factores de crescimento, péptidos 

bioactivos ou componentes da matriz extracelular (ECM). 

Vários ensaios pré-clínicos usando diferentes modelos animais geraram resultados promissores, contudo 

a dificuldade de traduzir esses resultados num contexto clínico sugere que ainda restam algumas 

preocupações e limitações que necessitam de ser abordadas para desenvolver melhores implantes ósseos 

para o tratamento de fractura óssea. 

Através da observação da natureza, constatamos que cada tecido tem a sua própria matriz extracelular, 

com diferentes composições dependendo da sua especificidade. As propriedades excepcionais do osso 

estão relacionadas com a constituição da sua matriz. Especificamente, a matriz extracelular óssea é 

composta por uma parte orgânica e inorgânica, composta por colagénio, proteínas não colagenosas e 

minerais de hidroxiapatite.  

Apesar de existirem em pequenas quantidades na matriz óssea, as proteínas não colagenosas, 

especificamente a osteocalcina (OC) e a osteopontina (OPN), têm sido associadas a funções importantes na 

mineralização óssea e em actividades celulares. Deste modo, investigámos a função da OC e OPN ao nível 

celular através do estudo da diferenciação osteogénica de células estaminais mesenquimais (MSC) 

derivadas de OC-/- OPN-/- ratos. Observámos que a diferenciação osteogénica é afectada e, usando análises 

espectroscópicas, confirmámos que a mineralização é atrasada e que o mineral formado por estas células 

não é suficientemente maduro ao fim de 21 dias de diferenciação osteogénica. Deste modo, concluímos que 

OC e OPN são importantes reguladores de mineralização óssea ao nível celular, fornecendo novas 

informações sobre a formação de osso de elevada qualidade, um parâmetro relevante para o tratamento de 

fractura óssea em pacientes idosos e osteoporóticos. Através do conhecimento dos papéis fundamentais da 

OC e OPN, aplicámos o efeito sinergético destas duas proteínas e desenvolvemos materiais biomiméticos 

para engenharia do tecido ósseo que possibilitem a aceleração do processo de reparação óssea. 

Ao longo desta tese, realçámos o papel fundamental da matriz extracelular na actividade celular, como 

na proliferação de células estaminais mesenquimais e diferenciação osteogénica, bem como na sua 

capacidade angiogénica.  Novas técnicas deverão focar-se no desenvolvimento de matrizes biomiméticas 

que recapitulem a arquitectura, composição e estrutura da matriz extracelular natural. Deste modo, 

explorámos o uso de matriz extracelular descelularizada produzida por células como um possível biomaterial. 

Constatámos que a matriz extracelular descelularizada derivada de uma co-cultura de células estaminais 

mesenquimais e células endoteliais da veia umbilical humana (HUVEC) melhora a diferenciação osteogénica 

das MSC, sobre–expressando marcadores osteogénicos e aumentando o potencial angiogénico dessas 

células. Além disso, aplicámos essas matrizes em materiais produzidos por electrospinning e desenvolvemos 

fibras de policaprolactona (PCL) constituídas por matriz extracelular derivada de células para serem usadas 

em aplicações de engenharia de tecido ósseo. 

 
Palavras-chave: Matriz extracelular (ECM), Células estaminais mesenquimais (MSC), Osteocalcina (OC), 
Osteogénese, Osteopontina (OPN). 
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THESIS MOTIVATION 
 
 

Bone is a dynamic and highly vascularized tissue that has the ability to regenerate and continues to 

remodel throughout the lifetime of an individual. Nevertheless, large bone defects can be caused by trauma, 

disease or tumor resections, leading to severe nonunion fractures that can not heal spontaneously, requiring 

the use of bone grafts. In the United States, annually, more than half a million patients need bone defect 

repair, with a cost greater than $2.5 billion. Surprisingly, this phenomenon is expected to double by 2050 

globally, due to the increased life expectancy (Baroli 2009). Therefore, different strategies to provide 

efficacious bone grafts are being exploited. 

 Bone tissue engineering aims to generate functional bone tissue, developing biocompatible and 

biodegradable scaffolds and developing new approaches to enhance the functionality and bioactivity of the 

scaffolds, such as the use of growth factors or their combination with cellular approaches. Numerous pre-

clinical trials with different animal models have generated optimistic results (Cancedda et al.  2007). However, 

the difficulty to translate it into a clinical setting suggests that some limitations and concerns remain and need 

to be further addressed to design and develop enhanced bone grafts for bone fracture repair treatment. 

By looking deep into nature, we observe that each tissue has its own extracellular matrix (ECM), with 

different composition regarding its specificity. 

Throughout this thesis, we will focus on the development of biomimetic strategies to enhance stem cell-

mediated bone formation, in particular we aim to explore the advantages of  ECM components. Moreover, we 

will develop biomimetic scaffolds for bone tissue engineering, in particular by incorporating non-collagenous 

bone matrix proteins in three dimensional (3-D) matrices or by developing scaffolds incorporated with 

decellularized cell-derived ECM derived from different cell sources, targeting osteogenic and angiogenic 

properties. We believe that we will develop different technologies to design biomimetic matrices that will 

recapitulate in a more reliable way the architecture, composition and structure of native ECM. 

Getting inspiration from nature, we want to study bone ECM and its components, more specifically to 

evaluate the effect of non-collagenous bone ECM proteins, such as osteocalcin (OC) and osteopontin (OPN), 

in different cellular processes, such as proliferation, osteogenic differentiation, mineralization and 

angiogenesis. This approach was motivated by some findings in our group on new structural roles of OC and 

OPN (Poundarik et al. 2012, Poundarik et al.  2018, Nikel et al. 2013) and from our datasets that show these 

proteins to be present in much higher amounts in newly formed osteonal than older interstitial bone (Sroga et 

al. 2011). Based on how these proteins influence bone morphology (Bailey el al. 2017), herein, we will 

investigate the roles of these two proteins at the cellular level by using bone marrow mesenchymal 

stem/stromal cells isolated from wildtype (WT) and OC-/-  OPN-/- mice and by evaluating supplementation of 

these proteins extracellularly to the  cell culture medium. We believe that by understanding the effect of these 

proteins at a cellular level, we can develop new matrices for bone tissue engineering applications with 

selected OC/OPN compositions that can be further applied in other systems in which the production of OC 

and OPN might be compromised, due to medical conditions or to the age of the patient. In fact, variation of 

non-collagenous bone protein concentrations in diseased human bones have already been reported (Grynpas 

et al. 1994). Findings to date are that OC and OPN levels are reduced in osteoporotic bone (Boskey 2013) 

and in older bone tissue (Sroga et al.  2011). Moreover, it was reported that older people may have a 10-fold 



 xxxiv 

increased 10-year fracture risk compared with younger people with the same bone mineral density (Kanis 

2002). Therefore, with aging there is an increased susceptibility to fractures due to the increase in skeletal 

fragility. We believe that, since these proteins are important for fracture resistance (Sroga & Vashishth 2012), 

the development of OC/OPN-enhanced collagen matrices might help to sustain bone formation when patients 

are not or less able to produce naturally these proteins, producing high quality functional bone to improve 

bone regeneration.  

One of the main challenges that bone tissue engineering faces is to guarantee the bioactivity and 

functionality of the scaffolds. In fact, isolated ECM proteins have been incorporated into different biomaterials, 

however most of them fail and can not achieve the functional properties of bone, not being able to mimic the 

complex and highly organized assemble of macromolecules of the ECM. Therefore, herein, we will assess the 

properties of decellularized ECM derived from different cell types, such as mesenchymal stem/stromal cells 

(MSC), human umbilical vein endothelial cells (HUVEC) and co-culture of MSC:HUVEC. By incorporating 

decellularized cell-derived ECM derived from different cell types we want to evaluate the cell proliferation and 

osteogenic differentiation responses, designing scaffolds with better functionality and easier to be translated 

to a clinical context. 

Upon implantation in vivo, one of the major challenges for clinical-size bone substitutes is the 

maintenance of cell viability in the graft, which depends on blood vessel supply of oxygen, nutrients and waste 

removal. Vascularization plays an important role in bone tissue engineering, enabling the reestablishment of 

an adequate blood flow (Stegen et al.  2015). Furthermore, we will also investigate angiogenic properties of 

cells cultured on different cell-derived ECM matrices and scaffolds, aiming the development of a cell-derived 

ECM scaffold that will, simultaneously, enhance osteogenesis and angiogenesis. 

 

 

Aim of studies 
 

Although a lot of research and innovations have been made in bone tissue engineering, the translation of 

these discoveries into clinical applications on a large scale has still not been done. Indeed, there is a huge 

gap between all the tissue engineering research and development and the resulting number of 

commercialized products. New approaches have been developed in order to enhance the functionality of the 

scaffolds, in particular to create matrices that recapitulate what happens in vivo, in the native tissue. 

Knowing this, we aim to develop different biomimetic matrices that will enhance stem cell-mediated bone 

formation. Specifically, this thesis aims to answer to the following research questions: 

 

1. Can we develop biomimetic matrices that more closely recapitulate the in vivo 
microenvironment of bone? Can we develop these matrices to enhance simultaneously 
osteogenesis and angiogenesis? 

 

2. What are the main roles of non-collagenous bone proteins, OC and OPN, at the cellular level? Are 

they important during the early differentiation of MSC into osteoblasts? Are they required for bone 
mineral maturation? Can these proteins have also any effect in angiogenesis? 
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3. Is the synergy between OC and OPN beneficial for stem cell-mediated bone formation? Can we 

apply it into tissue engineering applications? 

 

 

We propose that isolation of OC-/- OPN-/- MSC from murine bone marrow (BM) will contribute to address 

these three questions, evaluating their proliferative potential, angiogenic properties, osteogenic differentiation 

and mineral maturation, using different spectroscopic techniques. 

We hypothesize that OC-/- OPN-/- MSC might have a suppression of proliferative and osteogenic potential, 

due to the lack of these proteins, since OC and OPN have been reported to play an important role in 

mineralization and cell proliferation (Boskey 1989). 

Moreover, we also hypothesize that OC and OPN act in a synergistic way and their effect should be 

mimicked in in vitro matrices developed to enhance and accelerate bone formation in fracture bone defects. 

In fact, bone ECM has not been well exploited to enhance functionality of the scaffolds in bone tissue 

engineering. In that sense, the following additional research questions will be addressed in this thesis: 

 

 

1. How can we take advantage of natural ECM to enhance osteogenic and angiogenic properties of 

MSC? Could the use of decellularized ECM derived from different cell types or from co-cultures 
contribute to enhance these cellular processes?  

 

2. Can we design in vitro a scaffold that mimics the architecture, composition and structure of 

native ECM in a more reliable and functional way? Could the electrospun of cell-derived ECM 

contribute to this purpose? 

 

 

 

These two last research questions derived from the will to learn and get inspiration from nature. Adding to 

the need to enhance the functionality and bioactivity of scaffolds, equally important it would be to mimic the 

native ECM, without having a cellular therapy that is known to have some drawbacks. Ideally, we would like to 

develop decellularized ECM-scaffolds derived from different cell sources, having the same architecture and 

composition of native ECM. Moreover, these scaffolds could be commercialized as an “off-the-shelf”, acellular 

product, being widely available and avoiding any inflammatory or immune reaction, having incorporated the 

required signals and factors to enhance and accelerate bone regeneration. 
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Research strategies: 
 
Cell type 
 
Focusing on the ECM components, we evaluated the effects of stem cells when exposed to different ECM 

components, such as non-collagenous bone matrix proteins and decellularized ECM derived from different 

cell types. In particular, we used MSC obtained with donor consent. MSC can be isolated from different adult 

and perinatal sources, such as BM, umbilical cord (UC) and adipose tissue (AT). In all studies, we chose MSC 

from BM to evaluate the importance of ECM components on modulating the activity of stem cells. Bone tissue 

harbors the bone marrow, containing stem cells that can differentiate into different lineages and provides a 

microenvironment that influences the function and differentiation of stem cells. MSC isolated from BM are 

present in bone tissue and will recapitulate the bone marrow microenvironment . 

Isolation of BM MSC from different donors is associated with batch-to batch cellular heterogeneity, 

therefore we used several MSC donors. 

 
 
OC-/- OPN-/- knockout (KO) as a model to study the synergistic effects of OC/OPN at a cellular level 
 
Based on how these proteins influence bone morphology (Bailey et al. 2017), herein, we used a   OC-/- 

OPN-/- KO model to evaluate the roles of these two proteins at the cellular level. Therefore, we isolated MSC 

from BM derived from WT and OC-/- OPN-/- mice. We further characterized these cells and evaluated how 

OC/OPN affect the main cellular activities, such as proliferation, multilineage differentiation (adipogenesis, 

osteogenesis and chondrogenesis), mineralization and angiogenesis. Moreover, we used this model as an 

approach to evaluate the cellular responses to ECM components extracellularly added do the system, 

assessing if the OC-/- OPN-/- MSC have the ability to recover their normal phenotype and functionality when 

OC and OPN are extracellularly supplemented to the cell culture. 
 

Mimicking the bone microenvironment 
 
In this thesis, two different approaches to mimic the bone microenvironment were explored, namely the 

use of non-collagenous bone ECM proteins and the development of decellularized cell-derived ECM matrices. 

 
OC/OPN-enhanced collagen type I matrices 

 

Bone extracellular matrix is composed by an inorganic part, mainly hydroxyapatite crystals, and an 

organic part, constituted by collagen and non-collagenous proteins (NCP) (Boskey 2007, Young 2003). The 

non-collagenous proteins, isolated from bone, have been found to be biologically active. Thus, by 

understanding the properties and functions of these proteins, new strategies mimicking the bone ECM can be 

designed for bone tissue engineering applications (Mouw et al. 2014). However, the function of NCP in bone 
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regeneration is not yet completely understood. It has been speculated that NCP might have an important role 

in cell attachment, cell differentiation and regulation of the deposition of hydroxyapatite minerals (Boskey 

1989). Furthermore, some of these proteins could be multifunctional, playing different roles in the bone and, 

therefore, can have a synergistic effect on the cellular behavior and mechanical properties of bone. OPN and 

OC are some of the most common NCP present in bone matrix. These proteins are involved in bone matrix 

organization and deposition. Several studies from our group have reported that OC and OPN influence bone 

morphology and mechanical properties (Poundarik et al.  2012, Morgan et al.  2015, Bailey et al. 2017, 

Poundarik et al.  2018). Due to the specific roles that OC/OPN might have in bone mineralization, we selected 

them to develop a biomimetic matrix, evaluating the synergistic effect of both proteins on cellular activities and 

bone regeneration. 

 

Cell-derived ECM from different cell sources 

 
Cultured cell-derived ECM has been studied as a scaffold for tissue engineering, creating a biomimetic 

microenvironment, providing physical, chemical and mechanical cues for cells and supporting cell adhesion, 

proliferation, migration and differentiation. Moreover, in this thesis, we investigated the effect of different 

compositions of decellularized cultured cell-derived ECM produced from different cell types, such as MSC, 

HUVEC and co-culture of MSC:HUVEC on cell proliferation, osteogenic differentiation and angiogenic 

properties of human BM MSC.  

 
Different types of scaffolds 
 
In this thesis, we explored different types of scaffolds, such as hydrogels, mineralized scaffolds and 

electrospun fibers. 

 

Collagen scaffolds 

 

Several biomaterials have been used as carriers in bone tissue engineering approaches, including 3-D 

collagen-based biomimetic scaffolds (Helary et al.  2010, Abou et al. 2013). These hydrogel scaffolds are 

biocompatible, biodegradable with low antigenicity, enabling the support of cell attachment, migration, 

proliferation and differentiation (Abou et al.  2013, Mravic et al. 2014). Therefore, we developed OC/OPN-

enhanced collagen scaffolds as a strategy to recapitulate in vitro the organic part of bone ECM. We designed 

OC/OPN-enhanced collagen gels and OC/OPN-enhanced mineralized collagen scaffolds to evaluate the 

synergistic effects, bioactivity and local inflammatory response of OC/OPN on osteogenic potential of MSC. 

 

Electrospun fibers 

 

Electrospinning has been used to fabricate fibrous and porous scaffolds from a variety of materials (Li et 

al. 2002, Sill & von Recum 2008, Yoshimoto et al. 2003) with a high surface area for tissue engineering 

applications. Electrospinning has rapidly gained relevance in the tissue-engineering field due to its 
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advantages over conventional scaffold fabrication methods (Barnes et al.  2007) and its ability to generate 

fibers similar to the fibrillar structure of native ECM (Li et al. 2002, Bhardwaj & Kundy 2010, Li et al.  2013). If 

needed, the nanofibers can be functionalized by incorporating bioactive factors to enhance and control cell 

proliferation and differentiation (Bhattarai et al. 2004, Pant et al. 2011). Thus, we fabricated cell-derived 3-D 

scaffolds with high porosity structure, mimicking the architecture and composition of the natural ECM by 

electrospinning the cell-derived ECM particles in combination with polycaprolactone (PCL) solution. 

 

Spectroscopic analysis as a technique to evaluate bone mineral quality 

 

Chemical analysis of the calcium and phosphate content of cultures are frequently used to describe 

mineralization of cell cultures. However, different techniques should be used to evaluate the quality of the 

mineral produced by cells, since the demonstration of the increase of calcium or phosphate contents with time 

is not sufficient and does not characterize the quality of the mineral generated. 

 Several investigators have been using Infrared and Raman spectroscopies to analyze the mineral phase 

formed in cell cultures (Bohic et al. 1998, Nauman et al. 2002, Rey et al. 1995). Moreover, by using vibrational 

spectroscopic techniques, researchers have been able to describe the evolution of mineralization during bone 

maturation, by detecting different phases of mineral formed (Paschalis et al.  1996, Verdelis et al. 2003, 

Boskey et al. 2003, Tarnowski et al. 2002 ). 

Thus, we used Fourier-transform infrared (FTIR) and Raman spectroscopy as two different strategies to 

assess the quality and maturation level of mineral species produced by MSC. In particular, we were interested 

on studying the maturation level of mineral species produced by OC-/- OPN-/- MSC to evaluate if the mineral 

formed was comparable to that in the native bone tissue. 

 

 

Thesis outline: 
 
In Chapter I, we review the bone biology, specifically the hierarchical structure of bone, as well as all the 

mechanisms related to bone development, formation and repair. We also review some of the research studies 

performed to date in the bone tissue engineering field, focusing on different approaches to enhance the 

functionality of the scaffolds, namely the incorporation of bioactive peptides, non-collagenous proteins present 

in the bone ECM and the use of cell-derived ECM as a biomaterial source. 

All the experimental work developed during this PhD is presented in Chapters II to VI. 

In Chapter II, we isolate and characterize OC-/- OPN-/- mouse bone marrow MSC, exploring their 

proliferative capability and differentiation potential. We further provide evidence that osteogenic differentiation 

of OC-/- OPN-/- MSC is impaired, in particular that the mineralization activity of these cells is delayed. FTIR and 

Raman spectroscopy revealed that the maturation level of the minerals produced by OC-/- OPN-/- MSC is 

delayed compared to the WT MSC. This work provides important information that confirms that OC and OPN 

are important regulators of bone mineralization and angiogenesis at a cellular level, providing new insights 

into forming high quality bone, relevant for treatment of fracture healing in older and osteoporotic bone.  
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In Chapter III, we assess OC and OPN functions as osteoinductive factors, enhancing osteogenesis and 

angiogenic potential, when added extracellularly to cell culture medium. Furthermore, we evaluate how the 

synergistic effect of OC and OPN can be applied as an attractive strategy for bone regeneration therapeutics 

by targeting different vital cellular processes. 

In Chapter IV, we develop collagen matrices enhanced with two selected key matrix proteins, OC and 

OPN, as a strategy to mimic the organic part of bone matrix to enhance and accelerate bone regeneration. 

We demonstrate a new biomimetic strategy to rapidly form mineralized bone tissue and secure a sustained 

bone formation response by MSC from multiple sources, thus facilitating faster patient recovery and treatment 

of non-union fractures in aging and diseased population. These OC/OPN-enhanced collagen matrices can be 

further applied in bone tissue engineering applications. 

In Chapter V, we explore the effect of different compositions of decellularized cell-derived ECM produced 

from different cell types, such as MSC, HUVEC and co-culture of MSC:HUVEC, on cell proliferation, 

osteogenic differentiation and angiogenesis and their potential to be used as a new biomaterial. This work 

develops important strategies to fabricate cell-derived ECM, in particular from a co-culture system, targeting 

osteogenesis and angiogenesis, simultaneously. 

In Chapter VI, we further develop a cell-derived ECM electrospun PCL scaffold as an application for bone 

tissue engineering. Therefore, we electrospun a mixture of lyophilized decellularized ECM derived from MSC, 

HUVEC and MSC:HUVEC in PCL solution and investigate the feasibility and functionality of these scaffolds to 

promote osteogenesis an their capability to enhance cell proliferation. 

Finally, in Chapter VII, we summarize the main results of this thesis, highlighting their relevance in the 

bone tissue engineering field, focusing on the acceleration of bone healing treatment. Limitations found in this 

work are also referred, as well as future research that can be further done. 
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CHAPTER I - INTRODUCTION 
 
 

I.1 Hierarchical structure of bone  
 

I.1.1. Macroscopic level 
 

Bone is a rigid organ that constitutes part of the vertebral skeleton and provides structural support for the 

rest of the body. Bone has several vital functions in the body, such as locomotion, by assisting in movement, 

support and protection of vital internal organs and soft tissues and storage of minerals important for cellular 

activities, such as calcium and phosphorous, growth factors and cytokines (McLean 1958).  Bone also harbors 

the bone marrow, being responsible for blood cell production (Taichman 2005). Due to these important roles, 

bone tissue must be mechanically and structurally competent.  Thus, from the structural point of view, bone 

tissue is organized as a hierarchical biocomposite material, built from collagen molecules and mineral 

nanocrystals.  

Bone is a material consisting of an organic and inorganic phase. The organic phase is around 30% of the 

bone tissue and contains mostly type I collagen molecules (~90% by weight), but also includes non-

collagenous proteins (~7%), lipids (~1%) and cells (~2%). The inorganic phase (~70%) is composed by 

nanocrystals of apatite similar to hydroxyapatite, Ca10(PO4)6(OH)2 (Benno et al.  2000, Gong et al.  1964, 

Einhorn et al.  1994). Mineral crystals incorporate the organic matrix and provide elasticity to the matrix with 

high elastic modulus. 

Interestingly, the amount of bone components varies with age, site, gender, ethnicity, disease and 

treatment (Boskey & Coleman. 2010, Donnelly et al. 2012, Gregson et al. 2013, Leslie 2012, Boskey et al. 

2005, Sroga et al.  2011) 

Different mechanical forces are constantly being applied to bone tissue, leading to possible 

microdamages. Therefore, bone adapts to its environment by undergoing modeling and remodeling to remove 

bone that is damaged and replace it with new bone that is mechanically stronger, preventing bone strength to 

fail. 

 

Figure I.1. Complex hierarchy in cortical bone, from the collagen fibril to compact bone (Rho et al. 1998). 
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Bone tissue can be described as a complex hierarchical composite material with six orders of magnitude 

in dimension. Figure I.1 describes these different levels. Regarding macrostructure (>1 mm), bone tissue can 

be either cortical or cancellous. The microstructure level is composed by the Haversian system, osteons and 

trabeculae (10-500 μm). The sub-micron or lamellar level ranges 1-10 μm and the nanostructure level (<1 μm) 

is composed by an arrangement of fibrillary collagen, minerals and non-collagenous proteins (Weiner & Traub 

1992). 

Based on its macroscopic morphology, there are five different categories of bones: long bones, short 

bones, flat bones, irregular bones and sesamoid bones. Long bones include the clavicles, humeri radii, ulnae, 

metacarpals, femurs, tibiae, fibulae, metatarsals, and phalanges. Long bones are longer than wider and 

support the weight of the body, facilitating the movement. Short bones include the carpal and tarsal bones, 

being located in the wrist and ankle joints. Short bones provide stability and some movement. Flat bones 

include the skull (occipital, parietal, frontal, nasal, lacrimal and vomer), the thoracic cage (sternum and ribs) 

and the pelvis (ilium, ischium, and pubis). Moreover, flat bones protect internal organs, such as brain, heart 

and pelvic organs and can provide areas where muscles can attach. Irregular bones include the vertebrae, 

sacrum, coccyx, and hyoid bone. These bones have an irregular and complex shape to protect internal 

organs. Sesamoid bones are small and round bones embedded in tendons and they protect tendons from 

stress and wear. One example of a sesamoid bone is the patella (Clarke 2008, Mosby 2004). 

Long bones are composed by diaphysis, metaphysis and epiphysis. Figure I.2 shows these different 

components of long bones, such as femur or tibia.  

The diaphysis is the middle part of a long bone located between the proximal and distal ends of the bone 

and is composed primarily of dense and hard cortical bone. It forms a cylinder-like hollow shape that contains 

the medullary cavity filled with marrow and adipose tissue.  On the other hand, epiphyses are extreme parts of 

long bones, at the positions of its joint with adjacent bones, composed of trabecular bone. Proximal epiphysis 

is the closest to the center of the body, whereas distal epiphysis is the furthest. Between the epiphyses and 

the diaphysis lies the metaphysis, including the epiphyseal plate (growth plate), the area where bones grow in 

length composed by a layer of hyaline cartilage. At the joint, the epiphysis is covered with articular cartilage. 

Interestingly, when the bone stops growing in early adulthood, the cartilage is replaced by osseous tissue and 

the epiphyseal plate becomes an epiphyseal line. Two types of membranes are present in the medullary 

cavity of bone: periosteum and endosteum (Figure I.3) The periosteum is the fibrous membrane that covers 

the outer surface of bones, except where the epiphyses meet other bones to form joints, in which bone is lined 

by articular cartilage. It contains blood vessels, nerves, lymphatic vessels and is the place where tendons and 

ligaments attach to bones. The endosteum covers the inner surface of all bones and is where bone growth, 

repair and remodeling occur (Clarke 2008). 
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Figure I.3. Schematics of periosteum and endosteum. The periosteum forms the outer surface of bone, whereas the 
endosteum covers the medullary cavity. 

Figure I.2. Bone hierarchical levels illustrated for long bones: a) whole bone, b) zoom into epiphysis structure, c) zoom 
into diaphysis structure (Mosby 2004). 

  

 

a b 
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Bone tissue can be described as cortical (or compact) and trabecular (or cancellous, spongy), depending 

on its structure and different properties (Figure I.4).  

The adult human skeleton is composed of 50-80% cortical bone and 20-50% trabecular bone (Eriksen et 

al. 1994, Clarke 2008). Cancellous and compact bone are composed by similar basic material, however the 

degree of porosity, as well as the tissue organization differ. Thus, the porosity of cortical bone ranges from 5% 

to 10%, whereas cancellous bone presents higher porosity, ranging from 50% to 90% (Cruess 1982, Weiner & 

Traub 1992). 

Cortical bone is a strong and dense tissue and covers the marrow space. On the other hand, trabecular 

bone is a porous and more flexible tissue, being the place where hematopoiesis occurs. Some structural and 

mechanical properties of cortical and trabecular bone are compared in Table I.1. Cortical and trabecular bone 

not only present a different structure, but the remodeling process of bone differs in both types of bones. Thus, 

cancellous bone is metabolically more active due to the greater surface area that is accessible to osteoclasts 

and osteoblasts, the bone cells responsible for the remodeling process in bone (Zysset et al.  1999). 

 

 
Table I.1. Comparison between different structural and mechanical properties of cortical and trabecular bone. (Adapted 
from Weiner & Traub 1992, Rho et al. 1998). 

 
Tissue properties Cortical Bone Trabecular Bone 

Volume fraction (mm
3
/mm

3
) 0.85-0.95 0.05-0.60 

Surface fraction (mm
2
/mm

3
) 2.5 20 

Porosity (%) 5-10 50-90 

Density (g/cm
3
) 1.6-2.0 0.03-0.12 

Total skeletal mass (%) 80 20 

Young’s modulus (GPa) 7-30 0.7-20 

Strength (MPa) 100-230 1.0-7.0 

 

b 

a 

Figure I.4. Cortical and trabecular bone. a) Human femoral head structure showing trabecular and cortical bone, b) 
Scanning electron micrograph of a section of femoral head. Adapted from (Mescher et al.  2010, McCloskey et al.  2006). 
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I.1.2. Microstructure of bone 
 

The microstructure of cortical bone ranges from the mineralized collagen fibril to the osteon (Figure I.1). 

At the microstructure level, cortical bone is arranged in repeating structural units that are called osteons or 

Harversian system. Harversian systems are cylindrical in shape and their diameters can range from 200-500 

µm depending on species and anatomical location (Eriksen et al. 1994), having a central canal (Harversian 

canal), where blood vessels and nerve fibers cross. Harversian canals are surrounded by the concentrically 

arranged lamellae (~2-7 µm thick), in which osteocytes (mature bone cells) are located (lacunae). A lamella is 

composed by a layer of mineralized collagen fibril bundles that are arranged together in a circular manner. 

Lacunae are connected to each other by channels called canaliculi (~100-500 nm in diameter), allowing cell 

nutrition and communication (lacuna-canaliculi network) (Eriksen et al. 1994). 

In contrast to cortical bone, trabecular bone is composed of irregular units of thin bone columns that can 

be partly flattened, called trabeculae (~ 50 µm in diameter) that form an interconnected network that aids 

cortical bone in distributing load. Overall trabeculae are aligned towards the principal directions of mechanical 

loading that a bone experiences. Trabecular bone is porous with pore size of the order of 1 mm, being filled 

with bone marrow, fat and bone cells. Trabecula is composed of concentric lamella with osteocytes lying in 

lacunae with canaliculi network similar to the one of cortical tissue (Cruess 1982). 

Both cortical and trabecular bone are normally formed in a lamellar pattern, in which osteoblasts lay down 

collagen fibrils in alternating orientation, giving bone higher strength, while osteoclasts are removing old bone 

(lamellar bone). Moreover, as bone matures, different states of bone can be found. Therefore, woven bone is 

produced during formation of primary bone or during repair of fracture, consisting of strongly disorganized 

collagen fibers. It is known that this type of bone is present specially in tissues that form under fast dynamics, 

such as fetuses, newborns, near a fracture site and in some diseases. Interestingly, lamellar bone replaces 

woven bone during remodeling process. Bone remodeling occurs during the whole life time in humans and 

allows the replacement of “old” bone to new bone synthesized by the coordinated and balanced activity of 

osteoclasts and osteoblasts. This process is responsible for bone adaptation to changes in stresses and 

forces and microdamage repair (Clarke 2008). 

 
I.1.3. Nanostructure of bone: mineralized collagen fibril 

 
At the nanostructural level of organization, bone tissue consists of collagen molecules and mineral 

nanocrystals. As mentioned before, the organic phase of bone is mostly composed by type I collagen. Type I 

collagen fibrils are composed of tropocollagen molecules. Collagen molecules are around 300 nm long and 

1.5 nm thick. They are composed of three polypeptide chains that form a triple-helical structure: two !1 (I) 

chains and one !2 (I) (Hulmes 2008, Lodish et al. 2000) (Figure I.5). The triple-helical structure of collagen is 

built by the Gly-X-Y repeating motif, with glycine (Gly) being present at every third position and X, Y are 

mainly proline and hydroxyproline (Brodsky & Ramshaw 1997). Figure I.6 shows the first high resolution 

crystal structure of solution of collagen triple helix.  The three polypeptide chains combine to form an alpha 

helical strand of tropocollagen. Tropocollagen molecules further combine to form collagen fibrils. Their 

arrangement gives rise to the staggered 67 nm D-periodicity that is observed in type I collagen (Shoulder & 

Raines 2009). Within these fibrils, gaps and overlap zones can be observed, due to the space between the 
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ends of the tropocollagen molecules and an offset from row to row. The gap and overlap zones are the source 

of the characteristic repeat pattern 67nm banding (D-periodicity). This periodicity (repetition of gap and 

overlap zones) produces a characteristic interference pattern that is observed as bands in transmission 

electron microscopy (Figure I.7).  

 

 

 

 

 

 

 

 

Figure I.5. Mineralized fibril structure composed by collagen molecules and mineral nanocrystals. Gap and overlap 
regions present in the collagen molecules are responsible for the 67nm collagen banding periodicity. Mineral 
crystals located within the gap zones are oriented with the c-axis parallel to the collagen fibrils (Hulmes 2008). 

Figure I.6. Structure of the collagen triple helix: a) First high resolution crystal structure of a collagen triple helix, formed 
from (ProHypGly)4-(ProHypAla)-(ProHypGly)5 (Bella et al. 1994), b) Ball-and-stick image of a segment of collagen triple 
helix (Bella et al. 1994, Shoulders & Raines 2009). 

a b 
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Collagen has mechanical and structural functions. Besides providing a framework for the deposition of 

mineral crystals and other organic components, collagen provides ductility to bone (Viguet-Carrin et al. 2005). 

During the post-yield deformation of bone, collagen deformation dissipates energy in bone. Through this 

deformation, collagen fibrils absorb energy and avoid catastrophic crack propagation to failure in bone 

(Gutsmann et al.  2004). Therefore, the organic matrix of bone plays a major role in providing toughness to 

bone. 

Mineral nanocrystals are platelet-shaped apatite crystals of the size of about 3 x 25 x 50 nm3 (Ziv et al.  

1994). Nanocrystals can be located within the gap regions of collagen molecules, oriented with their c-axis 

(long axis) parallel to the collagen fibrils (Kuhn-Spearing et al.  1996, Cui et al.  2007) (Figure I.5). Mineral 

crystals can also grow outside the collagen matrix, called extrafibrillar minerals (Nikolov & Raabe 2008). 

Crystals may initially form within the gap region of the collagen fibrils, and then proceed into the overlap 

region, and occasionally grow in to the extrafibrillar space (Chen et al.  2011).  Interestingly, since the 

periodicity of the collagen inhibits spatial growth of mineral crystals, the larger size crystals (mineral 

aggregates) probably are distributed outside the organic matrix and surrounding the mineralized collagen (Cui 

et al.  2007, Rey et al. 2009). Various non-collagenous proteins have also been implicated in the nucleation 

and growth of crystals (Gericke et al. 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

Inorganic phase of bone matrix is important to give some rigidity to bone for its mechanical function, 

enabling bone to withstand different loadings, supporting and protecting the whole organism. Furthermore, 

inorganic phase of bone matrix can act as a reservoir for storage of calcium and phosphate, helping to 

maintain the ionic balance in extracellular fluid (Cui et al. 2007). 

The concept of “collagen fiber” structural level was proposed by J.Y. Rho (Rho et al. 1998) and it is 

represented in Figure I.8. Collagen fibers are composed by a set of collagen fibrils being surrounded with 

mineral that can also incorporate into the collagen molecules. Therefore, the mineralized collagen fibrils are 

the basis of bone tissue. These fibrils have a cylindrical shape composed by a set of collagen molecules and 

mineral nanocrystals. 

 

Figure I.7. Collagen fibrils observed by TEM seen in the longitudinal section (Facca et al. 2010). Scale bar, 
1.5 µm. 
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Mineral crystals have been investigated through a wide variety of techniques ranging from X-ray 

diffraction (XRD) and electron microscopy to Fourier transform infrared (FTIR) microscopy and atomic force 

microscopy (AFM) (Boskey et al.  2003). 

Due to the small size of the mineral nanocrystals and their extended surface area of 100-200 m2/g, bone 

crystals are metabolically active, interacting with extracellular fluids. Moreover, these small crystals are 

oriented within collagen molecules and can provide high strength and rigidity of the tissue. Interestingly, the 

origin of mineral nanocrystal size is still in discussion, whether it is defined by the collagen molecules that act 

as a template for mineralization of by the specified cellular activity.   

Regarding chemical and structural composition, bone mineral crystallographic structure is similar to 

hydroxyapatite. In fact, bone mineral structure was defined as “an apatite similar to geological hydroxyapatite” 

by chemical analysis and X-ray diffraction (De Jong 1926, Roseberry et al. 1931).  

 
 
 
 
 
 
 

Figure I.8. Concept of “collagen fiber” structural level. Nano and sub-nanostructure of bone hierarchy by Rho et al.  
1998. 
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Although their similarities, there are significant structural and compositional differences between 

hydroxyapatite and bone mineral. Figure I.9 shows XRD spectrum from bone and hydroxyapatite. It is 

possible to be observed that bone presents peaks at exact position of hydroxyapatite, but they are largely 

broadened (Boskey et al. 2003), probably due to the nanosize of the crystals, presence of strain, degree of 

crystallinity and chemical substitutions.  

 
 

I.2. Biomineralization 
 

 
  

In bone, mineralization starts from an heterogeneous solution containing calcium and phosphate ions. 

The mineral phase that is found in bone is mainly composed by hydroxyapatite (HAP) (Boskey & Pleshko 

Camacho 2007) and it is located between extracellular matrices of collagen fibers as well as embedded in 

non-collagenous proteins. Collagen, a fibrillar protein, is the major component of the organic matrix, however 

other non-collagenous proteins are crucial for the maintenance of the cell-matrix interactions, cell-signaling, 

regulation of cell metabolism, and control of the mineralization process (Wiesmann et al. 2005, Margolis et al. 

2006). 

Physiologic mineral deposition is regulated by cells. The cells produce the extracellular matrix (ECM) that 

supports the deposition of the mineral (Rey et al. 1996). Osteoblasts produce the ECM and initiate and control 

tissue mineralization (Mackie et al. 2008). As osteoblasts become entrapped in mineral, they extend long 

processes to connect to one another and become osteocytes (Klein-Nulend et al. 2003) being connected by 

this long canalicular network. Osteocytes have a different phenotype than osteoblasts expressing different 

amounts of phenotypic markers (Morinobu et al.  2003, Yang et al. 2005, Zhang et al.  2006). 

Figure I.9. Comparison of XRD diagram for hydroxyapatite and bovine bone. Bone diagram shows broaden of 
peaks (Boskey et al. 2003). 

Hydroxyapatite 

Bovine bone 



 10 

Previous studies have shown that hydroxyapatite distribution increases with maturation of bone tissue. 

Moreover, other mineral species besides hydroxyapatite can be found in bone, such as amorphous calcium 

phosphate (ACP), octacalcium phosphate (OCP),  b-tricalcium phosphate ( b-TCP), and dicalcium phosphate 

dehydrate (DCPD) (Boskey et al. 1992). 

 
 
I.2.1. Evaluation of the quality of minerals formed in cell culture  
 

Currently, most of the published studies about mineralization and osteogenic differentiation only 

demonstrate the presence of calcium and phosphate ions in cell culture, without showing information whether 

the mineral formed is similar to hydroxyapatite or if the mineral is deposited with the correct organization on 

the appropriate matrix (i.e. aligned with collagen). Therefore, in order to characterize the mineral formed in cell 

culture and to evaluate its similarity to the mineral present in native tissue, different methods have been 

described to characterize cell culture mineral crystals. Although few studies have been applying these 

techniques, future research will need this data and information in order to evaluate the quality of the bone 

formed, specifically for bone tissue engineering applications, in which assuring the quality of newly formed 

bone is a requisite. 

 

 

I.2.1.1. X-ray diffraction 

 

X-ray diffraction (XRD) is the most common technique to identify the mineral phase present in a specific 

material (Wilson 1970). This technique can also be used to measure and calculate the average crystal size 

and orientation of the mineral crystals. However, to analyze the mineral produced by cell cultures, it is, 

sometimes, necessary to pool material from multiple cultures, since the mineral yield in cell cultures is often 

small. 

 

 

I.2.1.2. SEM, TEM and related techniques 

 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are widely used to 

demonstrate that the mineral crystals are aligned with respect to the collagen axis, as it can be observed in 

situ calcification. Using TEM, the orientation of the mineral on the collagen substrates can readily be 

demonstrated (Saruwatari et al. 2005, Potter et al. 2002, Hao et al. 1997, Wen et al. 1999) and size of mineral 

aggregated can be measured. Evaluation of the individual crystals formed in cell cultures can be done using 

selected area diffraction technique, performed under the TEM. However, to perform these analysis, samples 

have to be processed and they can be damaged, causing dissolution of the mineral crystals. Therefore, the 

resulting crystals might differ in size or composition from those initially present in the culture. Due to that 

reason, very few studies have used electron diffraction technique to identify the presence of hydroxyapatite in 

cell culture (Hunter et al. 1993, Nakagawa et al. 1993). 
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Moreover, energy dispersive X-ray (EDX) technique coupled with an electron microscope can also be 

used to provide information about the size distribution of the crystals and the chemical composition of the 

mineral deposited in culture (Bohic et al. 1998, Janssen et al.  2006, Rohde & Mayer 2007).  

 

I.2.1.3. Atomic force microscopy 

 

Atomic force microscopy (AFM) has been used to visualize living cells and protein surfaces, as well as to 

evaluate the properties of the crystals formed on the matrix produced by these cells. However, some 

considerations must be taken while using this technique since the force needed to be applied on the cells 

must be limited to prevent compression of the cell or, even, cell death. AFM has been used to characterize the 

growth of hydroxyapatite crystals into enamels prisms in the absence of cells (Chen et al. 2005, Habelitz et al.  

2005). Regarding bone tissue engineering, precultured human bone marrow stromal cells were implanted in a 

mouse calvaria and AFM was used to characterize the mineral mechanical properties (Mankani et al. 2006). 

In a different study, AFM was applied to characterize the spherical bodies with which mineral is associated in 

the MLO-A5 late osteoblast/early osteocyte cell line (Barragan-Adjemian et al. 2006). 

 

 

I.2.1.4. Light microscopy 

 

Chemical stains can be applied to observe mineralization of cell cultures under the microscope, however 

it usually requires fixation. Indeed, at the light microscopic level, the stains used to identify the hydroxyapatite 

mineral in culture are alizarin red (AR) (which chelates calcium) and Von Kossa (VK) (which is a silver stain 

that causes silver phosphate to precipitate; the silver is then oxidized, leaving a black precipitate). The AR 

stain can also be solubilized and quantified spectrophotometrically.  

Some fluorescent dyes such as xylenol orange or calcein blue can also be used to observe how calcium 

minerals distribute in the matrix (Wang et al. 2006). 

 

 

I.2.1.5. Vibrational spectroscopy and vibrational spectroscopic imaging 

 

Several investigators have been using Infrared (IR) and Raman spectroscopies to analyze the mineral 

phase formed in cell cultures (Bohic et al. 1998, Nauman et al. 2002, Phillips et al.  2006). Infrared and 

Raman spectroscopies give information on the local environment of ions with asymmetric and symmetric 

vibrations, respectively (Carden et al. 2000). Raman spectroscopy uses the inelastic scattering of light to 

acquire a vibrational spectrum that represents the chemical constituents of the sample (Tsao et al.  2017). 

Raman imaging is an attractive analytical tool because of its high specificity (fingerprint chemical information), 

low sensitivity to water and minimal sample preparation. Raman spectroscopy can be used in live cells, since 

it can be performed with long wavelength light that exhibits low phototoxicity (Schulze et al.  2010, Petry et al.  

2003, Kendall et al. 2003, Tarnowski et al. 2002). In fact, these techniques have been used an in situ single 

cell detector for different applications, such as detection of cell cycle, cell death and identification of cell 
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components (Puppels et al.  1990, Notingher et al. 2004). In fact, Raman spectroscopy has become an 

attractive technique to evaluate bone quality, since it can be used with cells without fixation or treatment and, 

in some cases, can be used for non-invasive measurements on live animals (Mandair et al.  2015). However, 

compared with IR spectroscopy, like Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy 

has a lower signal/noise ratio. Moreover, IR spectroscopic imaging requires thinner sections, and there is 

interference from water, therefore, the culture usually is removed from the dish and treated or air-dried, 

lyophilized or embedded and sectioned. Raman spectroscopy has been used in non-invasive identification of 

the osteogenic differentiation of human mesenchymal stem/stromal cells (MSC) (Chiang et al.  2009, Hung et 

al. 2013), by the detection of hydroxyapatite, and mapping of bone tissue sections (Kazanci et al.  2007). On 

the other hand, Raman imaging has also been explored to monitor the osteogenic differentiation of MSC on  

3-D scaffolds (Gao et al. 2016). 

Figure I.10 shows a typical Raman spectrum of bone tissue. Bone matrix bands consists mostly of 

collagen type I. Although relative intensities of bands presented in Raman and FTIR spectra may be different, 

most matrix bands in the Raman spectra are the same as in the FTIR spectra. Only some exceptions occur 

such as the phenylalanine band present in the Raman spectrum (1003 cm-1) that is weak or absent in the 

FTIR spectra and the amide II band in FTIR spectra (1540-1580 cm-1) that is absent in the Raman spectra 

(Morris & Finney 2004). 

 

 Of note, mineral bands that are intense in Raman spectra will be weak in FTIR spectra and vice versa. It 

is also important to note that there is some variability in the positions of major bands. This variability can be 

due to differences among human or animal subjects used, such as differences in age and health status. 

Moreover, there may also be small systematic errors (1-2 cm-1) from instrument drift or miscalibration. 

Beyond matrix bands, mineral bands can also be detected by Raman spectroscopy. The most widely 

used mineral band is a phosphate band at ~960 cm-1 ("1PO4
3-), which is characteristic of carbonated apatites. 

The most intense #-type carbonate band at 1070 cm-1 ("1CO3
2-) for bone mineral lies close to a component of 

a phosphate band at 1076 cm-1 ("3PO4
3-), and accurate measurement requires careful band fitting (Awonusi et 

al.  2007).  

Figure I.10. Raman spectrum of mouse cortical bone. The regions of major bone mineral and matrix collagen can be found 
(Mandair et al. 2015). 
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Fourier transform infrared spectroscopic imaging has been used to characterize changes in the mineral or 

collagen phase of human bone during various conditions (Faibish et al. 2005, Paschalis et al. 2003, Boskey & 

Mendelsohn 2005). This technique has some advantages such as the fact that it enables visualization and 

measurement of the spatial composition of the tissue. With this technique, it is possible to identify samples, 

characterize unknown materials and determine the quality of a sample. Furthermore, in standardized 

conditions, the size of the peaks in the spectrum directly relates to the amount of the material. FTIR may 

provide a tool for diagnosing some metabolic bone diseases that alter tissue composition (Faibish et al. 2005, 

Boskey and Mendelsohn 2005). FTIR spectra of bone is represented in Figure I.11. The inorganic part of bone 

is mostly composed of crystalline mineral in the form of hydroxyapatite. Peaks of phosphate (900 to 1200   

cm-1), as well as carbonate (850 to 890 cm-1) were described. Amide I peak (1584 to 1720 cm-1) can be also 

observed and is referred to the organic part of bone, type I collagen. 

 

 

  

 

 

 

 
By using vibrational spectroscopy techniques, researchers have been able to describe the evolution of 

mineralization during bone maturation by detecting different phases of mineral formed (Paschalis et al. 2003, 

Boskey et al. 2003, Tarnowski et al. 2002). 

For example, IR spectroscopy of cell cultures can provide information on the characteristics of the mineral 

present in the culture (Motta et al. 2004, Luppen et al. 2003, Bonewald et al. 2003), whereas IR imaging 

allows visualization of the distribution of the mineral within the culture (Boskey et al. 2000, Boskey et al. 1996, 

Boskey et al. 1992b). Thus, temporal and spatial variations within mineralized cultures can be studied. The 

effects of cell genetic modifications and chemical modulation of the cells can also be evaluated as the culture 

Figure I.11. Representative Raman and FTIR spectra of bone. a) Raman spectrum of bone showing the PO4
3- (960 

cm-1), CO3
2- (1077-1070 cm-1) bands in hydroxyapatite and the amide I (1720-1616 cm-1 and amide III (1250 cm-1) 

bands in collagen. b) FTIR spectrum of bone. The PO4
3- (1200-950 cm-1) and CO3

2- (950-850 cm-1) bands in 
hydroxyapatite and the amide I (1750-1600 cm-1) and amide II (1600-1520 cm-1) bands in collagen are indicated 
(Kimura-Suda et al. 2013). 

a
a 

b
a 
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progresses using Raman spectroscopy, for example, evaluating mineralization by characterizing the mineral 

formed at different timepoints. Tsao and colleagues have used Raman spectroscopy to evaluate if the 

maturation of mineral species was affected by osteocalcin expression level. They found that when osteocalcin 

gene expression level was suppressed, the mineral species maturation was delayed due to the fact that HAP 

peak (carbonated apatite) was detected in a later timepoint compared with the control (Tsao et al 2017). A 

different study also used Raman spectroscopy to evaluate the maturation level during osteogenic 

differentiation of mesenchymal stem/stromal cells in live cells, by detecting different mineral phases involved 

in osteogenesis such as OCP, b-TCP and HAP (Hung et al. 2013). 

 
 

I.2.1.6. Radiographic and related methods 

 

Radiographic methods are used to detect changes in scattering elements and, thus, can distinguish the 

presence of calcium, usually as an increase in density. X-ray microcomputed tomography (µCT) can also be 

used for the study of mineralization in cultures, providing information about porosity and mineral deposition. 

µCT has been used to monitor scaffolds cultured in vitro and implanted in vivo (Cartmell et al. 2004). µCT 

provides a three-dimensional information of the culture, in contrast with other techniques. However, this 

technique does not provide information about the nature of the mineral present. Other techniques are related 

to nuclear magnetic resonance (NMR). This technique can show the difference in the environments of 

elements with spin dipoles (1H, 31P), thereby giving information about the changes in the phosphate 

distribution. In fact, this technique has been used to monitor and quantify bone formation on scaffolds (Potter 

et al. 2002), monitoring relaxation times to obtain maps of mineral deposition (Chesnick et al. 2007). Magnetic 

resonance microscopy has also been used to monitor the mineralization of tissue engineered constructs in 

vitro (Xu et al. 2006). This technique provides new information about mineral and matrix without having to 

dehydrate the tissue, however this equipment is not always available in most of the laboratories, limiting its 

broad applicability. 

 

 

I.2.1.7. Chemical analysis 

 

Chemical analysis of the calcium (Ca) and phosphate (P) content of cultures are frequently used to 

describe mineralization of cell cultures. However, these assays should be done to complement other 

techniques, since just showing an increase of calcium or phosphate contents with time is not sufficient and 

does not characterize the produced mineral. 

Therefore, measurement of Ca/P ratios for mineral identification requires other techniques to verify that 

the mineral that was formed is comparable to that in the tissue whose composition is being mimicked.  
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I.3. Bone cells 
 
Three major bone cell types are typically found in bone tissue and associated with bone homeostasis: 

osteoblasts, osteocytes and osteoclasts. These cell types are derived from two separate stem cell lineages – 

the mesenchymal lineage and the hematopoietic lineage. 

 

 
I.3.1. Osteoblasts 
 

Osteoblasts are cuboidal cells that are located along the bone surface being responsible for form new 

bone (Capulli et al.  2014, Florencio-Silva et al.  2015). Osteoblasts are derived from mesenchymal 

stem/stromal cells (MSC). During the commitment of MSC towards an osteogenic lineage, some specific 

genes are expressed, such as Runt-related transcription factors 2 (Runx2) and osterix (Osx) (Capulli et al.  

2014, Florencio-Silva et al. 2015, Ducy et al.  1997). Runx2 upregulates osteoblast-related genes such as 

type I collagen (Col I), alkaline phosphatase (ALP), bone sialoprotein (BSP) and osteocalcin (OC) (Fakhry et 

al. 2013).  

During osteogenic differentiation, after progenitor cells start to express Runx2 and Col I, there is a 

proliferation phase, in which ALP activity is present (Capulli et al.  2014). Mature osteoblasts are 

characterized by an increase in the expression of Osx and in the secretion of bone matrix proteins, such as 

osteocalcin and bone sialoproteins (Glass et al.  2005). Osteoblasts undergo morphological changes, 

becoming large and cuboidal cells. By becoming more mature, osteoblasts start to synthesize bone matrix in 

two steps: deposition of organic matrix and its mineralization. During deposition of matrix, osteoblasts secrete 

collagen proteins, mainly type I collagen, but also non-collagenous proteins, such as osteocalcin, osteonectin, 

bone sialoproteins, osteopontin and proteoglycans, including decorin and biglycans. All these components 

form the organic bone matrix and create a template for mineralization and production of the mature bone. 

During mineralization, osteoblasts release matrix vesicles from the apical membrane domain into the newly 

formed bone matrix. These vesicles can bind the organic components and sulphated proteoglycans can 

immobilize calcium ions that are stored with the matrix vesicles, due to its negative charge (Florencio-Silva et 

al.  2015, Yoshiko et al.   2007, Arana-Chavez et al.  1995). Then, osteoblasts secrete enzymes that can 

degrade the proteoglycans and, therefore, the calcium ions are released. On the other hand, ALP secreted by 

osteoblasts can also degrade phosphate-containing compounds and allow the release of phosphate ions 

inside the matrix vesicles. The phosphate and calcium ions inside the vesicles nucleate, forming the 

hydroxyapatite crystals (Glimcher et al.  1998). After that, supersaturation of calcium and phosphate ions 

occurs inside the matrix vesicles leading to the rupture of these structures and the hydroxyapatite crystals 

spread to the surrounding matrix (Boivin et al.  2002, Boivin et al.  2008).  

Figure I.12 shows the temporal expression of various genes during the life cycle of the osteoblast 

phenotype in vitro (Stein et al. 1990). 

At the end of their life cycle, osteoblasts either transform to osteocytes, getting embedded into the 

mineralized matrix, or die via apoptosis. 
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In addition to bone formation, osteoblasts can also secrete factors that recruit and promote the 

differentiation of monocytic lineage cells into osteoclasts, assisting in the initiation of bone resorption. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
I.3.2. Osteocytes 
 

Osteocytes are located within lacunae surrounded by mineralized bone matrix. Through the canaliculi, the 

osteocytes form a network and connect to other osteocytes. Osteocytes are derived from MSC lineage 

through osteogenic differentiation. At the end of bone formation cycle, a subpopulation of osteoblasts 

becomes osteocytes entrapped into the mineralized bone matrix and some osteoblast markers, such as OC, 

BSP, Col I and ALP, are downregulated (Mikuni-Takagaki et al.  1995). Some studies have demonstrated the 

role of osteocytic apoptosis in initiating bone resorption (Verbogt et al.  2000, Cardoso et al.  2009) and the 

role of osteocytes in mechanotransduction, therefore, osteocytes can regulate bone remodeling process, 

more specifically bone formation and resorption based on the levels of strain that the bone experiences (Han 

et al. 2004). Osteocytes create an interconnected network in bone responsible for intercellular communication 

between neighboring osteocytes and osteoblasts, allowing the transmission of mechanical and chemical 

signals across the network (Knothe Tate et al.  2004). Thus, bone can adapt to the external mechanical and 

chemical inputs that regulate bone homeostasis. 

 

Figure I.12. Temporal gene expression during osteoblasts proliferation, differentiation, maturation and 
mineralization (Stein et al. 1990). 
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I.3.3. Osteoclasts  
 

Osteoclasts are multinucleated cells, which are derived from mononuclear cells of the hematopoietic cell 

lineage (Quinn et al.  2005, Zaidi et al.  2003) under the influence of several factors, such as macrophage 

colony-stimulating factor (M-CSF), secreted by mesenchymal stem/stromal cells and osteoblasts (Boyce et al.  

1999), and receptor activator of nuclear factor kappa-B ligand (RANKL), secreted by osteoblasts, osteocytes 

and stromal cells (Crockett et al.  2011). These factors allow the activation of transcription factors and gene 

expression in osteoclasts (Yavroupoulou et al.  2008). 

Osteoclastogenesis can be induced when RANKL binds to its receptor RANK (Sodek et al.  2000). 

Osteoprotegerin (OPG) can be produced by different cells, such as osteoblasts and stromal cells (Boyce et al.  

2008) and it can also bind to RANKL, preventing the interaction of RANK/RANKL and, consequently, inhibiting 

the osteoclastogenesis (Boyce et al. 2008). Therefore, the combination of RANKL/RANK/OPG system is 

essential to mediate the process of osteoclastogenesis (Phan et al.  2004).  

Osteoclasts are bone resorbing cells responsible for the resorption of old or damaged bone matrix. When 

osteoclasts are active, they can form cavities on bone surface called resorption pits. Osteoclasts present a 

ruffled border, a region next to bone that has extensive membrane folding responsible for resorption. These 

ruffled border zone is surrounded by the clear zone – a region containing filamentous actin (Väänänen & 

Horton 1995). In order to remove bone, osteoclasts become polarized, form a ruffled membrane and adhere 

tightly to the bone matrix via an α%β3 integrin mediated binding to the bone surface to form the “sealing zone”. 

The osteoclast then secretes acid via H+-ATPase for hydroxyapatite dissolution and proteases for matrix 

protein digestion, removing the underlying bone. 

Osteoclasts express tartrate resistant acid phosphatase (TRAP), an important enzyme important for 

osteoclast attachment (Hayman et al. 2008). 

Some bone diseases, such as osteoporosis, are known to have an abnormal increase in osteoclast 

formation, in which resorption activity exceeds formation of bone, causing decreased bone density that can 

enhance bone fractures (Feng & McDonald 2011). Osteopetrosis, on the other hand, is a bone genetic 

disease that affects the formation of osteoclasts and its resorption activity, leading to decreased bone 

resorption and, consequently, higher accumulation of bone mass (Sobacchi et al.  2013). Therefore, in order 

to maintain bone homeostasis, it is extremely important to have a normal bone remodeling process, without 

impairment of osteoclast activity. 

Although not well explored yet, osteoclasts have also been reported to show other functions, such as 

being a source of cytokines that influence the activity of other cells. Osteoclasts can produce factors that 

control osteoblasts during the bone remodeling cycle and may also regulate the hematopoietic stem cell niche 

(Charles & Aliprantis 2014). 

 
I.4. Bone development, formation and repair 

 

During osteogenesis, there are two different processes of bone formation, intramembranous and 

endochondral ossification, and both involve the transformation of a preexisting mesenchymal tissue into bone 

tissue. Intramembranous ossification allows the formation of new bone tissue through the direct conversion of 

mesenchymal tissue into bone, occurring mostly in the bones of the skull.  On the other hand, endochondral 
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ossification occurs through the differentiation of mesenchymal cells into cartilage, as an intermediate 

template, that is later replaced by bones. 

 

I.4.1. Intramembranous ossification 
 

During intramembranous ossification, bone is directly synthesized by mesenchymal stem/stromal cells 

from fibrous connective tissue. This is the process that forms and repairs the flat bones of the skull, clavicles 

and other irregularly shaped bones. This process of forming new bone is characterized by different phases 

(Figure I.13). First, new blood vessels are formed in the area, increasing vascularization. At the same time, 

MSC travel throughout the blood vessels to the site of new bone formation. In this site, MSC can differentiate 

into osteoblasts, forming the ossification centers. Osteoblasts, then, deposit osteoid (the unmineralized bone 

extracellular matrix, composed by collagen fibers and non-collagenous proteins) and are then trapped in the 

matrix, differentiating into osteocytes. Inorganic salts travel through the blood vessels and mineralize the bone 

matrix, forming hydroxyapatite crystals within the osteoid (Gilbert et al.  2000). On the interior of the tissue, 

small clusters of bone begin to connect with other clusters to form trabeculae around the blood vessels. 

Osteoblasts near the surface of bone deposit matrix in organized lamellae and form a thin outer layer of 

compact bone, the periosteum. The periosteum creates a protective layer of compact bone superficial to the 

trabecular bone. The trabecular bone crowds nearby blood vessels, which eventually condense into red 

marrow (Figure I.13).  

 

 

 

Figure I.13. Schematics of intramembranous ossification. Four steps are represented: a) Mesenchymal cells group 
into clusters, forming osteoblasts and ossification centers. b) Secreted osteoid traps osteoblasts into the matrix, 
differentiating into osteocytes. c) Trabecular matrix and periosteum form. d) Blood vessels condense into red marrow 
(Gilbert et al.  2000). 
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Bone morphogenetic proteins (BMP) and transcription factor core-binding factor alpha-1 (CBFA1) are 

involved in intramembranous ossification process. BMP can activate the CBFA1 gene in the mesenchymal 

stem cells, activating some osteogenic genes, such as OC and OPN, and other bone-specific extracellular 

matrix proteins, allowing them to differentiate into osteoblasts (Gilbert et al.  2000). 

 
 

I.4.2. Endochondral ossification 
 

During endochondral ossification, new bone is formed by replacing hyaline cartilage, that serves as a 

template, with new bone. Endochondral ossification is responsible for the formation of the bones at the base 

of the skull and long bones. Endochondral ossification involves the formation of cartilage tissue from 

aggregated mesenchymal stem cells, and the subsequent replacement of cartilage tissue by bone (Horton 

1990). This process involves the following steps: formation of a cartilage template, growth of the template, 

differentiation, vascularization, calcification and bone formation (Figure I.14). First, paracrine factors induce 

the nearby mesodermal cells to express two transcription factors, Pax1 and Scleraxis that can activate 

cartilage-specific genes (Cserjesi et al. 1995, Sosic et al. 1997), leading mesenchymal stem cells to be 

committed to a chondrogenic lineage. After that, mesenchymal stem cells condense into compact nodules, 

through the action of N-cadherin and neural cell adhesion molecule (N-CAM) (Oberlender & Tuan 1994, Hall 

& Miyake 1995) and differentiate into chondrocytes. During the third phase of endochondral ossification, the 

chondrocytes proliferate very fast and develop the template for the bone, secreting a cartilage-specific 

extracellular matrix. After proliferating, the chondrocytes stop dividing and increase their volume dramatically, 

becoming hypertrophic chondrocytes. Moreover, the matrix produced by hypertrophic chondrocytes is 

changed by enhancing collagen X and fibronectin production to enable it to become mineralized. Furthermore, 

the hypertrophic chondrocytes die by apoptosis, as the matrix calcifies and nutrients can no longer reach the 

chondrocytes. The last phase of endochondral ossification involves the invasion of the cartilage template by 

blood vessels, transporting osteogenic cells with them that will differentiate into osteoblasts. These enlarging 

spaces eventually combine to become the medullary cavity. 

As the cartilage grows, capillaries penetrate it and osteoblasts create the primary ossification center, 

beginning to form bone matrix on the partially degraded cartilage (Bruder & Caplan 1989, Hatori et al.  1995). 

Moreover, chondrocytes continue to grow at the ends of the bone, increasing the length of the bone at the 

same time that bone is replacing cartilage in the diaphysis. Thus, after completely skeletal development, 

cartilage only remains at the joint surface as articular cartilage and between the diaphysis and epiphysis as 

the epiphyseal plate. Moreover, after birth, the same events occur (matrix mineralization, death of 

chondrocytes, blood vessel penetration transporting osteogenic cells that differentiate into osteoblasts) in the 

epiphyseal regions forming the secondary ossification centers.  

In normal conditions, the cartilage should be replaced by bone, acting only as a model for the bone that 

follows.  
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I.4.3.  Bone Remodeling 

The process of bone modeling refers to bone formation and bone matrix resorption at different sites of 

bone tissue, leading to bone changes in size and shape. During adult life, bone undergoes remodeling, a 

highly complex process, in which old or damaged bone is resorbed and new bone is deposited by osteoblasts 

(Bilezikian et al.  2008). Remodeling process occurs throughout adult life, in both cortical and trabecular bone, 

and it is influenced by the coordinated action of bone cells, such as osteoblasts and osteoclasts. Together 

with the replaced bone, these cells form the bone remodeling unit or bone multicellular unit (BMU) (Frost 

1973, Andersen et al.  2009). The BMU begins with the activation of progenitor cells that differentiate into 

osteoclasts. The osteoclasts resorb old bone by moving along the long axis of bone to create a cavity. Then, a 

cement line is laid over the cavity surface and osteoblasts deposit osteoid which then mineralizes to form new 

bone. 

Figure I.14. Schematic diagram of endochondral ossification. a) Mesenchymal stem cells differentiate into chondrocytes. b) 
Cartilage template forms. c) Capillaries penetrate cartilage. Primary ossification center develops. d) Cartilage and 
chondrocytes continue to grow at ends of the bone. e) Secondary ossification centers develop. f) Cartilage remains at 
epiphyseal plate and at joint surface as articular cartilage (Bone formation and development, Rice University). 
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Normal bone remodeling is necessary for fracture repair and skeleton adaptation to mechanical use 

(Dallas et al.  2013). Under normal conditions, the remodeling process results in no net change in bone mass. 

If an abnormal bone remodeling occurs, with an imbalance of bone resorption and formation, several bone 

diseases can be developed. Osteoporosis is an example in which excessive resorption by osteoclasts occurs, 

with an imbalance bone formation by osteoblasts, contributing to bone loss (Khosla et al.  2012), whereas, if 

more new bone is being formed, without a coordinated action of osteoclasts, osteopetrosis can occur 

(Sobacchi et al. 2013). Thus, the equilibrium between bone formation and resorption is necessary and 

depends on the action of several local and systemic factors including hormones, cytokines, chemokines, and 

biomechanical stimulation (Phan et al. 2004, Crockett et al. 2011). 

 

 

 

Figure I.15. Schematic diagram of bone remodeling process. Phase 1: osteoclast precursors assemble at the surface of 
bone and group to form osteoclasts. Phase 2: mature osteoclasts start resorption, forming a cavity. Some factors 
responsible for osteoblast recruitment are released by the osteoclasts. Mesenchymal stem/stromal cells migrate to the 
resorption site and differentiate into osteoblasts. Phase 3: osteoblasts lay down unmineralized osteoid. Phase 4: mature 
osteoblasts are entrapped in the mineralized matrix and form osteocytes. Abnormal remodeling due to defective cell 
function may result in reduced bone mass and rigidity (Feng et al. 2011). 
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I.4.4. Bone Repair 
 
Bone tissue has the ability to heal without forming a fibrous scar. Therefore, fracture healing process 

recapitulates bone development. Nevertheless, bone healing process can fail, leading to delay healing or 

even to the development of non-union fractures (Marsell & Einhorn 2010, Marsell & Einhorn 2011). 

Immediately following the trauma, a hematoma can be observed, consisting of cells from peripheral blood 

and bone marrow cells. To regenerate bone tissue, different natural processes occur in response to the acute 

inflammation produced in the fracture site and causes the hematoma to coagulate forming a template for 

callus formation (Gerstenfeld et al. 2003). During this time, proinflammatory molecules are secreted, such as 

tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), IL-6, IL-11 and IL-18 (Gerstenfeld et al.  2003). These 

factors recruit inflammatory cells, promote angiogenesis (Sfeir et al.  2005) and some of them induce 

osteogenic differentiation, such as TNF-α (Cho et al.  2006). Therefore, MSC can be recruited to the injured 

site, where they can proliferate and differentiate into osteogenic cells. The molecular mechanism responsible 

for the recruitment of these cells is still under investigation. It has been suggested that BMP-2 and BMP-7 

have an important role in this recruitment (Tsuji et al.  2006, Bais et al. 2009), specially for bone repair.  

During natural fracture healing, both intramembranous and endochondral ossification occurs. However, 

endochondral ossification is the most common mechanism observed during bone repair. Following the 

formation of the hematoma, a fibrin-rich granulation tissue forms (Rahn 2002). Chondrocytes from the 

endosteum create an internal callus by secreting a fibrocartilaginous matrix between the two ends of the 

broken bone, while the periosteal chondrocytes and osteoblasts create an external callus of hyaline cartilage 

and bone, respectively, around the outside of the break. Within this tissue, endochondral formation occurs in 

between the fracture ends, and external to periosteal sites. At the same time, an intramembranous ossification 

response occurs subperiostally directly adjacent to the distal and proximal ends of the fracture, generating a 

hard callus. 

Moreover, revascularization of the injury site is crucial for successful bone repair (Keramaris et al. 2008).  

Vascularization is mainly regulated by two molecular pathways, an angiopoietin (Ang)-dependent pathway, 

and a vascular endothelial growth factor (VEGF)-dependent pathway (Tsiridis et al. 2007).  Therefore, 

angiopoietins have been shown to enable an initial vascular growth from pre-existing blood vessels in the 

periosteum (Lehmann et al.  2005). On the other hand, the VEGF pathway is the key regulator of vascular 

regeneration (Keramaris e al. 2008), promoting both the formation of new vessels from the aggregation and 

proliferation of endothelial cells into a vascular plexus (vasculogenesis) and the formation of new vessels from 

pre-existing ones (angiogenesis) (Kanczler & Oreffo  2008). It was reported that the blocking of VEGF-

receptors inhibits vascular in-growth and delays or disrupts the regenerative process (Keramaris et al. 2008, 

Ai-Aql et al. 2008). 

Moreover, chondrocytes in the primary cartilaginous callus become hypertrophic and the extracellular 

matrix becomes calcified, starting the replacement of this mineralized cartilage by a hard bony callus. 

Nevertheless, a second resorptive phase is needed to remodel the hard callus into a lamellar bone structure 

(Gerstenfeld et al.  2003), giving the biomechanical properties of bone. 

Due to its complexity, this remodeling process may take years to be completed, in order to achieve a fully 

regenerated bone structure. 
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I.5. Angiogenesis and osteogenesis 
 

Bone is a highly vascularized tissue that can regenerate itself without the formation of fibrous scar tissue 

and has the ability to maintain its physiological and mechanical characteristics. Normal fracture healing in 

adults occurs through intramembranous or endochondral bone formation, closely mimicking skeletal 

development in the embryo (Stegen et al. 2015) and both processes occur in close proximity to vascular 

ingrowth. Bone regeneration is a complex process that requires highly orchestrated interactions between 

different cells and signals, such as blood vessels and bone cells (Kanczler & Oreffo 2008). Thus, 

angiogenesis plays a crucial role in skeletal development and bone fracture repair. 

 Angiogenesis is the process by which new blood vessels are formed from pre-existing ones. Recent 

studies have highlighted the fundamental aspects of vessel formation, including vasculogenic assembly, 

vessel sprouting, lumen formation and vascular remodeling (Adams & Alitalo  2007, Jain 2003). 

Bone health depends on vascularization, since blood vessels can provide oxygen, nutrients, minerals and 

soluble factors, regulating bone homeostasis (Grosso et al.  2017, Hankenson et al. 2011). In the bone 

marrow, the vasculature also provides a microenvironment for hematopoietic stem cells (HSC), regulating 

their quiescence and mobilization (Kunisaki et al. 2013). Notably, endothelial cells residing in the blood 

vessels also provide paracrine signals that are responsible for growth, differentiation and regeneration of bone 

tissue, promoting osteogenesis (Ramasamy et al. 2014). 

 
I.5.1. Interaction of endothelium and bone 
 

The microvascular endothelium is an important part of skeletal tissue, where the interactions between 

endothelium and bone cells occur, playing a critical role in the homeostasis of bone integrity. In fact, some in 

vitro studies have shown that human umbilical vein endothelial cells (HUVEC) conditioned medium enhanced 

Figure I.16. Schematics of fracture healing process. a)  Hematoma is formed in the injury site. b) Internal and external 
calli form. c) Cartilage of the callus is replaced by trabecular bone. d) Remodeling occurs. 
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the proliferation of human bone marrow (BM) stromal cells. Moreover, Villars and colleagues demonstrated 

that direct contact between BM MSC and HUVEC in vitro enhanced the expression and activity of ALP, an 

early osteoblastic marker (Villars et al. 2000). Both BM MSC and the endothelial network express connexin 43 

(Cx43) a specific gap junction protein, being able to communicate via a gap junctional channel constituted at 

least by Cx43 (Villars et al. 2002).  

Interestingly, the intercellular signaling pathways of endothelial cells have also been shown to have some 

effects in the functions of osteoclasts. In fact, osteoclast precursors have been shown to adhere and migrate 

through the endothelium to bone resorption areas (Imhof and Dunon 1997). Thus, it has been hypothesized 

that the endothelium may direct osteoclast precursor to specific areas of bone, playing an important role in 

resorptive process (Parfitt 2000). Therefore, deficient microvascular supply network will also affect the 

resorption activity resulting in decrease bone formation, regeneration and repair (Glowacki 1998).  

 

I.5.2. Angiogenesis in bone repair 
 

However, despite the remarkable regenerative capacity of bone tissue, fracture healing fails in about 10% 

of the cases leading to delayed union or non-union fractures (Gowacki 1998). In most of the cases, 

inappropriate vascularization of the tissue is the major cause of delayed union or non-union during fracture 

healing (Gowacki 1998). Therefore, adequate blood supply has been shown to be extremely important for 

successful bone healing.  

 
Table I.2. Angiogenesis-stimulating growth factors. (Adapted from Stregen et al.  2015). 

 

 

 

 

 

 

 

 

 

 
NA- not applicable; ND-not yet determined. 
1 Direct effect on preosteoblasts or osteoblast. 
2 Stimulation of blood vessel formation in vivo, direct or indirect. 
3 Induction of VEGF in vitro or in vivo. 

 

 

 

 

 

 

 Osteoblastic1 Angiogenic2 Induction of VEGF3 

Angiopoietin + +  ND 
Fibroblast growth factors + + + 

Bone morphogenetic proteins + + + 
Insulin-like growth factor family + + + 
Platelet-derived growth factor + + + 

Transforming growth factor beta family + + + 
Vascular endothelial growth factor + + NA 
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During bone development and normal fracture healing, different factors stimulate angiogenesis directly, 

such as vascular endothelial growth factor (VEGF), placental growth factor (PlGF), fibroblast growth factor 

(FGF), various members of the transforming growth factor beta family (TGF-b). Others have angiogenic 

properties and mainly regulate the production of angiogenic molecules, such as BMP, angiopoietins (Ang-1), 

Platelet derived growth factor (PDGF) and insulin-like growth factor family members (IGF-1, IGF-2) (Table I.2) 

(Kanczler & Oreffo  2008, Madeddu et al.  2005). Recent developments using in vitro and in vivo models of 

osteogenesis and fracture repair have provided a better understanding of the recruitment nature of the 

vasculature in skeletal development and repair (Brandi et al. 2006). 

During bone repair process, after fracture, a hematoma is formed at the injury sited due to disruption of 

blood vessels and fracture site becomes hypoxic. Activation of the hypoxia signaling pathway stimulates the 

production of VEGF and PlGF by different cell types at the fracture site. Moreover, early blood vessel 

formation supports the invasion of inflammatory cells, such as neutrophils and macrophages. Neutrophils are 

recruited to the injury site and can phagocytose tissue debris and microorganisms (Claes et al. 2012, Hu and 

Olsen 2016). Then, macrophages are recruited to remove the dead neutrophils, promote angiogenic response 

and initiate the repair cascade (Wu et al. 2013).  

 

 

Furthermore, the vascular system allows the migration of MSC to the injury site where they proliferate and 

differentiate into osteoblasts or chondrocytes, promoting bone regeneration by supplying oxygen, nutrients 

and ions necessary for mineralization.  

 

 

 

Figure I.17. Angiogenic response during normal fracture healing. Hypoxia due to the rupture of blood vessels stimulates 
the production of proangiogenic factors that will recruit inflammatory cells, which contribute to the fracture healing process 
and produce proangiogenic cytokines. Progenitor cells then migrate to the fracture site and differentiate into cartilage and 
bone (Stregen et al.  2015). 
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I.5.3. VEGF in endochondral and intramembranous ossification during bone repair 
 

VEGF belongs to a family of homodimeric proteins consisting of at least 6 members: VEGF-A (VEGF), 

VEGF-B, VEGF-C, VEGF-D, VEGF-E and PlGF (Ferrara et al.  2003, Hu & Olsen 2016b). 

Vascular endothelial growth factor-A (VEGF) is one of the most important regulators of angiogenesis, 

playing important roles in proliferation, migration and activation of endothelial cells as well in permeability of 

blood vessels (Ferrara et al.  2003), being critical for both bone development and regeneration. In these 

processes, VEGF has a dual role, acting both on endothelial cells to promote their migration and proliferation, 

and stimulating osteogenesis through the regulation of osteogenic growth factors (Grosso et al.  2017, 

Schipani et al. 2009). During endochondral ossification, VEGF is required to promote vessel invasion and 

recruitment of chondrocytes, allowing the substitution of the cartilaginous template by bony callus (Grosso et 

al.  2017, Gerber et al.  1999, Carlevaro et al. 2000, Hu and Olsen 2016b). VEGF may regulate the 

differentiation of skeletal stem cells from bone marrow, periosteum and surrounding muscles into either 

chondrocytes or osteoblasts. In the later stage of endochondral ossification, chondrocytes in the cartilaginous 

template stop proliferating and become hypertrophic chondrocytes. These hypertrophic chondrocytes express 

Osx (Tang et al. 2012), a strong inducer of VEGF expression, producing high levels of VEGF (Carlevaro et al.  

2000, Zelzer et al. 2001). The high levels of VEGF will stimulate vessel invasion and facilitate the substitution 

of the cartilaginous templates by bony callus. Moreover, Osx-expressing osteoblast precursors produce high 

amounts of VEGF that allows its differentiation into osteoblasts (Figure I.18). On the other hand, VEGF has 

also been reported to be necessary during intramembranous ossification (Street et al.  2002, Carvalho et al. 

2004, Wan et al. 2008, Percival et al.  2013). When exposed to hypoxia during inflammation, osteoblasts 

release factors, such as VEGF, via the   hypoxia-inducible factor-1 alpha (HIF-1!) pathway. This activates 

endothelial cells, and promotes vessel permeability (Wan et al. 2008). Vascularization will allow the migration 

of bone progenitor cells and will enhance the transfer of oxygen, nutrients and minerals required for 

mineralization. In addition, cells in blood vessels secret also osteogenic factors, such as BMP-2, promoting 

mineralization and bone formation (Matsubara et al.  2012). Moreover, these osteoblasts will then release 

angiogenic factors, such as PDGF and VEGF, to further support angiogenesis (Figure I.19). Angiogenesis and 

osteogenesis are, therefore, intimately connected and they must be tightly coupled for physiological bone 

function. During bone repair, the levels of VEGF are crucial to define the bone healing outcome, since too little 

VEGF may interrupt communication between blood vessels and bone cells and too much VEGF levels can 

also compromise bone repair response (Figure I.20). In fact, alteration in vascular growth can compromise 

physiological bone healing, leading to bone tissue death, osteoporosis and non-union fractures (Dickson et al. 

1994, Martinez 2002, Feng et al. 2010, Fassbender et al. 2011, Zhao et al. 2012). Moreover, VEGF 

overexpression may also cause bone resorption due to excessive osteoclast recruitment (Helmrich et al.  

2013). Therefore, different doses of VEGF can have opposite effects on bone, however the underlying 

mechanisms through which VEGF regulates bone homeostasis are not yet fully understood and need further 

investigation. 
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I.5.4. VEGF effects on osteogenic differentiation of mesenchymal progenitor and bone 
regeneration 

 

Osteoprogenitor cells and osteoclasts also express VEGF receptors (Hu and Olsen 2016). Several 

studies have reported that VEGF can directly affect osteogenic differentiation into osteoblasts. Mayer and 

colleagues showed that VEGF overexpression in human MSC increased the deposition of mineralized 

extracellular matrix, while overexpression of a blocker of VEGF (sFLT-1) reduced mineralization (Mayer et al.  

2005). Moreover, using mice with deletion of VEGF receptors Vegfr1 or Vegfr2 in osteoblasts, Liu and co-

workers demonstrated that these mice presented lower bone density and reduced number of osteoprogenitor 

Figure I.18. VEGF effects in endochondral ossification during bone repair. VEGF may regulate the differentiation of 
skeletal progenitor cells into chondrocytes or osteoblasts. In endochondral ossification, chondrocytes stop proliferating 
and become hypertrophic, expressing Osx that is able to induce VEGF expression. High levels of VEGF are produced 
and stimulate vessel invasion, facilitating the replacement of the cartilaginous template by bony callus. Moreover, 
osteoblast precursors expressing Osterix also produce high amounts of VEGF that stimulates their differentiation, 
enhancing bone formation (Hu and Olsen  2016b). 
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cells in the bone marrow, indicating that both receptors in osteoblasts are important for bone formation (Liu et 

al.  2012). A different study from Hu and Olsen confirmed that VEGF is released by osteogenic cells at the 

injury sites of a cortical bone defect and that VEGF deletion in osteoblasts affects the synergy between 

angiogenesis and osteogenesis, delaying the bone healing process (Hu and Olsen 2016) (Figure I.20a,b). 

Besides the important functions of VEGF secreted, intracellular VEGF has been described to control 

transcriptional regulation and cell survival (Liu et al. 2012). 

VEGF can also regulate other molecules, such as bone morphogenic proteins in osteoblasts and 

endothelial cells (Figure I.20b) (Maes et al. 2010, Yang et al.  2013). Interestingly, osteoblasts produce BMP-2 

that acts in an autocrine manner and stimulates differentiation of osteogenic cells and production of VEGF 

(Figure I.19). Moreover, due to the production of high levels of VEGF, BMP-2 protein expression is also 

enhanced (Yang et al.  2013). On the other hand, VEGF can up-regulate BMP expression also in endothelial 

cells (Figure I.20b), inducing osteogenic differentiation and matrix mineralization. 

 

 

Figure I.19.The effects of VEGF in intramembranous ossification during bone repair. Osteoblasts release factors, such as 
VEGF, stimulated by hypoxia. VEGF can act through its receptors on endothelial cells, inducing angiogenesis, leading to an 
increase in oxygen and nutrients supply. Increased vascularization may also enhance the migration of stem cells and 
preosteoblasts and increase the levels of osteogenic growth factors, such as BMP produced by endothelial cells. In turn, 
osteoblasts also produce angiogenic factors (Hu and Olsen 2016b). 
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I.5.5. VEGF effects on recruitment of osteoclasts and immune cells  
 

 

VEGF has direct and indirect effects on bone development by affecting other cell types involved in bone 

formation and repair processes. Rather than MSC, osteoprogenitors and osteoblasts, osteoclasts also 

express both VEGF and VEGF receptors. Moreover, VEGF signaling affects osteoclasts and induces their 

recruitment, differentiation and activity (Dirckx et al. 2013). In the inflammatory phase of bone repair, VEGF 

expression is induced by hypoxia in osteogenic cells (Street et al. 2002), leading to the recruitment of immune 

cells.  In addition, monocytes and macrophages also respond to VEGF signaling, migrating to the injury site 

(Barleon et al.  1996).  

 
 
 

 
 
 

 

 

 

 

 

 

 

Figure I.20. Synergy of angiogenesis and osteogenesis during intramembranous ossification. a) Effects of alterations in the 
VEGF levels. Physiological levels of VEGF maintain bone homeostasis. However, too little VEGF affects osteoblast 
differentiation and too much VEGF enhances bone resorption due to osteoclast recruitment. b) Osteoblasts produce VEGF 
that promotes migration and proliferation of endothelial cells. In turn, endothelial cells generate osteogenic growth factors, 
such as BMP-2 and BMP-4, important for osteogenic differentiation (Adapted from Grosso et al. 2017). 
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I.5.6. Vascularization in bone tissue engineering 
 

Bone tissue engineering has been focusing on developing bone substitutes to replace large bone tissue 

defects, which can be caused by trauma, surgery or disease. Reconstruction of damaged tissue relies on the 

combination of a scaffold, osteogenic cells and osteogenic or/and angiogenic growth factors. Vascularization 

also plays a crucial role in bone tissue engineering, since the reestablishment of an adequate blood flow is a 

major requirement for the success of bone healing. In fact, upon implantation in vivo, a major challenge for 

clinical-size bone substitutes is the maintenance of cell viability in the graft, which depends on blood vessel 

supply of oxygen, nutrients and waste removal.  After implantation of the scaffold, an angiogenic response is 

elicited by inflammatory cytokines as part of the normal healing process (Hu and Olsen 2016). Finally, blood 

vessels deriving from the host vasculature should invade the scaffold, promoting neovascularization.  Besides 

that, during the early stages of bone regeneration, vascularization of the scaffold will also allow the 

recruitment of different cell types, such as osteoprogenitors, hematopoietic stem cells and immune cells that 

play crucial roles in tissue remodeling and bone tissue formation (Hu and Olsen 2016). Different strategies to 

improve vascularization of bone grafts are currently being investigated with limited success. Several 

approaches have been proposed to improve the vascularization of bone constructs, such as the delivery of 

angiogenic growth factors, the application of endothelial cells to create a vascular network or the optimization 

of scaffold properties (Stegen et al. 2015) (Figure I.21). 

Although progresses have been made in understanding the importance of angiogenesis during bone 

repair, challenges remain in the design of strategies to improve efficient vascularization and bone formation, 

thus elucidation of the molecular cross-talk between angiogenesis and osteogenesis is required to exploit the 

therapeutic potential of VEGF. 

 

 

 

Figure I.21. Different strategies to improve vascularization of bone grafts: delivery of angiogenic growth factors, 
use of endothelial cells to create a vascular network and engineering scaffold properties (Stegen et al. 2015). 
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I.6. Bone extracelular matrix 
 

I.6.1. Extracellular matrix 
 

Extracellular matrix is present in all tissues and organs and consists of a large variety of macromolecules 

that can differ in composition and structure from tissue to tissue. However, the major components of ECM are 

fibrous proteins, such as collagens, elastin, fibronectin, laminins, glycoproteins, proteoglycans and 

glycosaminoglycans. 

Extracellular matrix provides support to cells but also regulates many cellular processes, such as growth, 

migration, differentiation, survival, homeostasis and morphogenesis (Kleinman et al. 1987, Reilly et al. 2010, 

Giancotti et al. 1999). Due to its functions, researchers have tried to develop materials that recapitulate the 

native ECM by coupling or coating some ECM molecules or peptides to synthetic polymers, developing gels 

or scaffolds from native ECM, such as collagen, or even by collecting tissue or cell-derived ECM and evaluate 

their efficacy for tissue engineering applications. 

Regarding bone tissue, the ECM present in bone plays different roles. Bone matrix can direct bone 

remodeling through the activity of osteoblasts and osteoclasts. Bone ECM also serves as a scaffold, mainly 

type I collagen, for mineral deposition. Moreover, bone ECM confers to the tissue structural flexibility. ECM 

influences osteogenic differentiation of MSC by both direct interactions between cells and ECM, as well as by 

modulating growth factor activity. Similarly, via cell-ECM interactions, the ECM can influence the 

differentiation of osteoclasts from undifferentiated macrophage precursor cells (Alford et al. 2015). 
 
I.6.2. Bone extracellular matrix: characterization, quality and properties 
 
Most of the outstanding properties of the bone are related to its matrix constitution. Bone extracellular 

matrix has two components: a mineral part comprising hydroxyapatite (70-90%) and an organic part (10-30%) 

of primarily collagen (approx.  90% of organic matrix) with the rest being non-collagenous proteins (~10%) 

(Sroga et al.  2011, Vashishth 2007). The organic matrix of bone is mainly composed of collagens, however, 

Herring and co-workers identified the presence of other non-collagenous proteins (Herring et al. 1974) (Figure 

I.22). Type I collagen is the most prevalent protein in the body and it can be found not only in mineralized but 

also in non-mineralized tissues, playing a critical role in the structure and function of bone tissue (Vashishth 

2007). In bone, it is known that type I collagen is not the only protein responsible for mineralization. Improved 

technologies have led to the isolation of a large number of non-collagenous matrix proteins. It is known that 

some matrix proteins bind to collagen, forming fibrils and it is probable that collagen serves as a scaffold upon 

which nucleators of hydroxyapatite, such as non-collagenous proteins, are oriented (Figure I.23) (Vashishth 

2007, Herring et al. 1974, Roach 1994). Although some studies have already described the potential roles of 

these proteins, their contribution into bone tissue engineering applications remains to be well investigated.  

Bone matrix quality may be determined by the nature of collagen type I, bone mineral and non-

collagenous proteins (Viguet-Carrin et al. 2005, Fantner et al. 2005). Using different characterization 

techniques and diseased mice models, it has been demonstrated that the nanostructural organization of bone 

influences the bone properties. Several diseases related with deregulation of type I collagen and 

mineralization showed impairment of bone quality and some bone properties, such as bone fragility and 
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strength. For example, mice with osteogenesis imperfecta, a condition derived from mutation in type I 

collagen, presented bone fragility and reduction in strength (Fratzl et al.  1996). Regarding mineralization, 

osteopetrosis, a condition responsible to hypermineralization of bone, increases bone fragility since it affects 

interactions between collagen and mineral component that modifies the nature of organization in bone at the 

nanometer scale (Sobacchi et al. 2013). On the other hand, non-collagenous proteins have also been 

suggested to influence the mechanical quality of bone matrix. Studies on osteopontin (OPN) showed that it 

behaves like ‘glue’ in bone (Fantner et al.  2007). In the presence of calcium ions, OPN is capable of sacrificial 

bonding, a nanoscale mechanism that dissipates energy and inhibits crack growth. Osteocalcin (OC), the 

most abundant bone specific non-collagenous protein, complexes with OPN (Ritter et al. 1992) and regulates 

bone mineralization through its strong affinity toward hydroxyapatite. Previous work from our group found that 

fracture in bone initiates as dilatational bands that form as a result of OC-OPN interaction. In the absence of 

either protein, the complex is disrupted, resulting in a dramatic loss of toughness (Poundarik et al. 2012). 

 

 

Figure I.22. Organic components of the bone extracellular matrix. 
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I.6.3. Non-collagenous bone matrix proteins 
 

Non-collagenous proteins have been isolated from bone and have been found to be biologically active, 

even though their function is not yet completely understood. Based on their localization patterns each of these 

proteins may perform different functions. Therefore, it is extremely important to understand better the 

properties and functions of these proteins to design strategies for bone tissue engineering applications (Mouw 

et al.  2014). It has been speculated that non-collagenous proteins might have an important role in cell 

attachment, cell differentiation and regulation of the deposition of hydroxyapatite minerals (Boskey et al. 

1989). Some of these proteins may be multifunctional, playing different roles in the bone, thus defining a 

single function may not be sufficient. Also, some of these proteins might work together, having a synergistic 

effect on cellular behavior and mechanical properties of bone or they can compensate some effects resulting 

from deregulation of the levels of other non-collagenous proteins present in bone matrix. 

Not all types of bones contain the same amounts of the non-collagenous proteins (Roach et al. 1994). In 

humans, for example, cortical bone contains 30x more osteocalcin than trabecular bone, but trabecular bone 

contains 21x more osteonectin (Ninomiya et al. 1990). Moreover, it is possible to find non-collagenous 

proteins in some other tissues besides bone, specifically OPN presents a general tissue distribution. BSP and 

OC are also found in other mineralized tissues, such as dentin. Therefore, their importance in bone physiology 

can not be underestimated. Some studies have reported that mutations in some of these proteins may result 

in abnormal bone. 

The multifunctional properties of these non-collagenous proteins make them attractive agents to be 

incorporated within an appropriate scaffold for bone tissue engineering applications. These proteins can be 

used successfully as signaling molecules to direct stem cell recruitment, attachment and differentiation into 

new bone tissue, creating a mature and mineralized extracellular matrix. 

Figure I.23. Schematic diagram representing the organization of collagen molecules reinforced with calcium 
phosphate nanocrystals, proteins and growth factors arranged in a semi-regular pattern. 
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In bone, non-collagenous proteins are mainly composed of two major types: glycoproteins and gamma-

carboxyglutamic acid (Gla)-containing proteins, however some proteoglycans can also be found in smaller 

content (Marcus et al. 2013, Bilezikian et al. 2008) The most relevant and abundant glycoproteins are 

represented by alkaline phosphatase, osteonectin, and the cell attachment proteins, which include, but are not 

limited to, osteopontin and sialoproteins. Of the Gla-containing proteins, osteocalcin is the major component. 

 
 

I.6.3.1. Proteoglycans 
 

This class of molecules is characterized by the covalent attachment of long chain polysaccharides 

(glycosaminoglycans, GAG) to core protein molecules. GAG are composed of repeating carbohydrate units 

that are sulfated to varying degrees and include chondroitin sulfate (CS), dermatan sulfate (DS), keratan 

sulfate (KS), heparin sulfate (HS) and hyaluronan (HA, unsulfated) (Marcus et al. 2013). 

These molecules can be more easily found in cartilage matrix, however, endochondral bone formation is 

mediated by a cartilage template (intermediate cartilage matrix), therefore cartilage molecules can be 

incorporated into the initial bone tissue (Bilezikian et al. 2008). 

Proteoglycans have been suggested to be responsible for matrix maintenance, organization (Heinegar 

and Oldber 1989) and regulation of cartilage calcification (Hunter 1991) through interactions with the GAG 

chain of type IX collagen and the type II collagen fibrils (Nishimura et al. 1989). 

Proteoglycans and their component GAG can inhibit hydroxyapatite formation and growth (Chen et al.  

1984) and they can also chelate calcium (Boskey et al.  1989b, Hunter 1987). However, it is not clear yet 

whether this chelation is involved in the inhibition of mineralization (Chen & Boskey 1985). 

A number of proteoglycans have been identified in cartilage matrix and bone matrix, such as the large 

proteoglycans, aggrecan and versican, and small leucine-rich repeat proteoglycans, such as decorin and 

biglycan (Fedarko 1994, Yanagishita 1993) (Table I.3). 
	
	

I.6.3.1.1. Aggrecan and versican 

 

Aggrecan and versican are two large chondroitin sulfate proteoglycans that can be found in bone matrix 

and can bind to hyaluronan, forming large aggregates.  

Aggrecan has been suggested to play an important role in skeletal development, having a molecular 

weight of approximately 205 kDa. First studies revealed that mice with a mutation of aggecan gene presented 

cartilage matrix deficiency and are characterized by perinatal lethal dwarfism and craniofacial abnormalities 

(Watanabe & Yamada 2002). Since the amount of aggrecan present in bone is much lower than in cartilage, it 

is not completely understood if its presence in bone represents only residual calcified cartilage. Although 

aggrecan has been reported to have an important role in preventing cartilage calcification, its function in bone 

is still unknown. 

Versican is another CS proteoglycan that can be found at relatively lower levels than aggrecan in cartilage 

and bone, having a molecular weight of approximately 360 kDa. Versican was reported to be expressed 

during osteogenesis, in rat bone development (Nakamyra et al. 2005). Although versican stimulates 

chondrocyte proliferation (Zhang et al. 1999), its function in cartilage and bone is still unknown. Potentially, it 
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may serve as a bridge between the extracellular environment and the cell binding to hyaluronan (Kjellän & 

Lindahl 1991).  

 

 

I.6.3.1.2. Decorin and Biglycan 

 

Small leucine-rich repeat proteoglycans are another family of proteoglycans that present a protein core 

with a smaller sizer and a leucine-rich repeat sequence. In cartilage and bone, there are several members of 

this family, such as decorin and biglycan, exhibiting different patterns of expression and tissue localization, 

which might be an indicative of different functions. 

Decorin has an apparent molecular weight of approximately 130 kDa (Fisher et al. 1987) and it has been 

shown to bind to and regulate the fibrillogenesis of type I, II and VI collagens and collagen-matrix interactions 

(Vogel & Trotter 1987). In bone, the proposed functions of decorin are the regulation of collagen fibril diameter 

and fibril orientation, and possibly the prevention of premature osteoid calcification, however it has low affinity 

for calcium (Boskey et al. 1997), in contrast to a high affinity to type I collagen in solution. Studies indicate a 

role of decorin in matrix mineralization since proteoglycans with low molecular weight are present in type I 

collagen fibrils but then disappear when mineralization occurs (Fleischmajer et al. 1991). 

Studies with decorin knockout mice showed skin laxity and fragility and their bones did not demonstrate 

any visible bone phenotype, however their teeth sowed alteration in matrix properties, presenting an 

hypomineralized dentin (Goldberg et al. 2005). 

Biglycan is another small proteoglycan present in both cartilage and bone with a molecular weight of 

approximately 45 kDa. Although its functions remain to be investigated, in solution, biglycan demonstrated 

different effects depending on concentration.  Low concentrations promoted apatite formation, whereas at 

higher concentration it inhibited the growth and proliferation of mineral crystals (Boskey et al. 1997). These 

effects appear to be due to the highly specific high-affinity binding of biglycan for apatite.  

The biglycan knockout mice presented reduced skeletal growth, having shorter femora, and decreased 

bone mass (Ameye & Young 2002). Moreover, the decorin and biglycan double knockout mice have additive 

deficiency in dermis and synergistic effects in bone, and ultrastructural analysis of these mice reveal a 

complete loss of the basic fibril geometry (Corsi et al. 2002). The mineral within these bones has increased 

crystal size relative to wildtypecontrols (Xu et al. 1998). However, the low amount of biglycan present in bone 

matrix relative to other mineral nucleators and its absence from bone collagen fibrils suggest that its primary 

function may not be directly related to mineral deposition of bone. 

 
 

I.6.3.2. Glycoproteins  
 
This class of proteins is characterized by the covalent linkage of sugar moieties attached via asparaginyl 

or serinyl residues (Bilezikian et al. 2008). These glycoproteins may also be further modified by post-

translational sulfation and phosphorylation (Table I.4). 
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I.6.3.2.1. Alkaline phosphatase 
 

Although alkaline phosphatase is not typically reported as a matrix protein, many studies demonstrated 

that alkaline phosphatase can be released from the surface of osteogenic cells or in a membrane-bound form 

(matrix vesicles) (Roach 1999, Kirsch et al. 1997, Fedarko et al. 1990). 

in vivo and in vitro studies have suggested an important role of alkaline phosphatase in mineralization, 

since its expression precedes mineralization and it is maintained during early stages of hydroxyapatite 

deposition (Collin et al. 1992).  Moreover, hypophosphatasia disease is characterized by having mutations in 

alkaline phosphatase gene, resulting in improper mineral deposition. Indeed, mice with null mutations for the 

tissue-nonspecific alkaline phosphatase showed increased osteoid and defective growth plate development, 

reinforcing the importance of alkaline phosphatase in mineralization (Fedde et al. 1999). Furthermore, it was 

observed that cells that normally do not mineralize will form a mineralized matrix when transfected with the 

alkaline phosphatase gene (Yoon et al.  1989). 

 

I.6.3.2.2. Osteonectin 
 
 
Osteonectin, also named SPARC (secreted phosphoprotein acidic and rich in cysteine), was the first 

matrix protein to be isolated from bone, representing 15% of the total non-collagenous matrix protein content 

in bone. The molecular weight of osteonectin is approximately in the range of 35-45kDa (Bilezikian et al. 

2008). 

Osteonectin is expressed in several tissues during development and, although it is synthesized by 

osteoblasts, it can also be synthesized by fibroblasts from skin tendon, sclera, and periodontal ligaments. 

However, most of osteonectin found in the circulation is derived from platelets (Stenner et al. 1986, Mundy 

1995).  

Osteonectin binds to type I collagen (Tyree 1989), types III and V collagens (Kelm et al. 1991), 

thrombospondin (Clezardin et al. 1988) and to hydroxyapatite, through high-affinity calcium-binding sites 

(George &Veins 2008, Termine et al. 1981). Its affinity for calcium and phosphate ions suggests that it may 

promote mineral deposition. However, osteonectin accumulates only within mineralized matrix, suggesting 

that it is not involved in the initiation of mineralization (Roach et al.  1994), but may have an important function 

in a later phase of mineralization, by regulating growth and proliferation of mineral crystals. 

Osteonectin deficient mice showed a poor bone condition, developing osteopenia with a significant loss of 

trabecular bone associated with a decreased rate in bone formation (Delany et al. 2000, Boskey et al.  2003), 

reinforcing the fact that osteonectin might support bone remodeling and maintenance of bone mass (Delany et 

al. 2000). Numerous in vitro studies using both intact molecule and peptides derived from different regions of 

osteonectin reported that osteonectin has been implicated in regulating cell-matrix interactions (Yan et al. 

1999). However, many of these activities have not been found or tested using osteoblasts (Termine et al. 

1981) 

 
I.6.3.2.3. Tetranectin 

 
Tetranectin has an approximately molecular weight of 21 kDa (Clemmensen et al. 1986). This 

glycoprotein is expressed by osteoblasts undergoing matrix mineralization, being identified in bone and in 
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tumors undergoing mineralization (Wewer et al. 1994). To date, it is not known the function of tetranectin in 

bone metabolism, however this protein might be related with matrix mineralization. Overexpression of 

tetranectin by tumor cells caused an increase in matrix mineralization upon implantation into nude mice 

(Wewer et al.  1994) Tetranectin-deficient mice have shown a delayed fracture healing, indicating that 

tetranectin could have a role at the early stage of the fracture healing process (Iba et al. 2013). On the other 

hand, tetranectin knockout mice presented a phenotype with severe spinal deformities (Iba et al. 2001) 

 
I.6.3.2.4. RGD-containing glycoproteins 

 
Bone extracellular matrix contains some glycoproteins that also have the aminoacid sequence Arginine-

Glycine-Aspartic (RGD). These RGD sequences can be recognized by cell surface receptors and promote the 

attachment between extracellular matrix to cells (Takagi et al. 2004). The receptors on the cell surface are 

integrins formed by one a subunit and one b subunit. Each subunit has a cytoplasmic extension that 

associates with intracellular signaling pathways, a transmembrane domain, and an extracellular domain 

(Hynes 2004). The extracellular domains of the a and b subunits configure a binding pocket that recognizes 

the RGD sequences in the extracellular matrix proteins and mediates the cell-matrix interactions (Takagi et al.  

2004, Hynes 2004). 

In bone matrix, some RGD-containing proteins include thrombospondin, fibronectin, vitronectin and a 

family of small integrin-binding ligand, N-linked glycoproteins (SIBLING). The SIBLING have been identified 

by a cluster of genes including osteopontin (OPN), bone sialoprotein (BSP), dentin matrix protein-1 (DMP-1) 

and dentin sialophosphoprotein (DSPP) (Fisher & Fedarko 2003). 

 
 

I.6.3.2.4.1. Thrombospondin, fibronectin and vitronectin 

 
Thrombospondin is a glycoprotein with a molecular weight of approximately 450 kDa (Adams & Lawler 

2004). Unlike other glycoproteins present in the bone matrix, thrombospondin is less abundant in mineralized 

bone matrix, but it can be found in several connective tissues. Although its role in bone is still undetermined, 

thrombospondin has been suggested to be important in bone development and remodeling, especially in 

collagen fibrillogenesis and its matrix organization (Hankenson et al. 2000, Carron et al. 1995, Bornstein et al. 

2000). Thrombospondin can bind to a large number of matrix proteins and cell surface proteins. 

Studies with mice that lack thrombospondin (TSP-2 null) presented disordered collagen in their soft 

tissues, increased cortical bone thickness and density (Hankenson et al. 2000), and altered fibroblast cell 

attachment (Kyriakides et al. 1998).  

Fibronectin (FN) is one of the most abundant extracellular matrix proteins in bone with a molecular weight 

of ~400kDa. Moreover, this protein can be found in all extracellular matrices from the body, since it is 

produced by all connective tissue cells. Some evidences suggest that FN plays an important role during bone 

development, since it is accumulated in mineralized matrix at an early stage of bone formation (Grzesik et al. 

1994) and it is highly upregulated in the osteoblastic cell layer. On the other hand, in vivo studies showed that 

FN is a component essential for development of these tissues, since the elimination of the FN gene in 

transgenic animals is lethal in utero and connective tissues do not form (George et al. 1993).  
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Interestingly, the attachment of bone cells to FN in vitro uses an RGD-independent mechanism (Grzesik 

et al. 1994). Cell-matrix interactions mediated by FN a4b1 binding may play a role in the maturation sequence 

of cells in the osteogenic lineage (Bilezikian et al. 2008). 

Vitronectin has a molecular weight of ~70kDa and it is generally found in matrices containing the fibrillary 

collagens. In vitro, vitronectin has been observed to be produced by osteoblasts (Kumagai et al.  1998). This 

protein has been purposed to function in the attachment of all cell types. In particular, osteogenic cells attach 

very strongly to vitronectin (Grzesik et al. 1994, Rodan & Rodan 1997), mainly via the receptor integrin, anb3 

(Grzesik et al. 1994). Another interesting observation was that vitronectin increased in concentration in the 

unmineralized osteoid prior to mineral deposition (Kumagai et al.  1998). This evidence indicates that 

vitronectin may have an important role in preparing the matrix for mineral deposition (Kumagai et al.  1998). 

However, further studies are needed to understand the role of this protein in bone tissue. 

In vivo studies demonstrated that mice that lack vitronectin gene presented a thrombolytic phenotype, 

however skeletal defects were not observed in these mice (Koschnick et al.  2005). 

 

 

 

I.6.3.2.4.2. Small Integrin-Binding Ligand, N-Lynked Glycoproteins (SIBLING) 
 

SIBLING are a family of five integrin-binding glycophosphoproteins comprising OPN, BSP, DMP-1, DSP 

and matrix extracellular phosphoglycoprotein. The genes coding for members of the SIBLING protein family 

are similarly organized. SIBLING interact with cell surface receptors, such as integrins, mainly through an 

RGD sequence, and function as modulators of cell adhesion as well as autocrine and paracrine soluble 

factors (Fisher et al. 2001, Staines et al. 2012). 

All SIBLING proteins undergo similar post-translational modifications such as phosphorylation and 

glycosylation, very important processes in determining their function.  

 
 

I.6.3.2.4.2.1. Osteopontin  
 

 
Osteopontin, also called secreted phosphoprotein (SPP) (Denhardt & Guo 1993, Denhardt & Noda 1998), 

is an acidic glycoprotein that consists of about 300 aminoacids, with a molecular weight of 34 kDa (Denhardt 

& Guo 1993). OPN was first identified in bone matrix extracts as the bridge between the cells and 

hydroxyapatite in the ECM of bone (Sodek et al. 2000b), however it can be detected in other tissues and 

plasma, such as dentin, cartilage, kidney, and vascular tissues (Fratzl et al. 1996). In these tissues, this 

molecule could mediate communication between cells, suggesting that OPN could act both as a structural 

molecule and as a cytokine (Nanci 1999, Rittling & Denhardt 1999, Denhardt et al. 2001). 

In bone, it is produced by osteoblasts during the pre-mineralization at late stages of osteoblastic 

maturation (Denhardt & Guo 1993). 

OPN binds to anb1, anb3, anb5, a4b1, a5b1 and a9b1 integrins (Denhardt & Noda 1998, Barry et al. 2000), 

through their RGD domain. The anb3 integrin is considered to be responsible for major signals in response to 

the binding of OPN (Miyauchi et al. 1991). Additionally, OPN can also present an RGD-independent 
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mechanism, in which OPN may engage CD44 (Denhardt & Guo 1993, Denhardt & Noda 1998, Katagiri et al. 

1999). However, details of the interaction of CD44 with OPN remain to be studied. The presence of additional 

cell receptors, the various isoforms of CD44, and variable post-translational modifications (phosphorylation 

and glycosylation) of OPN are factors that interefere in this interaction. 

OPN has been proposed to regulate many physiological processes such as collagen organization, cell 

adhesion, cell viability, cell migration, angiogenesis and calcification (Denhardt & Guo 1993, Rodriguez et al. 

2014). 

OPN interacts with several molecules constituting bone matrix. OPN is known to bind covalently to 

fibronectin via transglutamination, and, consequently, transglutamination of OPN increases its binding to 

collagen (Kaartinen et al. 1999, Kaartinen et al.  1997). Ritter and colleagues demonstrated that OPN 

specifically associates with osteocalcin, forming stable complexes between OPN and OC (Ritter et al.  1992). 

In fact, the mechanisms responsible for bone formation and remodeling likely involve the association of bone 

matrix proteins into specific complexes that helps the organization of the matrix (Ritter et al.  1992). 

Moreover, the phosphorylation of OPN has shown significant effect on crystal growth (Gericke et al. 

2010), regulating bone crystal size. OPN has a high affinity to calcium, therefore it has been suggested to 

modulate the nucleation of calcium phosphate during mineralization (Boskey et al. 1995, Contri et al. 1996). 

Besides its RGD sequence, OPN also contains aspartic acid residues, a high negative charge motif that might 

be responsible for the binding of OPN to bone mineral, however, initial studies on the OPN-deficient mouse 

failed to indicate the presence of any major defect in mineralization (Rittling et al. 1998). Possibly, the role of 

OPN in bone mineralization is compensated by other regulatory systems for mineralization or by other non-

collagenous proteins. 

Studies of genetically OPN knockout mice showed that these mice presented larger crystal size and an 

increased mineral content (Boskey et al. 2002), suggesting the inhibitory role of OPN in hydroxyapatite 

formation and growth (Boskey et al. 2002, Boskey et al. 2012). Analysis of the OPN-/- mice has also 

demonstrated that OPN is important in the function and activity of osteoclasts, specifically in osteoclast 

attachment, participating in bone resorption (Rittling et al. 1998, Asou et al. 2001). Studies of ectopic bone 

implantation demonstrated that bone from OPN-deficient mice implanted into OPN-deficient mice exhibited 

significantly less resorption and lower number of osteoclasts attached to the surface of the bone compared 

with wildtype bone implanted intramuscularly in the back of the wildtype mice (5% vs 25%, respectively) (Asou 

et al. 2001). However, it is not known whether OPN promotes bone resorption by stimulating angiogenesis or 

by stimulating bone resorption via signaling through the bone matrix. Asou and colleagues demonstrated a 

relationship between OPN and bone resorption associated with vascularization (Asou et al. 2001), since the 

number of CD34+ vessels in the vicinity of bones implanted in OPN-deficient mice was reduced compared to 

the number of vessels in wildtype bones. Therefore, it suggests that OPN deficiency may lead to a reduction 

in neovascularization of the ectopically implanted bones, and, consequently, a reduction in the number of 

osteoclasts and bone resorption efficiency. It is also possible that OPN may promote the survival of 

endothelial cells on the bone matrix, facilitating the vascularization of bone tissue.   

However, further investigations are required to elucidate the molecular mechanisms of OPN action in 

mediating responses to inflammation, angiogenesis, osteogenesis and accelerated bone resorption.  
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I.6.3.2.4.2.2. Bone Sialoprotein 
 

In addition to osteopontin, bone sialoprotein is another major non-collagenous SIBLING that accumulates 

in bone tissue, in particular in spaces between mineralized collagen fibrils (Franzen & Heinegard 1985). BSP 

has an apparent molecular weight of, approximately, 75 kDa and its expression is exclusively located to the 

mineralized tissues, such as bone, dentin, cementum and certain regions of hypertrophic chondrocytes 

(Fisher et al. 1987, Franzen & Heinegard 1985, Bianco et al.  1991). In bone, BSP is expressed in abundance 

by osteoblasts, as well as by osteoclasts, osteocytes and chondrocytes (Gordon et al. 2007). 

BSP may be multifunctional in osteoblastic metabolism, playing a role in matrix mineralization as 

supported by the fact that BSP expression appears at a late stage of osteoblastic differentiation, as an early 

stage of matrix mineralization, and by the fact that BSP has a very high affinity for calcium (Staines et al. 

2012). In vitro, BSP might act as an hydroxyapatite nucleator (Hunter and Goldberg 1993). It has been shown 

that a concentration of BSP as little as 9 nM is required to nucleate hydroxyapatite.  The overexpression of 

BSP in osteoblasts has been shown to enhance mineralization (Gordon et al. 2007) Similarly, osteoblast 

cultures grown in the presence of an anti-BSP antibody exhibit reduced mineralization (Mizuno et al. 2000). 

Interestingly, when BSP is linked to collagen, a cooperative relationship between both proteins is observed 

with an increased nucleation potency (Baht et al. 2008). 

Another important role confirmed with in vitro assays is that BSP can mediate cell attachment, most likely 

through interaction with the anb3 receptor and it facilitates the in vitro attachment of fibroblasts, osteoblasts 

and osteoclasts (Staines et al. 2012). 

BSP increases the development of osteoclasts and, therefore, bone resorption, making it crucial for bone 

remodeling processes (Malaval et al. 2008).	

First in vivo studies demonstrated that BSP-deficient mouse does not exhibit an altered skeletal 

phenotype, possibly due to compensation of BSP function by other SIBLING proteins, revealing no differences 

in mineral crystal relative to controls (Aubin et al. 1996). However, more recent studies with BSP null mouse 

showed that it displays shorter, hypomineralized bones with associated higher trabecular bone mass with 

lower bone turnover (Malaval et al. 2008). 

 

 
 

I.6.3.2.4.2.3. Dentin matrix protein 1 and dentin sialophosphoprotein 

 
 

Dentin matrix proteins (DMP) are a group of non-collagenous proteins found in different quantities in the 

ECM of dentin and bone. Currently, this group consists of four different proteins, namely: dentin matrix protein 

1 (DMP-1), dentin phosphophoryn (DPP) or dentin matrix protein 2 (DMP-2), dentin sialoprotein (DSP) and 

dentin matrix protein 4 (DMP-4) (Qin et al.  2007). Over the years, these DMP have been shown to play 

multiple roles that control important functions ranging from attachment, proliferation and differentiation of stem 

cells and preosteoblasts to matrix mineralization.  

DMP-1 was first isolated from dentin, however it can also be found in bone (George et al.  1993b, Sun et 

al.  2011). In bone, DMP-1 is expressed specifically in mineralized tissues by hypertrophic chondrocytes, 
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osteoblasts, and osteocytes (Feng et al. 2003). The RGD domain in DMP-1 binds to α5β1 integrin on the cell 

surface and stimulates osteogenic differentiation of MSC(Chandrasekaran et al.  2013). 

DMP-1 is a highly phosphorylated protein with a strong affinity for calcium. DMP-1 has been reported to 

influence mineralization, facilitating nucleation of hydroxyapatite crystals (Bhatia et al. 2012). MC3T3 cells that 

overexpress DMP-1 promote ECM mineralization (Narayanan et al. 2001). Moreover, when phosphorylated, 

full-length DMP-1 has been shown to inhibit the formation and growth of hydroxyapatite, however, its 

dephosphorylated form is a nucleator of hydroxyapatite formation (Gericke et al. 2010). Additionally, DMP-1 

can bind specifically to the N-telopeptide region of type I collagen. Interestingly, nucleation of hydroxyapatite 

was exclusively found in regions where DMP-1 bound to type I collagen (He et al.  2004). Moreover, DMP-1 

has been postulated to play a specific role in angiogenesis (Pirotte et al. 2011). 

The generation of a DMP1-null mouse has further confirmed the potential role of DMP-1 in bone 

mineralization, since DMP1- knockout mice have significantly lower mineral content when compared with the 

wildtype control mice (Ling et al. 2005, Feng et al.  2006) 

Dentin sialophosphoprotein (DSPP) is expressed in dentin, bone, cementum and non-mineralizing tissues 

including the lung and kidney (Verdelis et al. 2008). As a single gene, an intact protein has not been isolated. 

However, two DSPP products, dentin sialoprotein (DSP) and dentin phosphophoryn (DPP), are coexpressed 

by odontoblasts and pre-ameloblasts at a time when predentin is being secreted. Only DPP has been 

reported to regulate type I collagen fibrillogenesis (Traub et al.  1992) and serve as an effective nucleator for 

hydroxyapatite formation at lower concentrations and an inhibitor at higher concentrations (Boskey et al.  

1990), whereas DSP was not an effective modulator of in vitro mineralization (Boskey et al.  2000) 

In vivo data have shown that DSPP knockout mice presented decreased mineral content in both their 

dentin and their bones (Sreenath et al.  2003, Verdelis et al.  2008). In humans, a mutation in the DSPP gene 

results in dentinogenesis imperfecta, characterized by dentin hypomineralization and significant tooth decay 

(Kim et al.  2005). Some studies suggest that DSPP has roles not only in the initial mineralization of bone but 

also in the remodeling of the skeleton and, therefore, on bone turnover (Verdelis et al.  2008). 

 
 
 

I.6.3.3. Gla-Containing Proteins 
 
Bone contains several proteins that are post-translationally modified by vitamin K-dependent enzymes to 

form the aminoacid, Gla (Bilezikian et al. 2008). Osteocalcin is the major Gla-containing protein, playing an 

important role in mineralization of bone, whereas matrix Gla protein is known to be more involved in regulating 

the calcification of cartilage (Table I.5) 

 
 
 

I.6.3.3.1. Osteocalcin 
 
 
Osteocalcin, also known as bone gama carboxyglutamic acid-containing protein (BGLAP), is an 

approximately 5.8 kDa protein consisting of a single chain of 49-50 amino acids, being the most abundant 

non-collagenous protein in bone, comprising about 20% of the non-collagenous matrix proteins (Hauschka et 
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al.  1989). OC is secreted by osteoblasts and it is present in dentine and calcified matrix. This protein has 

three glutamic acid residues at positions 17, 21, and 24 (Poser et al. 1980) that bind calcium, and it is vitamin 

K-dependent. Before being released into the bone extracellular matrix, osteocalcin is carboxylated on their 

three glutamine acid residues within the osteoblasts, however, both the carboxylated and uncarboxylated 

forms of OC can be found in the circulation (Poser et al.  1980, Wei et al. 2015). Its concentration in serum is 

closely linked to bone metabolism and it is used clinically as a marker of osteoblast activity for the clinical 

assessment of bone disease (Calvo et al. 1996). During bone development, OC production is very low and 

does not reach maximal levels until late stages of mineralization (Gundberg 2000). 

Although its precise mechanism of action is unclear, OC is presumed to influence bone mineralization 

(Hauschka et al. 1978) in part through its ability to bind with high affinity to the mineral component of bone and 

due to its acidic character (Poser et al. 1979). It is thought that by binding hydroxyapatite, OC accelerates the 

nucleation of hydroxyapatite, playing an active role in the early stages of bone healing (Rammelt et al.  2005). 

Besides that, OC functions in cell signaling and in the recruitment of osteoclasts (Chenu et al. 1994) and 

osteoblasts (Bodine et al. 1999), which has active roles in bone resorption and formation, respectively. 

Subcutaneous implantation of bone particles that were 99% deficient in OC have been shown to be poorly 

resorbed, suggesting that OC might function as a matrix signal in the recruitment and differentiation of 

osteoclasts (Glowacki & Lian 1987). 

In vivo data showed that OC deficient mice presented an increase in bone formation without impairing 

bone resorption (Ducy et al.  1996) Although the exact mechanism is still unknown, new studies have shown 

that the uncarboxylated form of OC may act also as an hormone, regulating insulin secretion and glucose 

homeostasis (Ferron et al.  2008). However, its physiological role in mineralization remains uncertain. 

 

 

 

I.6.3.3.2.  Matrix Gla Protein 

 

Matrix Gla protein (MGP) is the other major Gla-containing protein in the skeleton which was first isolated 

from bone (Price & Williamson 1985) but has also found to be expressed in a variety of soft tissues (Murshed 

et al. 2004), having a molecular weight of approximately 15 kDa.  MGP is known to be more abundant in 

cartilage than in bone (Price & Williamson 1985). In the skeleton, MGP expression appears early and remains 

at the same level at all subsequent stages of development (Murshed et al. 2004). There is evidence that MGP 

is an in vivo inhibitor of mineralization of cartilage. In vivo data showed that mice in which the MGP gene was 

absented died prematurely because of massive calcification of their tracheal cartilage and blood vessels (Luo 

et al.  1997). 
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I.6.3.4. Serum Proteins 
 
Several proteins that are not synthesized in bone can also be found in bone matrix. These proteins 

(immunoglobulins, cytokines, chemokines, growth factors) are brought to bone matrix region through the 

circulation, being mostly synthesized in the liver and the hematopoietic tissue. It was suggested that 

hydroxyapatite facilitates the adsorption of these proteins, helping to retain them in the bone matrix (Delmas 

et al.  1984). Although these serum proteins are not produced locally, they may have an important role on 

bone metabolism. One example of a serum protein that can be found in bone matrix is albumin that is 

synthesized by the liver. In vitro studies showed that albumin inhibits hydroxyapatite growth, influencing 

hydroxyapatite formation (Garnett et al. 1990). 
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Table I.3. Proteoglycans in Bone Matrix: protein functions and in vivo studies. 
 

 

 

 

 In vivo studies Function 
 
 

Aggrecan 
 

 
Aggrecan deficient mice presented cartilage matrix deficiency and are 
characterized by perinatal lethal dwarfism and craniofacial 
abnormalities.  
 
 

 
May have an important role in preventing cartilage calcification. 

 
Versican 

 
 

 
Versican deficient mice presented an early lethality. 
 

Potentially, it may serve as a bridge between the extracellular 
environment and the cell binding to hydroxyapatite. In addition, 
versican stimulates chondrocyte proliferation.  
 

 
 
 

Decorin 
 

 
Decorin knockout mice showed skin laxity and fragility and their bones 
did not demonstrate any visible bone phenotype. However, their teeth 
showed alteration in matrix properties, presenting an hypomineralized 
dentin. 

 
Binds to collagen and may regulate fibril diameter and orientation. 
May prevent premature osteoid calcification, and regulate the 
collagen-matrix interactions. 
 

 
 
 

Biglycan 
 
 

 
 
The biglycan knockout mice presented reduced skeletal growth, having 
shorter femora, and decreased bone mass. 
 

 
May bind to collagen. May be involved in the process of matrix 
mineralization 
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Table I.4. Glycoproteins in Bone Matrix: protein functions and in vivo studies. 
 
 
 In vivo studies Function 

 
 

Alkaline 
Phosphatase 

 
Tissue-nonspecific alkaline phosphatase  deficient mice 
showed increased osteoid and defective growth plate 
development. 

 
Possible role in mineralization. Potential calcium ions carrier. 
 

 
 
 

Osteonectin 

 
 
Osteonectin deficient mice have presented a poor bone status, 
developing osteopenia. 

 
 
May promote mineral deposition and regulate growth and proliferation of 
mineral crystals, supporting bone remodeling.  
May influence cell cycle, binding to growth factors and through cell-matrix 
interactions. 
 

 
 

Tetranectin 
 

 
Tetranectin deficient mice have presented a delayed fracture 
healing. 
 
 

 
May regulate matrix mineralization, playing a role in tissue growth and 
remodeling 

 
 

Thrombospondin 

 
Thrombospondin deficient mice presented disordered collagen 
in their soft tissues, increased cortical bone thickness and 
density and altered fibroblast attachment. 
 

 
Role in cell attachment. It binds to several matrix proteins and cell surface 
proteins. Role in bone development and remodeling, collagen fibrillogenesis 
and its matrix organization. 
 

 
 

Fibronectin 

 
Elimination of fibronectin gene in transgenic animals is lethal in 
utero, since connective tissues do not form. 
 

 
Role in cell attachment. It binds to many matrix proteins and cell surface 
proteins, like collagen. 
 

 
 

Vitronectin 

 
Vitronectin deficient mice have been shown to have a 
thrombolytic phenotype, but there is no report on whether 
skeletal defects were apparent in these mice. 

 
Role in cell attachment. It binds to collagen. 

 
 

Osteopontin 

 
 
Osteopontin deficient mice presented larger crystal size and an 
increased mineral content. 

 
 
Role in cell attachment. It binds with other molecules constituting bone matrix.  
May regulate mineralization, being an agent for the nucleation of mineral 
crystals. May regulate bone resorption through osteoclasts attachment and 
recruitment.  
May have a specific role in angiogenesis. 
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Bone Sialoprotein 

 
 
Bone sialoprotein deficient mice present shorter, 
hypomineralized bones with higher trabecular bone mass with 
very low bone formation rate. 

 
 
Role in cell attachment. 
May initiate matrix mineralization. It has high affinity for calcium, being an 
hydroxyapatite nucleator.  
May increase osteoclastogenesis and bone resorption. 
 

 
 

Dentin Matrix Protein 
1 

 
 
Dentin matrix protein-1 deficient mice have significantly lower 
mineral content when compared with their controls. 

 
 
Role in cell attachment. It binds to collagen. 
If phosphorylated, may inhibit the formation and growth of hydroxyapatite, if 
dephosphorylated it facilitates nucleation of hydroxyapatite crystals, initiating 
mineralization. 
May play a role in angiogenesis.  
 

 
Dentin 

sialophosphoprotein 

 
Dentin sialophosphoprotein deficient mice have shown 
decreased mineral content. 

 
May regulate type I collagen fibrillogenesis; 
Nucleator of hydroxyapatite formation at lower concentrations and inhibitor at 
higher concentrations. 
 

 
 
 

 
 
 
 

 
 
Table  I.5. g-Carboxy Glutamic Acid-Containing Proteins in Bone Matrix:  protein functions and in vivo studies. 

 
 
 

 In vivo studies Function 

 
 

Osteocalcin 

 
Osteocalcin deficient mice present an increase in bone 
formation without impairing bone resorption. 
 

 
May influence bone mineralization. It has high affinity to calcium, accelerating 
nucleation of hydroxyapatite and playing an active role in the early stages of bone 
healing. 
May regulate activity of osteoclasts and bone resorption. 

 
 
 
 

Matrix Gla Protein 
 
 

 
 
 
Matrix Gla Protein deficient mice died prematurely due to 
massive calcification of their tracheal cartilage and blood 
vessels, indicating a specific role in preventing mineralization. 

 
 
 
May function in cartilage metabolism inhibiting mineralization. 
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I.7. Bone Tissue Engineering 

 
I.7.1. Clinical need for bone regeneration 

 
 

Bone is a dynamic and highly vascularized tissue that has the ability to regenerate and continues to 

remodel throughout the lifetime of an individual. Nevertheless, large bone defects can be caused by trauma, 

disease or tumor resections, leading to severe nonunion fractures that can not heal spontaneously, requiring 

the use of bone grafts. In the United States, annually, more than half a million patients need bone defect 

repair, with a cost greater than $2.5 billion. Surprisingly, this phenomenon is expected to double by 2050, 

globally, due to the increased life expectancy, as seen in Figure I.24 (Baroli et al. 2009). 

Current clinical treatments for bone repair and regeneration include autologous and allogeneic 

transplantations using autografts and allografts (Amini et al. 2012, Baroli et al. 2009, Dimitriou et al. 2011, 

Yaszemski et al.  1996). Autografts are the gold standard treatment, which involves the harvest of donor bone 

from a non-load-bearing and easily accessible site in the patient and transplantation into the defect site (Bauer 

& Muschler 2000) (Figure I.25). Autografts have the best clinical outcome since these grafts can integrate with 

host bone and they lack immunogenic reactions (Amini et al. 2012). Autografts have osteoinductive 

components, such as BMP and other growth factors, osteogenic cells and their 3-D porous matrix confers 

osteoconductivity to the material. Nevertheless, autografts have some limitations such as their short 

availability and the possible risk of site morbidity associated with the harvest procedure (Silber et al.  2003, 

Lord et al. 1988). Moreover, possible complications may occur, such as pain, infection, scarring and patients 

will eventually experience fractures (Yaszemski et al. 1996, Stock & Vacanti 2001).  

Allografts are the second most common technique used for bone grafting. In this case, bone tissue from a 

different donor, often from a cadaver, is transplanted into the defect site. Allogeneic bone is available in 

different forms, such as demineralized bone matrix (DBM), morcellised and cancellous chips, cancellous and 

cortical grafts and osteochondral and whole bone segments, depending on the defect site requirements 

(Amini et al. 2012).  Allografts have also limitations, namely the higher risk of immunologic rejection, besides 

infection (Stock & Vacanti 2011). Moreover, allografts have reduced osteoinductive properties and no cellular 

component, since these grafts are devitalized via irradiation or freeze-drying procedures (Delloye et al. 2007, 

Lord et al. 1988). 

Consequently, alternative strategies to provide efficacious bone grafts are being exploited. Bone tissue 

engineering aims to generate functional bone tissue, developing biocompatible and biodegradable scaffolds. 

New approaches to enhance the functionality of the scaffolds are being developed, such as the use of growth 

factors or their combination with cellular approaches. Numerous pre-clinical trials with different animal models 

have generated optimistic results (Cancedda et al.  2007). However, the difficulty to translate it into a clinical 

setting suggests that some limitations and concerns remain and need to be further address to design and 

develop enhanced bone grafts for bone fracture repair treatment. 
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Figure I.24. Proportion of the world population aged 60 years or more. With advances in medicine helping to increase 
life expectancy, the number of people over the age of 60 is expected to double by 2050 (UNDESA Population 
Division, World population prospects: the 2015 revision, DVD Edition, 2015). 

 

Figure I.25.  Bone autograft. 
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I.7.2. Bone grafting 
 

Interestingly, humans have been trying to find the most efficient way to substitute bone loss and to 

develop the best bone replacement material for thousands of years. In fact, archeologists have discovered a 

lot of bones covered with some materials, such as gold and silver. For example, they found a skull of a tribal 

chief from 2000 BC, in which a bone defect had been covered with a plate of hammered gold (Henkel et al. 

2013, Sanan & Haines 1997). Ancient Egyptians have been shown to have strong knowledge of orthopaedic 

and traumatological procedures, having implanted iron prostheses for knee joint replacement as early as 600 

BC (Henkel et al. 2013, Donati et al. 2007). 

However, the first modern era report of a bone xenograft procedure is believed to be in 1668, in which a 

skull defect was successfully treated with a bone xenograft taken from the calvaria of a deceased dog, that 

was fully incorporated into the skull of the patient (Haeseker 1988). Only in 1820, the first clinical use of a 

bone autograft to reconstruct skull defects was described (von Walter 1821). In 1881, the first allogenic bone 

grafting procedure was reported to reconstruct an infected humerus by using tibial bone wedges from three 

donors that had undergone surgery for skeletal deformity correction (MacEwen 1881). 

Major contributions have been made to the development of bone grafting procedures. In the late 1800s, 

Ollier and Barth described the term ‘bone graft’ for the first time (Ollier 1867) and presented results of various 

bone grafting procedures involving the skull and long bones of dogs and rabbits (Barth 1895). Today, Ollier’s 

and Barth’s studies are considered to be extremely important in the development of bone grafting procedures. 

The first bone bank for allogenic bone grafts was opened in New York in 1945 (Bush 1947), trying to fulfill 

the increased demand due to the development of new bone grafting techniques. However, as a main limitation 

of allogenic bone materials, immunological reactions may occur. Currently, antigen structures are well 

removed from bone substitute materials, however due to the harsh treatment, most of these grafts do not 

contain osteoinductive factors, such as growth factors, as opposite to autologous bone grafts. As early as 

1932, autologous bone grafts have been shown to be a reliable material to be transplanted in a bone defect 

(Matti 1932).  

Nowadays, bone is the second most transplanted material, after blood. Notably, each year, worldwide, 

more than 3.5 million bone grafts, including autografts and allografts, are performed (Dinopoulos et al. 2012). 

Currently, material science technology has advanced and enables the development of new bone grafting 

materials to target bone loss, without compromising the structural and functional properties of bone, as well as 

promoting accelerated healing and integration into the defect site. Moreover, our society is facing a problem of 

population aging. In fact, elderly population is more prone to bone fractures and bone diseases, leading to an 

increase of the number of procedures requiring bone substitutes. In addition, due to the sedentary lifestyle 

that is taking part in most countries, specially in the high-income countries, the number of bone replacement 

procedures is expected to grow. As a consequence of that, the current bone grafting market globally is 

estimated to be in excess of $2.5 billion each year and it is expected to increase at a compound annual 

growth rate of 7-8% (Dinopoulos et al. 2012). 

Although new promising solutions for bone reconstruction have been developed, to date most common 

procedures for bone regeneration still rely on bone grafts, both autologous and allogeneic bone grafts 

(Yaszemski et al. 1996, De Long et al. 2007). 
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I.7.3. Biomaterials for bone repair 
 
Aiming to develop and design new materials for bone tissue engineering to replace the need for 

autologous and allogeneic bone, scientists have now focused on designing bioactive materials that 

incorporate biological molecules or cells that can trigger some cellular response, such as cell attachment, 

proliferation or differentiation (Langer & Vacanti 1993, Hench & Polak 2002). More specifically, these 

materials should be osteoinductive, promoting the differentiation of progenitor cells into an osteogenic lineage, 

and osteoconductive by supporting bone growth. Moreover, biomaterials should be able to integrate into the 

surrounding tissue (osseointegration). Mainly, these materials can be bioactive ceramics, bioactive glasses, 

biological or synthetic polymers and composites of these (Hench & Polak et al. 2002, Kretlow & Mikos 2007, 

Liu et al.  2007). 

 
I.7.3.1. Bioactive inorganic materials 

 

Different inorganic materials with a composition similar to the mineral phase of bone have been used in 

bone clinical context, such as tricalcium phosphate, hydroxyapatite, bioactive glasses and their combinations 

(Hench & Polak et al. 2002, Kretlow et al.  2007, Liu & Czernuszka 2007) (Figure I.26). Interestingly, the 

resorption rate of bioactive glasses and bioceramics can be tailored, however hydroxyapatite persists for 

years in the body following implantation. On the other hand, other calcium phosphates have a greater 

resorption rate but less capability for sustaining load. Due to the fact that these materials are similar to the 

mineral phase of bone, bioactive inorganic materials are very brittle and their fracture toughness can not 

match that of bone, so that these materials will not support load, not being an ideal material for load-bearing 

applications. 

Figure I.26. Different bone graft materials used in bone tissue engineering. b-TCP ceramics, hydroxyapatite-based 
materials and bioactive glasses (Adapted from Stevens et al. 2008). 
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I.7.3.2. Polymers 

 

Biological polymers and synthetic polymers have been used in bone tissue engineering applications. 

Biological polymers, such as collagen, provide innate biological cues to the cells, favoring cell attachment and 

recruitment of the cells. However, these polymers have some limitations, such as the potential risk of disease 

transmission, sourcing and weak mechanical properties. On the other hand, synthetic polymers, such as 

polylactic acid (PLA), polyglycolic acid (PGA) and polycaprolactone (PCL), can be synthesized to have better 

mechanical properties and they can be processed using different techniques such as gas foaming (Ma et al. 

2001), phase separation (Ma et al. 2001), electrospinning (Vacanti & Robert 1998) and 3-D printing 

(Sherwood et al. 2002). Using these techniques, it is possible to produce scaffolds with the desired 

characteristics, such as porosity and surface properties. 

These polymers can also be used to generate hydrogels that can be delivered in a minimally invasive 

manner and gelled in situ (e.g. photocrosslinked or ionically), providing a 3-D microenvironment support with 

high water content. Some hydrogels have already been applied for bone regeneration (Cushing & Anseth  

2007, Stevens et al. 2004, Lutolf et al. 2003, Lutolf et al. 2003b), being able to be functionalized with bioactive 

factors and, moreover, cells can be easily encapsulated (Bhatia et al. 2012). 

 

I.7.3.3. Composite materials 

 

Composite materials mimic the organic-inorganic composition of bone, combining the toughness of a 

polymer with the compressive strength of an inorganic phase. Therefore, these materials have better 

mechanical properties.  

Figure I.27. Hierarchical organization of bone over different length scales. Collagen molecules and 
hydroxyapatite crystals are organized at the nanoscale level (Stevens and George 2005). 
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In addition, inorganic components at the nanoscale have shown to be more bioactive compared with 

microscale, such as hydroxyapatite-collagen nanocomposite systems (Liao et al. 2004). Ideally, the material 

should recreate the nanoscale organization of the mineral and organic components of bone tissue (Figure 

I.27). 

 

 

I.7.4. Developing scaffolds in bone tissue engineering  

 

3-D scaffolds materials have been used in bone tissue engineering to guide cell migration, proliferation 

and differentiation, acting also as temporary mechanical support structure. However, scaffolds should be well 

designed and developed to meet specific requisites. Therefore, an ideal scaffold should be (i) three-

dimensional and highly porous with an interconnected pore network to allow cell growth and transport of 

nutrients and metabolic waste; (ii) should have surface properties to enhance cell attachment, migration, 

proliferation and differentiation; (iii) must be biocompatible and biodegradable, not causing an immune 

reaction and with a controllable degradation rate to allow tissue maturation; (iv) should have mechanical 

properties similar to the tissue and (v) the scaffold should be easily customized and reproducible (Hutmacher 

2000). 

 

I.7.4.1. Biocompatibility and biodegradation 

 

Biocompatibility is an important property that biomaterials should have, not eliciting any immune reaction. 

At the same time as new tissue is being formed in vivo, the scaffold may undergo degradation, due to the 

release of by-products that should be also biocompatible. Therefore, scaffolds can be eliminated from the 

body, gradually, through natural mechanisms, by filtration of by-products or after their metabolization, such as 

bioresorbable scaffolds (Hutmacher 2000). 

 

 

I.7.4.2. Mechanical properties 

 

Another important parameter to be considered while designing scaffolds for tissue engineering is their 

mechanical properties, as well as their degradation kinetic. The mechanical properties of the scaffolds should 

match the structural properties of the tissue (Hollinger & Chaudhari 1992). The scaffold will act as a structural 

support and will promote cell attachment, migration, proliferation and differentiation, therefore, guiding new 

bone formation. However, at the same time as new tissue is being formed, the scaffold should be undergoing 

degradation to allow the total replacement of the scaffold with new tissue engineered bone. It is essential that 

the rate of degradation is controlled, enabling a balanced bone formation. Since bone is always being 

subjected with different loads, the scaffold will also give mechanical support and stability at the defect site until 

new bone is completely formed. In bone tissue engineering, the degradation and resorption kinetics of the 

scaffold have to be controlled and well tailored, since the scaffold should retain their physical properties for at 

least 6 months to enable tissue remodeling to achieve stable biomechanical conditions and vascularization at 
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the defect site (Hutmacher 2000). However, the type of tissue, i.e., cancellous or cortical bone, that is aimed 

to be engineered also influences the degree of remodeling. In cancellous bone the remodeling process takes 

3-6 months, while cortical bone will take approximately 6-12 months to remodel (Hutmacher & Cool 2007). 

Therefore, it is crucial to select the material to be used for a specific application considering all these 

parameters, tailoring the mechanical properties and degradation rate according to the specific purpose of the 

tissue engineered scaffold, not being able to have an ideal material for all bone tissue engineering 

applications. 

 

I.7.4.3. Surface properties 

 

The surface area of the scaffold is important for the interactions between the biomaterial and the host 

tissue. When cells adhere to the scaffold, they can sense different cues, such as roughness, topography and 

surface chemistry, and then transduce these signals via the cytoskeleton to the nucleus resulting in 

expression of specific proteins that contribute to the cell phenotype (Boyan et al. 1996).  

Nowadays, technology has evolved in a way that we can manipulate materials at different scale levels, 

atomic, molecular and supramolecular level and material surfaces can be designed at a similar dimension to 

the nanoscale of components of bone (Webster & Ahn 2007). For example, hydroxyapatite plates are 

approximately between 25 nm in width and 35 nm in length while collagen type I is a triple helix 300 nm in 

length, 0.5 nm in width and with a periodicity of 67 nm (Kaplan et al.  1994). Nanomaterials appear as a 

promising strategy to be used in bone tissue engineering applications due to the close proximity of the scale 

of native bone. In fact, surfaces with nanometer topography have been shown to promote the availability of 

aminoacids and proteins for cell adhesion. Indeed, by decreasing the grain size on the scaffold surface bellow 

100 nm, the adsorption of some proteins such as fibronectin can be increased (Webster et al. 2001).  

In vitro studies have shown that osteoblast adhesion, proliferation and differentiation, as well as 

mineralization, is enhanced on nanomaterials with grain sizes less than 100 nm (Webster et al. 2001, Webster 

et al. 1999). For example, a study from Puckett and colleagues showed that the adherence of osteoblasts 

increased when the surface is covered with nanophase titanium particles (Puckett et al.  2008).  

 

I.7.4.4. Porosity and pore size 

 

Porosity is defined as the percentage of void space in the scaffold. Adequate porosity and pore size are 

extremely important for bone tissue engineering scaffolds since it allows vascularization of the scaffold and 

migration and proliferation of cells throughout the whole construct. Therefore, porosity is essential to allow 

vasculature to penetrate into the central regions of the scaffold, allowing the transport of oxygen and nutrients. 

In fact, increase of porosity and pore size has been shown to influence, positively, bone formation in vivo. For 

example, pores smaller than 100 μm were found to negatively affect vascularization (Hutmacher 2000). 

Interestingly, these results correlate with the diameter of the physiological Haversian systems in bone tissue 

(>100 μm).  
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In vivo studies have also shown that larger pore sizes and higher porosity lead to greater amounts of new 

bone formation and a faster rate of vascularization. In contrast, small pores favored hypoxic conditions and 

induced osteochondral formation before osteogenesis occurs (Hutmacher & Cool 2007). 

Nevertheless, increased porosity and higher pore size can also compromise the structural integrity of the 

scaffold, affecting its mechanical properties (Hutmacher et al.  2007b). It is extremely important to consider all 

these different factors when designing and developing scaffolds for bone tissue engineering applications. 

 

 

I.7.5. Enhancing the functionality of the scaffolds  

 

Recently, the development of biomaterials has been focused on the design of biomimetic materials that 

can interact with surrounding tissues by biomolecular recognitions (Lutolf et al. 2003, Yang et al. 2004). The 

effort to functionalize synthetic scaffolds with biological cues, such as growth factors and ECM peptides, aims 

the formation of new tissue by eliciting specific cellular responses that may not be present in the native tissue 

(Figure I.28). Therefore, the properties of the biomaterial can be enhanced, in particular osteogenic 

differentiation of MSC by inducing expression of osteogenic genes in MSC (Kesireddy & Kasper 2016). 

Among the several signaling molecules used to induce bone regeneration, bone morphogenetic proteins 

(BMP) have been used clinically. However, some limitations of the use of BMP have been reported, such as 

the high doses required and some side-effects. Therefore, another common strategy is the incorporation of 

cell-binding peptides into biomaterials, mimicking naturally occurring processes such as cell-extracellular 

matrix signaling, cell proliferation and differentiation (Lee et al. 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure I.28. Functionalization of 3-D scaffolds for bone regeneration. Different strategies rely on morphological properties, 
control delivery of bioactive factors and tailoring of the degradation rate (Fernandez-Yague et al. 2015).  
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Incorporation of appropriate osteoinductive and osteogenic cues into scaffolds is a promising approach to 

enhance the functionality of the scaffolds. Moreover, these signals can more efficiently attract the patient’s 

own stem cells and may create a biomimetic microenvironment. Different approaches have been used, such 

as cellular approaches, incorporation of bioactive peptide motifs, incorporation of BMP or other growth factors, 

drug delivery and the use of ECM proteins, such as decellularized cell-derived ECM, among others.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I.7.5.1. Cellular approaches 

 

Cellular-based approaches in bone tissue engineering are very effective, specially, during the early stages 

of bone repair in the recruitment of progenitor cells. Different mechanisms of action have been proposed to 

explain the enhancement of bone regeneration with cellular-based approaches. Thus, the early release of 

osteogenic and vasculogenic molecules and growth factors, the induction of recruitment of host osteogenic 

cells and the actively formation of bone matrix and vascularization of the construct are associated to cellular-

based approaches to enhance bone regeneration (Amini et al.  2012). 

Different cell types have been investigated for bone regeneration such as: mesenchymal stem/stromal 

cells, embryonic stem cells, induced pluripotent stem cells and stem cells from human exfoliated deciduous 

teeth (Amini et al. 2012). 

In fact, MSC can differentiate into bone tissue during the natural bone development process, therefore 

they have been widely exploited for bone tissue engineering applications. MSC can also be differentiated into 

adipocytes and chondrocytes. MSC have been defined through the expression of various CD markers (i.e., 

Figure I.29.  Schematics of different types of scaffolds and strategies that can be applied in bone tissue 
engineering applications (Fernandez-Yague et al.2015). 
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negative for CD34, CD45, CD14, CD11a, CD19, and HLA-DR and positive for STRO-1, CD29, CD73, CD90, 

CD105, CD106, CD166, CD146, and CD44) (Arvidson et al. 2011). MSC can be isolated from different adult 

sources, such as bone marrow (Bianco et al. 2001), peripheral blood (Kuznetsov et al. 2001), umbilical cord 

blood (Rosada et al. 2003), synovial membrane (De Bari et al. 2001), deciduous teeth (Miura et al. 2003), 

dental pulp (Shi & Gronthos 2003), amniotic fluid (In’t Anker et al. 2004), adipose tissue (Zuk et al. 2002), 

brain, skin, hear, kidneys and liver (Crisan et al. 2008). MSC isolation relies on their ability to adhere to plastic 

in tissue culture (Caplan 1991). Moreover, these cells can also be derived from embryonic stem cells and 

induced pluripotent stem cells (Yu et al. 2007). 

MSC have been incorporated into biomaterials for bone tissue engineering applications as a strategy for 

accelerated bone formation and healing during bone defect regeneration. Since MSC can differentiate into 

osteoblasts, these cells have the potential to enhance bone regeneration. In addition, MSC can release 

osteogenic growth factors, enhancing osteoinductivity of the biomaterial, and stimulate the migration of host 

progenitor cells and their differentiation. 

Pre-clinical trials with scaffolds seeded with MSC have shown accelerated bone repair, in different bone 

defects, such as critical-size femoral and cranio-maxillofacial defects (Mauney et al.  2005). However, some 

concerns have been raised about the use of MSC as a cellular approach for enhanced bone regeneration. 

First, several studies have shown that MSC have a maximum limit of population doublings that can be 

reached. Another limitation is the donor age, since osteogenic differentiation in vitro and osteogenesis in vivo 

decreases with donor age (Kagami et al. 2011). Moreover, before patient treatment with MSC, approximately 

4-6 weeks are required for cell expansion and long-term culture may increase the possibility of abnormal 

karyotype development and malignant cell transformation. Lastly, fetal bovine serum (FBS) is widely used 

during in vitro expansion and it is known to be able to trigger an immune response by the xenogenic proteins. 

Therefore, new reagents that do not contain components from animal origin have been developed and are 

now being used for MSC expansion to be finally incorporated in clinical applications.  

 

I.7.5.2. BMP and other growth factors 
 

Different key molecules have been reported to regulate fracture healing and have been used in clinical 

context to enhance bone repair and accelerate normal bone healing to reduce the time of fracture treatment. 

Their clinical use combined with bone grafts has increased in the last years. However, there are still several 

concerns about their use, including safety, specially regarding the high concentrations of growth factors 

required to obtain the desired effect, the high cost of treatment and the potential for ectopic bone formation 

(Argintar et al. 2010). 

BMP have been the most extensively proteins investigated, since they have been reported as potent 

osteoinductive factors. BMP can induce the mitogenesis of MSC and their differentiation into an osteogenic 

lineage. Several clinical trials have been going on to evaluate the safety and efficacy of the use of BMP as 

osteoinductive bone-graft substitute for bone regeneration. In fact, BMP-2 and BMP-7 have been approved for 

clinical use in a variety of clinical conditions including non-union, open fractures, joint fusion and critical bone 

defects (Giannoudis and Einhorn 2009). 

Besides BMP, other growth factors have been shown to enhance bone regeneration, acting in different 

cellular processes such as proliferation, chemotaxis, osteogenesis and angiogenesis (Nauth et al.  2010, 
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Simpson et al. 2006), including PDGF, TGF- β, IGF-1, VEGF and FGF, among others (Dimitriou et al. 2005). 

Therefore, different in vitro and in vivo studies have evaluated these factors alone or in combination, 

presenting controversial results (Nauth et al.  2010, Simpson et al. 2006).  

 

 
I.7.5.3. Bioactive peptides 

 
 
The most commonly used peptide for surface modification is Arg-Gly-Asp (RGD) (Koivunen et al. 1995, 

Shin et al. 2002, Massia et al. 1991), the signaling domain derived from fibronectin and laminin and also found 

in collagen. These peptides can be chemically attached to polymers to facilitate cellular interactions at an 

injury site. Specifically, RGD peptides have been shown to enhance differentiation, proliferation and 

mineralization when attached to the surface of various biodegradable materials (Yang et al. 2001, Schaffner & 

Dard 2003). Biomimetic polylactic acid (PLA) scaffolds modified with RGD peptides have been prepared and 

shown to promote the attachment and growth of osteoblasts (Shin et al. 2002). It has been reported that by 

controlling the distribution of RGD on hydrogels by nanopatterning, it is possible to maximize its beneficial 

effects on adhesion, survival, and differentiation of MSC (Wang et al. 2013, Wang et al. 2013b) 

Additionally, other peptide sequences have been immobilized on different scaffolds, such as Tyr-Ile-Gly-

Ser-Arg (YIGSR) and Ile-Lys-Val-Ala-Val (IKVAV) in laminin (Vukicevic et al. 1990) Arg-Glu-Asp-Val (REDV) 

and leucine-aspartic-acid-valine (LDV) in fibronectin (Aota et al.  1991). 

Short peptide fragments from collagen have been used for surface modification in numerous studies (Shin et al. 

2003). For example, Bhatnagar and colleagues identified a cell-binding domain P15 (GTPGPQGIAGQRGVV) from 

type I collagen that supported ECM synthesis (Bhatnagar et al. 1999). Similarly, another type I collagen peptide - 

GFOGER was used to functionalize surfaces and showed to support the expression of osteogenic genes, including 

osteocalcin and bone sialoprotein, and to induce matrix mineralization in a manner similar to type I collagen (Reyes 

& García 2004, Reyes et al. 2007).   

 

 

I.7.5.4. Non-collagenous bone proteins in bone tissue engineering 

 

Collagen has already been described to be extremely important as a template to create bone tissue, 

however the question that remains to answer is which of the other components from bone matrix besides 

collagen are essential to engineer new bone tissue. 

Recently, investigators have been focusing on using the native non-collagenous proteins from bone 

matrix to enhance the properties of the scaffolds, such as cell recruitment, proliferation and differentiation into 

an osteogenic lineage, regarding bone tissue applications. Although great improvements on incorporating 

peptides on biomimetic materials have already been achieved, the influence of the non-collagenous bone 

matrix proteins on osteogenic differentiation remains to be evaluated, even though these proteins have been 

identified some decades ago. Thus, in vitro and in vivo studies must be conducted to understand better the 

functions of the bone matrix constituents and how these proteins can be applied in bone tissue engineering 

strategies. 



 58 

Few works have been using components of the organic bone matrix other than collagen to create bone 

substitutes. Johnson and colleagues used a composite alloimplant of human bone morphogenetic protein and 

autolysed allogeneic bone containing a mixture of extracellular matrix proteins. In a clinical trial, they were 

possible to achieve body union in 24 of 25 cases of resistant nonunions. However, the addition of BMP as 

osteoinductive factors did not allow any conclusion on the performance of the non-collagenous bone matrix 

proteins alone (Johnson & Urist 2000). 

Sun and co-workers integrated non-collagenous proteins from bone extracellular matrix into gelatin 

scaffolds to form an artificial matrix, mimicking natural ECM, enhancing osteogenesis and mineralization (Sun 

et al. 2013). 

Depending on the end use, various combinations of the functional domains of non-collagenous bone 

extracellular matrix proteins can be incorporated into scaffolds to elicit responses for bone tissue 

regeneration. Indeed, an additive and synergistic effect has been reported when combining more than one 

ECM protein/peptide. 

Most of the peptides incorporated into the scaffolds have integrin-binding RGD sequences to enhance cell 

binding to scaffolds, however the addition of other ECM proteins, like BSP, OPN or OC, have shown to 

enhance mineralization, to accelerate bone healing and to induce angiogenesis (Kruger et al. 2013, He et al.  

2012, Rammelt et al. 2005). Thus, a combination of non-collagenous bone matrix might be an impressive 

strategy to improve the properties of the scaffold, giving the “ideal” cues to accelerate the process of bone 

healing.  

 

I.7.5.4.1. Proteoglycans from bone matrix in bone tissue engineering 

 

Proteoglycans are known to be important to support the growth and development of cells through their 

signaling and structural properties.  

For tissue engineering purposes, synthetic peptido-glycosaminoglycans (peptido-GAG) have been 

synthesized since they have shown promising results for biomedical applications (Wyers & Linhardt 2013). 

These peptido-GAG could replicate many of biological functions of decorin, specifically they could modulate 

fibril formation and the stiffness of the new tissue and promote cellular adhesion (Paderi & Panitch 2008, 

Sistiabudi et al. 2009). Also, aggrecan peptido-GAG have been used to enhance the properties of some 

scaffolds in cartilage (Stuart et al. 2011). 

For bone tissue engineering applications, few works have been incorporated collagen and GAG into a 

scaffold to provide a suitable 3-D environment to induce osteogenic differentiation of mesenchymal 

stem/stromal cells (Farrell et al. 2006). Aiming to mimic the natural structure and composition of bone tissue, 

novel scaffolds comprising collagen, GAG and calcium phosphate crystals have been fabricated (Harley et al. 

2010). 

The glycosaminoglycan chondroitin-sulfate has been used for bone tissue engineering applications, since 

chondroitin sulfate was reported to support osteogenic differentiation of MSC, increasing the regeneration 

ability of injured bone. A chondroitin sulfate bioglass composite encapsulating bone marrow cells was 

reported to induce bone regeneration in vivo in cooperation with BMP (Yang et al.  2015). Also, a chondroitin 



 59 

sulfate collagen scaffold was generated as a BMP delivery system and showed high biocompatibility and 

osteogenic stimulation (Keskin et al. 2005).  

Hyaluronic acid has been utilized in recent years in several medical fields. This glycosaminoglycan is an 

optimal biomaterial for tissue engineering, being used as a carrier for regenerative growth factors (Fujioka-

Kobayashi et al.  2016). 

 

I.7.5.4.2. Glycoproteins from bone matrix in bone tissue engineering 

 

There have been several reports of the use of glycoproteins derived from bone matrix to enhance cell 

binding in association with a variety of different scaffolds in tissue engineering applications, such as alkaline 

phosphatase, osteonectin, fibronectin, vitronectin, osteopontin, bone sialoprotein and DMP-1. 

 

I.7.5.4.2.1. Alkaline phosphatase  

 

For bone tissue engineering applications, ALP has been immobilized on microporous nanofibrous fibrin 

scaffolds to enhance the mineralization ability of these scaffolds and osteogenic differentiation in vitro and in 

vivo (Osathanon et al. 2009). These scaffolds are non-toxic, biodegradable, and support cell proliferation and 

differentiation in vitro. Furthermore, the immobilized ALP fibrin scaffolds supported bone formation in a mouse 

calvarial defect model (Osathanon et al. 2009). 

  

I.7.5.4.2.2. Osteonectin 

 

In native bone, osteonectin may bind selectively to both collagen and hydroxyapatite. Some studies have 

been incorporating osteonectin into composites to regulate the mineralization process. A nano-

hydroxyapatite/collagen/osteonectin complex was developed to mimic the hierarchical structure of natural 

bone from nanoscale to microscale, which surpasses the limitation of mineralized pure collagen synthesized 

in vitro (Liao et al. 2009). In fact the formation of the mineralized collagen nanofibers was influenced by the 

presence of osteonectin (Sarvestani et al. 2008). 

 

I.7.5.4.2.3. Fibronectin and vitronectin 

 

Fibronectin and vitronectin have been used for surface modification by coating these proteins to make 

biomimetic materials to promote cell adhesion and proliferation (Hidalgo-Bastida & Cartmell 2010). Although 

the ECM affinity for cell adhesion has been well reported and confirmed, the optimal ECM coating for 

osteogenic differentiation is still not clear. Further studies are being conducting, focusing in combining more 

than one different ECM protein in the coating to enhance cell adhesion and differentiation, with the ultimate 

goal to develop functional constructs for clinical skeletal regeneration. Cacchioli and colleagues reported that 

the vitronectin peptide conjugated onto titanium surfaces increased cell attachment rate, showing a higher 

ratio of mineralized surface to bone surface and more extended bone-to-implant contact in a rabbit in vivo 

model (Salasznyk et al. 2004, Kundu & Putnam 2006). Fibronectin has been reported as a potent adhesive 
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ligand that particularly stimulates the anchorage of mesenchymal stem/stromal cells and has been widely 

used as a coating on bioactive nanocomposite scaffolds, enhancing adhesion and proliferation of cells into 

scaffolds (Lee et al.  2015). 

By using a robotic-dispensing technique, it was possible to generate fibronectin-immobilized 

nanobioactive glass (nBG)/polycaprolactone (PCL) (FN-nBG/PCL) scaffolds with an open pore architecture. 

With the addition of these cell-adhesive motifs, like fibronectin, into the surface of the scaffold, cellular 

adhesion and differentiation processes might be accelerated (Won et al. 2015).  

Recently, strategies for bone tissue engineering involve the combination of materials such as ECM 

proteins and growth factors with nanohydroxyapatite as a promising application for bone reconstruction 

(Mohamadyar-Toupkanlou et al. 2017). Therefore, Toupkanlou and colleagues incorporated 

nanohydroxyapatite in electrospun nanofibrous PCL scaffolds coated with fibronectin, demonstrating the 

synergistic effect of fibronectin and nanohydroxyapatite on enhancing calcium deposition, collagen synthesis, 

early ALP activity and upregulating osteogenic specific genes both in vitro and in vivo (Mohamadyar-

Toupkanlou et al. 2017). 

Lee and co-workers construct a novel osteoinductive FN matrix fusion protein (oFN) containing FNIII9 and 

FNIII10 modules, the key cell-binding domain of fibronectin, and an osteoinductive sequence from BMP-2 and 

investigated the osteogenic activity of oFN-loaded collagen matrix (Lee et al. 2015). The engineered oFN 

matrix fusion protein resulted in more effective bone regeneration by promoting cellular adhesion and 

differentiation (Lee et al. 2015). Thus, it showed that the design of fusion proteins could represent a highly 

relevant approach for bone tissue engineering. 

 

I.7.5.4.2.4.Osteopontin 

  

OPN plays an important role in adhesion, remodeling and osseointegration at the biomaterial/tissue 

interface that is commonly found surrounding mineralized tissues (McKee & Nanci 1996). OPN plays a role in 

cell attachment to ECM and is responsible for the recruitment of osteoblasts during the early stage of bone 

formation (Shapses et al.  2003). Somerman and co-workers showed that the attachment of osteoblasts to 

OPN was dose dependent and was mediated by a conservative RGD peptide sequence (Somerman et al. 

1989).  

Some peptides were already derived from OPN and have been reported to bind to collagen and to induce 

biomineralization (McKee & Nanci 1996). A work by Shin and colleagues showed that oligo(poly(ethylene 

glycol) fumarate hydrogels modified with OPN-derived peptide influenced osteoblast proliferation and 

migration (Shin et al. 2004). OPN can also interact with multiple cell surface receptors, having an active role in 

many physiological processes like wound healing, bone turnover, inflammation and angiogenesis (Denhardt & 

Guo  1993). Although, Shin and colleagues demonstrated that OPN-derived peptide hydrogels enhance cell 

migration, the effect of OPN on osteogenic differentiation of MSC was not investigated. On the other hand, He 

and colleagues described an hydrogel that combined OPN, BMP-2 and RGD sequence to provide a favorable 

microenvironment for osteogenic and vasculogenic differentiation of marrow stromal cells that could be used 

for bone tissue engineering applications (He et al. 2012). 
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Lee and colleagues showed that a collagen-binding motif (GLRSKSKKFRRPDIQYPDATDEDITSHM) found in 

OPN could specifically bind collagen without chemical conjugation and demonstrated capacity to form 

hydroxyapatite in vitro and in vivo (Lee et al. 2007)  

OPN has been reported as inducing bone formation by inhibiting osteoclast resorption and more 

importantly by increasing angiogenesis (Denhardt & Guo 1993).   In fact, it has been reported that the peptide 

SVVYGLR, corresponding to amino acids residues 162-168 of OPN, induces vasculogenic differentiation of 

the bone marrow cells (Egusa et al. 2009). This peptide induces tube formation by progenitor endothelial cells 

in 3-D collagen gels with as much potency as VEGF (Egusa et al. 2009). Hamada and co-workers developed 

CO3 apatite-collagen sponges containing the SVVYGLR motif as a scaffold and implemented into a tissue 

defect created in rat tibia. This scaffold promoted angiogenesis inside the graft, suggesting the incorporation 

of OPN into biomaterials for bone tissue engineering applications that require angiogenesis (Hamada et al.  

2007). 

 

I.7.5.4.2.5. Bone sialoprotein 

 

Many groups have been exploring the functions of BSP to be used in a therapeutic device to repair bone 

defects, enhancing their osteoinductive capacity (Kruger et al.  2013). In fact, BSP implants are an attractive 

candidate for bone applications since BSP plays an important role in osteogenic differentiation, binds type I 

collagen with high affinity and binds anb3 and anb5 integrins, which mediate cell signaling and differentiation 

(Kruger et al. 2013). BSP has been shown to be essential in osteogenic differentiation of bone marrow cells 

cultured on type I collagen. Moreover, BSP plays an essential role in the formation of calcified nodules. Due to 

the high affinity with collagen, BSP combined with collagen facilitates cell migration, attachment, proliferation 

and differentiation through RGD and non-RGD binding of integrins (Kruger et al.  2013). 

Instead of using the whole protein, some investigators have been exploring the properties of the amino 

acids sequence 35-62 of rat BSP, corresponding to the collagen-binding peptide derived from BSP (Choi et al.  

2013). The in vivo studies demonstrated that hydroxyapatite implants containing 6 mg of this BSP-derived 

collagen-binding peptide placed into the rabbit calvarial defects stimulated new bone formation within 2 weeks 

after implantation as compared to untreated or hydroxyapatite scaffolds alone. Other groups have also shown 

that the presence of BSP in some collagen implants, in vivo, stimulates osteogenic differentiation and bone 

repair (Xu et al.  2007), by upregulating the expression of genes associated with early osteogenic 

differentiation, as early as 4 days after implantation. Another interesting result observed in this study was that 

by day 7 after surgery, cell proliferation, matrix mineralization and vascular invasion extended into the central 

regions of the BSP-collagen implants. Instead, when using only collagen as implants, the central regions of 

the implant were not affected. In conclusion, defects where BSP-collagen scaffolds were implanted presented 

new bone formation and remodeling in the whole areas of the defect, whereas defects that were implanted 

with collagen alone only demonstrated new bone formation in the areas near the host bone (Kruger et al. 

2013).  

Another group has shown that silk-based materials can be used instead of type I collagen. These 

scaffolds were functionalized with BSP to enhance osteogenesis (Gomes et al. 2013). These studies 

demonstrated that this new BSP-scaffold induced mineralization, enhancing the mineral deposition and 
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osteogenic differentiation of human mesenchymal stem/stromal cells, when compared with silk scaffold alone 

(Gomes et al.  2013). 

Some investigators have been focusing on the BSP-RGD peptide, instead of the entire protein. Therefore, 

Rezania and colleagues have covalently grafted BSP-RGD peptide from rat/mouse bone sialoprotein on 

quartz surfaces and showed that this peptide promoted ECM mineralization (Rezania & Healey  2000). 

Moreover, Drevelle and co-workers used PCL films functionalized with BSP-RGD peptide and demonstrated 

an enhancement of cell spreading of MC3T3-E1 mouse preosteoblasts and an improvement of their 

responsiveness to BMP-2 (Drevelle et al. 2010). More recently, this BSP-RGD peptide showed increased 

mineralization of human MSC cultured on hydrogels, enhancing the expression of osteogenic markers (Jha et 

al. 2014). 

Similarly, Rapuano has used a fragment from human BSP corresponding to residues 278-293 (hBSP278-

293) and showed that BSP-coated plastics have better adhesion capacity, since more MC3T3-E1 cells were 

found attached to these surfaces (Rapuano et al.  2004). 

 

I.7.5.4.2.6. DMP-1 

 

Recently, dentin has been explored as a new material to be used for tissue engineering of tooth structure, 

since dentin is a calcified tissue. Comparing with enamel, dentin is less mineralized and more elastic and it 

contains, approximately, 70% hydroxyapatite (Li et al. 2011). In the extracellular matrix, the bioactive proteins 

of human dentin are known to be necessary for dentinogenesis (Chun et al.  2011). Many researches have 

been trying to create scaffolds that mimic the structure of natural dentin to use in dentin regeneration 

applications (Lluch et al. 2009). Indeed, some reports have already demonstrated that treated dentin matrix 

could induce precursor cell to differentiate into dentin (Li et al.  2011), providing a natural and biocompatible 

scaffold.  

Currently, efforts have been made to study the role of these dentin matrix, specifically for tissue 

regeneration (Yang et al.  2012, Guo et al. 2012). Since this is a new field in tissue engineering, there are yet 

few studies using a particular dentin protein or peptide into scaffolds for bone tissue engineering applications, 

however some reports have already shown that DMP-1 plays multi-functional roles, being very attractive to be 

used in tissue engineering applications (Ravindran & George 2015). To this end, DMP-1 has been 

incorporated in biomimetic collagen constructs to regenerate soft tissues such as the dental pulp tissue 

(Alsanea et al. 2011). Alsanea and colleagues demonstrated that dental pulp stem cells incorporated within a 

collagen scaffold in the presence of DMP-1 can differentiate into odontoblast-like cells, secreting a highly 

vascularized collagenous matrix. 

Although DMP-1 is originally from dentin matrix, it can also be found in bone matrix and can be applied to 

bone tissue regeneration. Indeed, DMP-1 derived peptides have been shown to induce transformation of 

amorphous calcium phosphate to crystalline hydroxyapatite, demonstrating that this signaling molecule 

incorporated with the biomimetic scaffold could enhance nucleation of crystalline hydroxyapatite, generating 

high quality engineered tissues capable of withstanding the mechanical loading that bones are normally 

subjected to (Xu et al. 2011). 
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Playing with the most important domains of DMP-1, many peptides have been synthesized to be 

incorporated into scaffolds designed for tissue engineering applications (Ravindran & George 2015). Besides 

the nucleating motifs from DMP-1, synthetic peptides that also contain the type I collagen binding domain 

were generated for repair of carious dentin. The main idea is to enhance the link between DMP-1 and 

collagen scaffolds and to take advantages of the DMP-1 nucleating domain to facilitate calcium binding and 

transformation to crystalline hydroxyapatite. 

Recently, DMP-1 has been shown to stimulate MSC to differentiate into osteoblasts (Ravindran & George 

2015). Thus, DMP-1 could be explored in bone tissue engineering applications to enhance osteogenesis, by 

incorporating the whole protein or the nucleating domain of DMP-1 to induce osteogenic differentiation. 

However, further studies are required to incorporate DMP-1 as a signaling molecule for bone tissue 

engineering applications.  

 

 

I.7.5.4.3. Gla-containing proteins from bone matrix in bone tissue engineering 

 

I.7.5.4.3.1. Osteocalcin 

 

Osteocalcin is the most abundant non-collagenous protein in bone ECM (Poser et al.  1980, Price & 

Williamson 1985). OC expression is closely related to bone metabolism including bone mineralization and 

turnover (Ducy et al. 1996).  

An OC-derived scaffold was described by Rammelt and colleagues (Rammelt et al. 2005). They 

investigated whether the addition of OC into the scaffold enhanced bone healing around 

hydroxyapatite/collagen composites in a rat tibia model and demonstrated that OC activates both osteoclasts 

and osteoblasts during early bone formation (Rammelt et al.  2005).  

Another study used rhOC/FNIII9-10 fusion protein to functionalize a collagen matrix for bone tissue 

engineering (Kim et al. 2015). They demonstrated that rhOC/FNIII9-10–functionalized collagen matrices are 

more effective in the osteogenic differentiation of preosteoblasts than non-treated collagen matrices or even 

rhFNIII9-10–functionalized collagen matrices. These scaffolds enhanced cell adhesion, mostly by the fibronectin 

domain, but also could improve osteogenic differentiation of preosteoblasts, upregulating osteogenic gene 

markers. 

Regarding the effect of osteocalcin on angiogenesis, Cantatore and colleagues showed for the first time in 

a well-established in vivo angiogenic assay that OC exogenously applied to chick embryo chorioallantoic 

membrane stimulates angiogenesis and that response was similar to that obtained with FGF-2 (Cantatore et 

al.  2005). Therefore, OC might be applied in bone tissue engineering to enhance mineralization and 

angiogenesis in a defect site, improving the efficiency of bone healing. 
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I.7.6. Mimicking the in vivo microenvironment of the ECM  

 

I.7.6.1. ECM as a biomaterial source 

 

ECM is a highly complex system of organized assembly of macromolecules and signaling factors 

(Fitzpatrick et al.  2015). ECM is responsible to provide tissue structure and mechanical properties of tissue 

but also acts in different cellular aspects essential in development and tissue repair, being an ideal substrate 

for cell adhesion, coordinating cell migration, survival, proliferation and differentiation. ECM is mainly 

composed by fibrillary proteins (e.g. collagens, fibronectin, laminin), glycosaminoglycans (e.g. heparin 

sulphate, chondroitin sulphate, hyaluronan), proteoglycans (e.g. decorin, versican, aggrecan) and matricellular 

proteins (e.g. osteopontin, thrombospondin) (Frantz et al.  2010). These ECM components may also be 

involved in the binding, sequestration and stabilization of signaling molecules incorporated within the matrix. 

Although being composed by the above mentioned components, the composition and distribution of the matrix 

components will vary with the type of tissue and can be altered during the different stages of tissue 

development and even due to some pathological conditions. 

Therefore, tissue engineering and regenerative medicine focus on designing biomaterials that can 

recapitulate the different ECM functions and architecture, facilitating cell recruitment, adhesion, proliferation 

and differentiation (Wang et al. 2013). Indeed, some synthetic materials have been developed by using 

isolated ECM components, such as collagen, fibrin or hyaluronan or a combination of different ECM proteins 

(Mistry et al. 2005). These proteins have been coated into the biomaterials or even incorporated into them 

through different coupling methods. Although some progresses have been made, these materials fail to 

achieve the molecular complexity and organization of native tissue, leading researchers to apply the native 

ECM as a biomaterial source. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.30. Composition of extracellular matrix (Punjabia et al.  2014). 
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I.7.6.2. Decellularized native tissue-derived ECM  

 

Native ECM can be obtained from allogeneic tissues (living donor/cadaver) or xenogenic tissues (animals) 

after cleaning and decellularization, in order to remove any cellular material.  In pre-clinical research and 

clinical therapies, some tissues have already been decellularized, such as skin, urinary bladder matrix, blood 

vessels and heart valves. Due to the fact that this graft is obtained from decellularization of whole mature 

organ, its structure and tissue architecture is preserved (Ott et al.  2008, Petersen et al.  2010). Moreover, the 

decellularized tissue is suitable to be used as a graft since it matches the biophysical requirements 

(Papadimitropoulos et al. 2015). Some studies have already shown, in fact, that decellularized native ECM 

can promote bone repair (Papadimitropoulos et al. 2015, Zimmermann  et al. 2011). However, there are some 

limitations of using native ECM as a graft. Indeed, to reduce the risk of disease transmission, harsh 

decellularization treatments are required (Greenwald et al. 2001, Laurencin et al. 2012, De Long et al.  2007), 

leading to the loss of bioactive components present in the ECM (Zimmermann et al.  2011). Another limitation 

is the uncontrolled tissue variability that occurs due to the age, health, gender of the tissue donor (Fitzpatrick 

et al.  2015). 

Regarding bone tissue, bone ECM can be processed by treatment with acid (Urist et al.  1967) to 

generate demineralized bone matrix (DBM). DBM has a gel-like consistency that can be processed as powder 

or granules and, therefore, can be used as bone filling material, since it does not offer a structural support. 

Nevertheless, this material contains collagenous proteins and growth factors, such as BMP, FGF, TGF. As 

mentioned before as a limitation of decellularized native ECM, DBM has also uncontrolled variability, 

depending not only on the donor (Schwartz et al.1998), but also on the sterilization method used (Munting et 

al. 1988). Therefore, it is quite impossible to predict and guarantee the osteoinductive properties of this 

material. 

 

I.7.6.3. Decellularized cell-derived ECM  

 

ECM derived from cultured cells appears as an alternative to native tissue-derived ECM. Cell-derived 

ECM is composed by a complex and organized mixture of macromolecules that can mimic the native tissue 

microenvironment and can be obtained by decellularization of in vitro cell cultures. Cell-derived ECM acts as a 

reservoir of multiple growth factors, such as factors involved in inflammation (i.e. MCP-1, M-CSF, IL-8), 

angiogenesis (i.e. VEGF) and remodeling (i.e. MMP-13, OPG) (Bourgine et al.  2014). Cell-derived ECM has 

greater ability for customization, in contrast to tissue-derived ECM, since it is possible to select the desired 

cells to produce the ECM, the culture system (2D vs 3D; static vs perfusion), the application of some stimuli to 

modulate ECM production and also the possibility to modify, genetically, the cell sources to enhance the 

expression or sub-express some specific molecules (Fitzpatrick et al.  2015). Cell-derived ECM has been 

used also as coating, by depositing these molecules on the surface of the biomaterials to enhance their 

bioactivity and osteoinductive properties. However, cell-derived ECM has also some limitations with respect to 

tissue-derived matrices, since cell-derived ECM has poorer mechanical properties, not being able to be used 

in some specific applications. 
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In order to understand better how cell-derived ECM acts, further research is required to identify the 

interactions between the ECM signals and the host cells and to understand the different mechanisms of 

action. Besides that, it is important to identify and quantify, precisely, the composition of the ECM produced by 

different cell types to understand how the cell-derived ECM will influence cell behavior and to evaluate in 

which applications the cell-derived ECM generated by different cell types should be used. 

In vitro, cell-derived ECM from different cell types has been shown to sustain cell expansion and to 

enhance MSC osteogenic differentiation (Lai et al. 2010, Lin et al. 2012, Pham et al.2008, Datta et al. 2005, 

Datta et al. 2006). In vivo, cell-derived ECM presented good vascularization (Pham et al. 2008) and was able 

to promote remodeling onto an immature osteoid tissue (Sadr et al. 2012). 

 

I.7.6.4. Cell-derived matrices fabrication 

 

The production of cell-derived ECM depends on three important aspects: cell source, cell culture method 

and decellularization method.  

 

 

I.7.6.4.1. Cell source 

 

 The cell source is essential to determine the resulting composition of the ECM. Therefore, cells derived 

from different tissues typically yield matrices that mimic the composition of their natural tissue matrix. 

Fibroblasts, a cell type found in connective tissues, have the ability to produce an ECM rich in collagens. 

MSC have also been used to produce cell-derived ECM due to their common use in tissue engineering 

applications and their ability to deposit ECM that can mimic different tissues by varying the culture condition 

methods, such as bone, cartilage and adipose tissue (Fitzpatrick et al. 2015). The properties of human 

umbilical vein endothelial cells (HUVEC) ECM have also been investigated. Enhanced osteogenic 

differentiation of human bone marrow MSC was observed in a β-TCP scaffold incorporated with HUVEC ECM 

(Kang et al. 2012). Another study from Gong and colleagues demonstrated that HUVEC ECM enhanced 

adhesion, proliferation and endothelial differentiation of stem cells from exfoliated deciduous teeth (Gong et al. 

2017). 

It is extremely important to identify the ECM components produced by different cell types, so that we can 

target specific clinical conditions. Lu and colleagues, indeed, compared the composition of matrices derived 

from fibroblasts, chondrocytes and MSC (Lu et al. 2011). Although this study did not quantify the relative 

amounts of ECM components, it demonstrated the effect of different cell sources on matrix composition. This 

study showed that all matrices stained positive for type I collagen, type II collagen, fibronectin, vitronectin, 

laminin and decorin. However, versican was only detected in ECM derived from chondrocytes and aggrecan 

was not detected in ECM derived from fibroblasts (Lu et al.  2011). 

To generate cell-derived ECM, primary cells and cell lines can be used. Primary cells can be directly 

harvested from tissues and do not need to be manipulated and passaged, recapitulating in a more reliable 

way the native in vivo phenotype and microenvironment. However, native ECM is produced by multiple cell 

types present in its specific niche, whereas primary cells are isolated into a monoculture. Another limitation of 
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primary cells is the availability of these cells, since it is usually required a high amount of cells for a specific 

application, being necessary to expand in vitro these cells. Indeed, passaging of cells, as well as their in vitro 

manipulation, may alter cell behavior and native phenotype.  

On the other hand, immortalized cell lines can be used to generate cell-derived ECM, since they can yield 

high number of homogenous cells. The main disadvantage of immortalized cell lines is the fact that they are 

often derived from tumors and can differ from primary cell phenotypes. Moreover, it is important to consider 

that these cell-derived ECM may not be suitable to use if mimicking a specific tissue microenvironment is 

important. However, immortalized cell lines have been shown to be an appropriate solution if a specific 

desired molecular components are needed, such as components that promote angiogenesis (Fitzpatrick et al. 

2015).  

Recently, genetic engineering of cell lines has also been exploited since it will enhance or decrease the 

expression of desired key molecular elements in the ECM.  

Therefore, it is important to think carefully which cell type should be used for a specific application, 

understanding, first, what is the desired outcome and in which context will the cell-derived ECM be applied, for 

example as a cell substrate or as a biomaterial coating. New technologies are also emerging and can be used 

to enhance and tailor the cell-derived ECM to mimic the natural microenvironment, enhancing some 

properties that could be affected due to some pathological condition. However, it is important to highlight that 

a proper identification and quantification of these ECM components should be guaranteed, to understand their 

biological effects. 

 

 

I.7.6.4.2. Cell culture methods 

 

Cell culture methods will also influence the production of cell-derived ECM. The most common methods to 

produce cell-derived ECM are to culture cells as adherent monolayers (2-D), as coatings on scaffold surfaces 

or as multicellular aggregates (3-D) and then, decellularize it. However, some cell culture parameters can also 

affect and alter the ECM composition, such as hypoxic conditioning (Pei et al. 2012). Mechanical 

preconditioning can also be applied to improve the mechanical properties of the generated ECM (Quint et al. 

2011, Syedain et al. 2011). Therefore, as noted, by altering the cell culture methods, cell-derived ECM 

composition can mimic better the native microenvironment.  
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I.7.6.4.3. Decellularization techniques 

 

After culturing the cells in the desired way, the ECM will be produced and deposited. Further, the cellular 

components need to be removed from the ECM in order to obtain a cell-derived ECM without allogenic or 

xenogenic cellular antigens and immunogenic components, such as DNA, minimizing the risk of adverse 

immunological responses (Badylak et al. 2009). 

Different techniques have been used to disrupt and remove the cellular components from the ECM based 

on chemical, physical and/or enzymatic processing methods. Indeed, there is no standard method of 

decellularizing cell-derived ECM and the selection of the decellularization method should be considered by 

balancing between the preservation of the molecular composition and the structural integrity of the matrix, 

since some methods are known to affect some of these two major aspects. 

Chemical decellularization uses alkaline or acidic reagents, such as ammonium hydroxide, peracetic acid, 

and/or detergents (Triton X-100, SDS, CHAPS) to solubilize and disrupt the cellular components. As 

mentioned before, this method is very efficient in removing cellular components, however it can lead to the 

loss of some ECM components, such as glycosaminoglycans, and can also affect the ECM structure.  

On the other hand, physical methods, such as lyophilization and freeze-thaw cycling have shown to fail, 

sometimes, to remove all cellular components of the ECM. Although it may enable retention of more ECM 

components, it can also affect the ECM structure.  DNase treatment can also be combined with these 

treatments to degrade the remaining DNA (Gilbert et al. 2006), however it can induce sterile inflammatory 

responses in humans (Zheng et al. 2005). 

Figure I.31. Common culture methods used to produce decellularized cell-derived ECM. Cells can be cultured in 
monolayers and deposit a layer of matrix. To obtain thicker cell-derived ECM, cells can be embedded in a degradable 
carrier material. Therefore, over time, the degradable material will be replaced by the ECM deposited by the cells (3-D 
ECM construct after decellularization). Cells can be cultured as aggregates also producing a 3-D ECM. Cells can be 
cultured on the surface of scaffolds, allowing the matrix to be deposited and decellularization process will remove the 
cellular components, improving the bioactivity of the scaffold (Fitzpatrick et al. 2015). 
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Regarding bone tissue engineering, several groups have applied different decellularization methods to 

obtain cell-derived ECM incorporated into different scaffolds. Tour and colleagues seeded rat calvarial 

osteoblasts with hydroxyapatite particles and compared different decellularization techniques, such as three 

freeze-thaw cycles and the treatment with 0.5% Triton X-100 buffer containing 20mM NH4OH in PBS for 3 min 

at 37ºC. Their results showed that Triton X-100 treatment preserved the ECM architecture by maintaining the 

fibrillar network in contrast with the freeze-thaw treatment which disrupted the fibrillar structure, leading to a 

disorganized matrix (Tour et al. 2011, Cheng et al. 2014). However, other groups have already reported 

successful decellularization by using three cycles of freeze-thaw treatment only (Datta et al.  2005, Thibault et 

al. 2010, Cheng et al.  2015). It is important to note that, since there is no standard method of decellularization 

to produce cell-derived ECM, optimization studies should be done to obtain cell-derived ECM with good 

quality, retaining the bioactive components needed for a specific application. 

Different decellularization techniques of cell-derived ECM are summarized in Table I.6. 

 

Table I.6.  Methods for decellularization of cell-derived ECM for bone tissue engineering (Adapted from Cheng et al. 
2015). 

Tissue type Decellularization method Sterilization Cell repopulation References 

 

Rat femoral and tibial bone 

marrow-derived MSC cultured on 

titanium fiber mesh scaffolds 

  

 

Three freeze/thaw cycles 

 

Unspecified 

 

Rat bone marrow-

derived MSC 

 

Datta et al.  2005 

Pham et al.  2008 

Rat osteoblasts and dermal 

fibroblasts cultured on synthetic 

hydroxyapatite microparticles 

 

0.5% Triton X-100 for 3 min at 37 ºC Unspecified None Tour et al.  2011 

Rat bone marrow-derived MSC 

cultured on PCL scaffold 

 

Three freeze/thaw cycles 

Ultrasonication for 10 min 

Ethylene oxide Rat bone marrow-

derived MSC 

Thibault et al. 2010 

Mouse bone marrow-derived MSC 0.5% Triton X-100 for 5 min at 37 ºC Unspecified Mouse bone marrow-

derived MSC 

Sun et al. 2011b 

 

 

I.7.6.5. Cell-derived ECM in bone tissue engineering 

 

Several bone substitutes have tried to mimic the ECM specific features to induce and accelerate bone 

healing (Fitzpatrick et al. 2015). Different features should be considered in bone tissue engineering, such as 

structure, mechanical properties and osteoinductive properties, such as the presence of growth factors, 

minerals and cytokines. 

Both macro-structure (e.g. pore shape, geometry and size distribution) and micro-structural features (e.g. 

presence of micropores, surface roughness and nanotopography) influence the osteoinductivity of bone 

substitutes (Decaris et al.  2012). The mechanical properties of engineered substrates also play a key role, as 

the osteogenic phenotype of MSC is induced by stiff substrates with an elasticity ranging from 25 to 40 kPa, 

corresponding to stiffness in physiological osteoid (Lv et al. 2015). On the other hand, biochemical factors 
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provide signals to control the behavior of osteogenic cells. Therefore, bone ECM acts as reservoir of different 

and complex cytokines and growth factors that are important for osteogenesis (such as BMP) and 

angiogenesis (such as VEGF). 

Although some progresses in material sciences have been made, most of the developed synthetic 

substitutes are merely osteoconductive, lacking some osteoinductive properties (Datta et al.  2005). Some 

growth factors and ECM proteins or peptides have been added into these scaffolds to improve their bioactivity 

(Lau et al.  2012), however it is still difficult to recreate the complex structure of native ECM. Therefore, 

optimization of the combination of proteins required for a specific application, as well as their doses, need 

further studies. 

Cell-derived ECM appears as a nature-inspired approach to be used in orthopedic tissue engineering and 

as a regenerative strategy to improve the current clinical practices for repairing large bone defects by 

generating materials with osteoinductive properties. Currently, off-the-shelf materials are commercially 

attractive. Moreover, cell-free extracellular matrices seem to be easier to implement in a clinical context. 

Therefore, cell-derived ECM can be applied as a scaffold coating to enhance the biological and osteoinductive 

capacity of materials. This ECM can also be integrated into synthetic scaffolds and used as cell culture 

substrates for expanding and differentiating stem cells and osteoblasts to be further used for bone cell 

therapies. 

Another advantage of using cell-derived ECM for bone tissue engineering applications is the potential for 

the formation of autologous grafts, since it is possible to use autologous cells, patient-specific cells, to create, 

in vitro, the cell-derived ECM.  

Different studies have already reported that cell-derived osteogenic ECM can be created in vitro using 

mesenchymal stem/stromal cells (Datta et al.  2005, 2006, Decaris et al. 2012, Sun et al.  2011b, Thibault et 

al.  2010, Zeitouni et al .2012), fibroblasts (Tour et al. 2011), chondrocytes (Lau et al.  2012) or osteoblasts 

(Tour et al. 2011) in the presence of osteogenic media. In the absence of osteogenic growth factors, cell-

derived ECM has also been shown to enhance expansion of mesenchymal colony forming units and preserve 

their stem cell properties (Chen et al. 2007). 

ECM derived from MSC have been shown to be able to repair mouse calvarial defects. In fact, Zeitouni 

and co-workers demonstrated the efficiency of decellularized human MSC-derived ECM reseeded with human 

MSC pretreated with GW9662, a small molecule that directs stem cells towards osteogenesis (Zeitouni et al.  

2012). In fact, after 3 weeks, decellularized cell-seeded ECM resulted in 80-100% bone healing compared to 

30% to 60% healing with decellularized ECM only and MSC only treatment groups, respectively. 

Therefore, translational application of cell-derived ECM may involve coating commonly used orthophedic 

biomaterials for bone repair with cultured cell-derived ECM produced in vitro or the use of cell-derived ECM 

incorporated into scaffolds to enhance osteoinduction and osseointegration. 

 

 

I.7.6.5.1. 3-D scaffolds using cell-derived ECM for bone tissue engineering 

 

3-D scaffolds have been designed to incorporate cultured cell-derived ECM produced in vitro, since it can 

enhance biological activity of the scaffolds and it may retain biological factors that contribute to the osteogenic 
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differentiation of cells. Scaffolds using different materials, such as organic and inorganic, have been 

developed. Thibault and colleagues created rat MSC-derived ECM by seeding rat bone marrow-derived MSC 

onto electrospun poly (e-caprolactone) (PCL) fiber mesh scaffolds (Thibault et al. 2010). Calcium deposition, 

an important indicator of late stage differentiation of osteoblasts (Bancroft et al. 2002), was higher in 

ECM/PCL scaffolds than PCL scaffolds alone, suggesting that the enhancement of osteogenic differentiation 

may be due to the retention of osteogenic factors in the cell-derived ECM. Some studies have also report that 

cell-derived ECM presents a sufficient level of biological activity to induce and sustain the osteogenic 

differentiation of cells in the absence of exogenous osteogenic supplementation, providing a novel method for 

the delivery of biological factors for bone tissue engineering (Datta et al. 2005, Pham et al. 2008). 

Titanium has been commonly used to produce orthopedic implants. Therefore, Datta and colleagues 

developed a decellularized rat MSC-derived ECM incorporated with titanium fiber mesh and seeded rat bone 

marrow-derived MSC onto it. ALP activity, as well as calcium content were enhanced in cell-ECM/titanium 

constructs compared with constructs without ECM (Datta et al. 2005). Moreover, gene expression studies 

revealed that the presence of ECM in the titanium constructs upregulated some osteogenic markers such as 

ALP, osteocalcin, osteomodulin, osteopontin and Runx2 compared to cells seeded on titanium mesh alone 

(Pham et al.  2008).   

Hydroxyapatite is an inorganic material also present in bone matrix. Some studies have already reported 

that hydroxyapatite can enhance cellular processes, such as osteogenic differentiation of MSC. Tour and 

colleagues have incorporated hydroxyapatite with ECM derived in vitro from either rat calvarial osteoblasts or 

dermal fibroblasts and implanted these scaffolds into rat calvarial defects (Tour et al. 2011). The presence of 

ECM into the hydroxyapatite scaffolds induced new bone formation compared to hydroxyapatite alone, even 

in the absence of stem cells or growth factors. 

A different strategy has also been used in which, instead of culturing cells onto the material to produce 

decellularized cell-derived matrices, cell-derived ECM can be generated separately, in vitro, and then 

transferred onto the surfaces of the scaffolds without losing their osteogenic potential. Decaris and co-workers 

have demonstrated that decellularized MSC-derived ECM produced in monolayer on tissue culture plastic can 

retain their composition and accelerate osteogenesis (Decaris et al.  2012). After that, they were able to 

collect the decellularized cell-derived matrices by scraping the decellularized ECM off plates in the presence 

of acetic acid and then used it to coat 3-D PLGA scaffolds (Decaris et al. 2012b), demonstrating that ECM 

was able to retain its ability to enhance osteogenic differentiation of MSC. 

 

 
I.7.6.5.2. Electrospun fibers using cell-derived ECM for bone tissue engineering 

 
Electrospun fibrous scaffolds can be produced from synthetic polymers or natural polymers. Synthetic 

polymers, such as polylactic acid (PLA), polyglycolic acid (PGA), poly("-caprolactone) (PCL) and poly(lactic-

co-glycolic) acid (PLGA), are generally biologically inert, lacking functional sites to interact with cells, and due 

to their low hydrophilicity they lack cell affinity, however their exact composition and chemistry are well 

characterized and they can provide physical support to the cells (Goyal et al. 2017, Guvendiren & Burdick 

2013). On the other hand, natural polymers, such as collagen, gelatin, elastin, silk and fibrin, present 

bioactivity and provide good biocompatibility, however it is difficult to control their degradation properties and 
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they usually present lower mechanical strength. Therefore, some strategies have been developed to 

incorporate bioactive signals into synthetic polymers such as chemically tether biochemical cues to the 

polymer backbone, however it requires the presence of functionalizable pendant chains or end groups in the 

polymer (Yoo et al. 2009).  

Cell-derived ECM has been incorporated into electrospun fibers to enhance their bioactivity. One 

approach is to allow cells to deposit their native ECM onto the scaffold and then decellularize it, generating an 

ECM-polymer composite scaffold that has bioactive signals (Datta et al. 2005, Levorson et al. 2014, Rutledge 

et al. 2014). Moreover, a less common approach using cell-derived ECM into electrospun fiber has been 

investigated. In this case, cell-derived ECM is synthesized in vitro and collected. After some treatment and 

lyophilization, this cell-derived ECM is incorporated into the polymer solution and electrospun together, 

forming electrospun fibers with ECM incorporated (Thakkar et al. 2013). 

Electrospinning has been used to fabricate fibrous and porous scaffolds from a variety of materials (Li et 

al. 2002, Sill and von Recum 2008, Yoshimoto et al. 2003) with a high surface area for tissue engineering 

applications. It is known that cellular responses, such as migration, proliferation and differentiation, may differ 

by varying matrix properties, such as fiber and pore sizes (Hinderer et al. 2016, Badami et al. 2006). 

Electrospinning has rapidly gained relevance in the tissue-engineering field due to its advantages over 

conventional scaffold fabrication methods (Barnes et al.  2007) and its ability to generate fibers similar to the 

fibrous structures of native ECM, being a cost-effective process (Li et al. 2002, Bhardwaj & Kundu. 2010). If 

needed, the nanofibers can be functionalized by incorporating bioactive factors to enhance and control cell 

proliferation and differentiation (Bhattarai et al. 2004). Moreover, some interesting features such as large 

specific surface area, high porosity and spatial interconnectivity of elecrospun nanofibers make them well 

suited for nutrient transport, cell communication and efficient cellular responses (Jang et al. 2009). 

The electrospinning set-up is composed by a syringe connected to a syringe pump, a collector and a high 

voltage power supply (Figure I.33) (Huang et al. 2003, Hinderer et al. 2016, Wang et al. 2013c). The polymer 

solution is pumped through the syringe and forms a droplet on the needle tip. By applying high voltage, a 

charge imbalance is created and the solution is pulled towards the collector through the static electric field. 

(Figure I.33). As the polymer solution leaves the needle, the solvent evaporates and a solid fibrous network is 

formed (Barnes et al.  2007, Sill and von Recum 2008).  While conventional polymer processing techniques 

generally create fibers 10 µm or larger in diameter, the nanofibers generated from electrospinning can mimic 

the submicron diameter and geometry typical of native ECM, while maintaining active cell-binding domains. 

Electrospun scaffolds also possess adjustable porosities of up to more than 90 % (Cui et al.  2007). 

Therefore, electrospun scaffolds have been successfully applied in neural, skin, cardioavascular, heart and 

bone tissue engineering (Lee et al.  2009, Zhou et al.  2008, Hsiao et al. 2013, Jang et al. 2009) (Figure I.32). 
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Bone tissue has an hierarchical organization over length scales ranging from macro- to nano-structured 

components. When designing biomimetic scaffolds for bone tissue engineering, some parameters should be 

considered, such as: (1) to mimic the nanofibrous collagen ECM, (2) be highly porous to allow cellular 

processes and efficient transport of nutrients, oxygen and waste products, and (3) to be able to withstand 

mechanical stresses during bone tissue formation (Holzwarth & Ma 2011, Stevens et al. 2008). 

Regarding bone tissue engineering, electrospinning is an attractive approach to produce nanofibers 

similar to those of collagen fibers in bones, thus recapitulating in a precise way the native structure of bone 

tissue (Zhang et al.  2008). Notably, nanofibrous materials have also been reported to interact with stem cells 

and stimulate autocrine/paracrine growth factor signaling pathways (Narayanan et al.  2017). 

In fact, different studies have already shown that electrospun matrices can enhance bone healing. 

Laurencin and colleagues showed that delivery of rat MSC along with biomimetic electrospun matrices 

enhanced ligament repair by showing increased mechanical strength and improved tissue organization 

(Peach et al. 2017). However, the surface properties of most electrospun nanofibers cannot meet the 

requirement for optimal bone regenerative performance, not being able to direct cellular differentiation towards 

an osteogenic lineage (Bhattacharyya et al. 2009). Therefore, applying a surface modification strategy based 

in cell-derived ECM onto electrospun nanofiber scaffolds is very attractive for bone tissue engineering 

applications. 

Indeed, one of the first examples of electrospinning ECM proteins was performed by the Chaikof group 

where they spun a 1 wt% solution of type I collagen with polyethylene oxide to create a collagen mesh (Huang 

et al.  2001). Some decades after, native decellularized ECM has been electrospun (Gibson et al. 2014, 

Garrigues et al. 2014, Gao et al. 2017). 

Figure I.32. Application of nanofiber-based scaffolds fabricated by electrospinning in the human 
body (Liu et al. 2012). 
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Although electrospinning is a simple and cost-effective method to generate 3-D fibers, it has some 

limitations. Due to the need of high electrical fields and harsh solvents, challenges remain to maintain protein 

functions.  

Some studies have already created electrospun hybrid scaffolds that combine synthetic materials with 

natural proteins to overcome limitations observed with scaffolds alone. These studies showed that the 

introduction of a protein/polymer hybrid such as gelatin, elastin or collagen with PCL provides favorable 

mechanical properties and binding sites for cell attachment and proliferation. However, there is still a need to 

better recapitulate key features of the native ECM including their mechanical and biochemical properties. 

 

 

 

 
Several researchers have created composite scaffolds consisting of decellularized ECM and synthetic 

polymers using electrospinning. These scaffolds have shown superior mechanical properties and 

maintenance of bioactivity in various tissue engineering applications (Table I.7). Young and colleagues have 

designed a copolymer electrospun scaffold consisting of PLA and decellularized pig lung extracellular matrix 

Figure I.33. Schematic of electrospinning technique (Wang et al. 2013c). 

Figure I.34. The electrospinning process. Photograph showing the nozzle where the polymer solution is pumped 
through. A droplet forms on the nozzle tip, which adopts a conical shape due to the electrical field. Therefore, the 
fiber forms and is deposited into the collector (Hinderer et al. 2016). 
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(PLECM) as an in vitro airway smooth muscle model. They observed that this scaffold promotes growth and 

attachment of human bronchial smooth muscle cells (Young et al.  2017). A different study from Gao and co-

workers combined decellularized meniscus extracellular matrix (DMECM) with PCL via electrospinning to 

fabricate random and aligned microfibers. They showed that these fibers had good hydrophilicity which 

contributed to cell attachment. Moreover, the mechanical properties of the DMECM/PCL fibers were more 

similar to the human meniscus and meniscus cells seeded on these scaffolds were able to proliferate and 

upregulate the expression of some genes such as collagen I, aggrecan and Sox 9 (Gao et al.  2017). 

Baiguera and colleagues developed electrospun gelatin fibers incorporating rat decellularized brain 

extracellular matrix and demonstrated that these scaffolds provide a suitable microenvironment for MSC 

adhesion, proliferation and survival. Moreover, they observed that the presence of the brain matrix may 

induce cell differentiation towards neural precursor cells (Baiguera et al.  2014). 

Decellularized tissue-derived ECM has also been studied for wound healing applications. Kim and 

colleagues obtained heart decellularized ECM and produced nanofibrous electrospun scaffolds. They 

demonstrated that heart decellularized ECM provided pro-angiogenic factors that enhanced angiogenesis, 

providing a good wound healing response and reducing scarring (Kim et al.  2018). 

For bone tissue engineering applications, Gibson and co-workers incorporated decellularized ECM 

nanoparticles from bone into a biosynthetic nanofiber composite scaffold. Porcine bone ECM was isolated 

from decalcified femoral diaphysis and the resulting nanoparticles were mixed with PCL and electrospun to 

create nanofibers (Gibson et al.  2014). These scaffolds were able to upregulate the gene expression of 

osteogenic markers such as Runx2, osteocalcin and collagen I in human adipose derived stem cells 

compared to PCL scaffolds. 

Cultured cell-derived ECM has also been used in combination with electrospinning techniques for bone 

tissue engineering. In vitro cultured cell-derived ECM has demonstrated to be capable of tissue repair and 

remodeling. Moreover, cell-derived matrix can be patient-specific and will overcome the risk of disease 

transmission and immunological reaction commonly associated with xenogenic and allogenic decellularized 

ECM scaffolds. More studies to determine the structure and composition of these cell-derived ECM are 

required, as well as to investigate their efficacy in in vivo models. 

Furthermore, Shtrichman and colleagues cultured mesenchymal progenitor cells on electrospun PCL and 

PLGA scaffolds and decellularized it to generate decellularized cell-derived ECM grafts. Then, these 

electrospun scaffolds with or without cell-derived ECM were implanted subcutaneously in mice to evaluate 

their biocompatibility. They observed that PCL and PLGA scaffolds, without ECM incorporated, showed high 

levels of immune response and reduced integration with the host tissue. On the other hand, PCL and PLGA 

scaffolds containing decellularized ECM demonstrated improved integration, reduced immune response and 

greater angiogenic capacity (Shtrichman et al.  2014). 

In another study, pre-osteoblasts were cultured on electrospun PCL scaffolds followed by decellularization 

process. The PCL-ECM scaffold improved cell proliferation and osteogenic differentiation (Jeon et al.  2016). 

Fu and colleagues have also developed a strategy in which they produce PLA nanofibers with MC3T3-E1 cell-

derived ECM for bone tissue engineering. They used the same approach reported in the previous studies, in 

which cells are seeded, allowed to growth and then decellularized. They demonstrated that ECM was 

successfully preserved on nanofiber surface while maintaining the nanostructure of electrospun fibers. ECM-
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PLA nanofibers enhanced mouse bone marrow stromal cells adhesion, proliferation and promoted early 

osteogenic differentiation of these cells, suggesting that cell-derived ECM leads to an improvement on their 

performance for bone tissue engineering (Fu et al.  2018). 

However, most of the studies reported here, so far, develop strategies to decorate electrospun nanofibers 

using cell-derived ECM to improve their performance, by seeding cells onto the nanofibers, allowing them to 

grow and followed by a decellularization technique to obtain the ECM-nanofiber. 

Moreover, a more challenging approach has emerged, in which the cultured cell-derived ECM is 

processed and collected in vitro and then added to the polymer solution to be electrospun to generate 

nanofibers with cell-derived ECM already incorporated. Thakkar and colleagues prepared ECM by 

decellularizing human MSC cultured in two different media: basic medium and chondrogenic medium. The 

obtained ECM was then combined with PCL dissolved in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (HFIP) and 

electrospun fibers were produced. After that, chondrocytes were cultured on the scaffolds containing the two 

different ECM produced in vitro. This study demonstrated that the ECM presence resulted in a significant 

difference in chondrocyte metabolic activity compared to PCL scaffolds alone, showing higher expression of 

some genes, such as collagen II and aggrecan, demonstrating promising results for cartilage tissue 

engineering (Thakkar et al. 2013). 
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Table I.7. Summary of decellularized ECM electrospun scaffolds for cartilage and bone tissue engineering applications (Adapted from Elmashhady et al. 2017). 

 
 

Scaffold composition Decellularization method Morphological and 
mechanical properties 

Cell and tissue interactions References 

 
Cartilage and Bone Tissue Engineering 

 

   

Poly hydroxyalkanoate (PHA) 
scaffolds functionalized with 
human cartilage particles (5 
mg/ml) 

2% SDS, nucleases and 0.02% 
EDTA 

ECM particle size ~5.06 µm 
Fiber diameter ~879.53 µm 

Increased chondrogenic marker expression 
in human adipose derived stem cells and 
human primary chondrocytes. 

Masaeli et al. 2017 

PCL electrospun with porcine 
bone, liver, lung, cartilage, fat 
and spleen ECM (10%) 

Triton X-100, EDTA, nucleases, 
MgCl2 

ECM particle size ~ 71-334 nm 
Fiber diameter ~50-1100 nm 

Scaffolds with bone, cartilage and fat ECM 
supported osteogenic differentiation of 
human adipose derived stem cells 

Gibson et al. 2014 

PCL electrospun with 20% 
decellularized meniscus ECM 

Pepsin, acetic acid, differential 
centrifugation 

Fiber diameter ~1.41 µm 
Yield stress ~1.75 MPa 
Tensile Modulus ~175 MPa 
Fiber diameter ~0.58 µm 
Modulus ~40kPa 

Scaffolds with decellularized ECM increased 
cell viability, chondrogenic marker 
expression as well as collagen and GAG 
secretion  

Gao et al. 2017 

PCL electrospun with cartilage 
derived ECM (0.08 g/ml) in 
single or multi-layered 
constructs 

Frozen, lyophilized, and 
physically pulverized 

Fiber diameter ~0.58 µm 
Modulus ~40 kPa 

Multilayered scaffolds with decellularized 
ECM promoted increased human adipose 
derived stem cells infiltration and 
chondrogenic marker expression 

Garrigues et al. 
2014 

O2 plasma treated PCL/ ECM 
fibrous mats derived from 
mouse MC3T3-E1 cells 

Freeze/thaw cycles in liquid 
nitrogen and 37º C water bath 

Fiber diameter ~ 1.5 µm 
Young’s Modulus ~9.1 Mpa 
Surface Roughness ~644.8 nm 

Scaffolds supported proliferation of MC3TC-
E1 cells in vitro, and increased calcium 
deposition, suggesting osteogenic 
differentiation 

Jeon et al.2016 

PLA electrospun with cell-
derived ECM from MC3T3-E1 
cells 

1% SDS Fiber diameter ~600 nm Scaffolds with decellularized ECM enhanced 
mouse bone marrow stromal cell adhesion, 
proliferation and osteogenic differentiation 

Fu et al.  2018 

PCL electrospun with human 
mesenchymal stem cell-derived 
ECM (0.0125% wt/v) 
 

20 mM ammonium hydroxide 
(NH4OH), nucleases 

Fiber diameter ~180-1730 nm Increased chondrogenic marker expression 
in chondrocytes 

Thakkar et al. 2013 
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I.8. Animal models for bone tissue engineering 
 
 
 

Prior to testing in human beings, in vitro and in vivo studies should be done to evaluate bone scaffolds 

efficacy and safety. Different bone defects have been applied to evaluate bone substitute biomaterials in vivo.   

In bone defects, part of the bone is damaged or missing due to trauma or surgery. Most of the bone 

defects can heal spontaneously under physiological environmental conditions. Nevertheless, in large bone 

defects, such as critical bone defects, surgical procedures are needed to repair it, since these defects do not 

heal spontaneously and lead to non-union fractures, if not treated. 

The main four types of defects are the calvarial defect, long bone or segmental defect, partial cortical 

defect and cancellous bone defect models (Bigham-Sadegh et al. 2015), being the segmental and calvarial 

bone defects the most widely used in the literature. Figure I.35 shows the prevalent bone defect models. 

Different animal models have been used to evaluate the efficacy and safety of a bone graft, such as 

rat/mouse (Zwingenberger et al. 2013, Zanchetta et al. 2012 ,Skaliczki et al. 2012, Kumar & Ponnazhagam 

2012), rabbit (Zhang et al. 2012, Hussain et al.  2012, Schneider et al. 2010), dog (Yano et al. 2012, Lee et al. 

2009b), sheep (Zhu et al.  2011, Reichert et al. 2010), goat (Lippens et al.  2010, Koeter et al. 2009) and pig 

(Wehrhan et al. 2012, Carstens et al. 2005). 

The chosen animal model should demonstrate both significant physiological and pathophysiological 

analogies in comparison to humans. It must be manageable to operate and the costs of acquisition and care 

should also be considered (Pearce et al.  2007). The following are the most frequently used animal models for 

creating bone defects to test biomaterials to be used in bone tissue engineering. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

I.8.1. Rabbits 

 

Rabbits are the most used animals for musculoskeletal research (Neyt et al. 1998), the first choice to test 

in vivo new bone biomaterials. It was reported that there were similarities in bone mineral density and the 

fracture toughness of mid-diaphyseal bone between rabbits and humans (Wang et al. 1998). Besides, in 

Figure I.35. Bone defect models. a) Calvarial defect, b) Segmental defect, c) Burr hole defect (McGovern et al. 
2018). 
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comparison with other species, rabbit has faster skeletal change and bone turnover (Castaneda et al. 2006). 

Rabbits are easily available, and easy to house and handle.  

Some studies have already reported good results using bone grafts in this animal model (Table I.8). In 

fact, Walsh and colleagues (Walsh et al. 2008) investigated three commercially available and clinically used β-

TCP bone graft substitutes with the same chemistry (Vitoss, Osferion, Chronos), but with various macro-and 

microscopic characteristics, using a bilateral tibial metaphyseal defect model on New Zealand white rabbits. 

Moreover, Gauthier and co-workers used a cylindrical 7-10 mm critical size bone defect rabbit model to 

investigate the efficiency of an injectable calcium phosphate bone substitute (Gauthier et al. 2005) Table I.8. 

summarizes some rabbit bone defect models for testing bone substitute biomaterials. 

 
 
Table I.8. Examples of rabbit bone defect models for testing bone substitute grafts. 

Defect site Defect size Bone grafts Ref. 
    

Tibiae 5 mm wide, 5 mm long 
6 mm in diameter 
5 mm in length 
 

β -TCP bone graft substitutes 
Hydroxyapatite 60%/ β-TCP 40% 
β-TCP, collagen I, rhFGF-2 

Walsh et al. 2008 
Calvo-Guirado et al. 2012 
Komaki et al. 2006 

Femur 7x10 mm2 cylinder 
3 mm in diameter, 15 mm long 
6 mm diameter x 5mm cylinder 
 
 

Injectable calcium phosphate bone 
substitutes 
PLGA/TCP/icaritin 
Magnesium scaffolds 

Gauthier et al. 2005 
 
Wang et al. 2013d 
Liu et al.  2014 

Calvaria 10 mm diameter x 1.2 mm 
9 mm diameter 
 

Apatite-coated zirconia 
Low-molecular-weight silk fibroin 

Kim et al.2008 
Lee et al.2010  

Ulna 12 mm segment of midshaft ulnar 
15 mm segment of midshaft ulnar 
 

PLGA/TCP/icaritin/BMP-2 scaffolds 
BMP-2/PLGA-coated gelatin sponge 

Chen et al. 2014 
Kokubo et al. 2003 

 
 
 
 
 

 

Figure I.36. Surgical protocol for the implantation of a PLGA/TCP/icaritin substitute biomaterial in a rabbit model. a) The 
surgical site is exposed. b) A tunnel is drilled through the distal femora. c,d)The biomaterial is implanted into the bone 
tunnel. e-g) Microcomputed tomography of the bone defect site. h) X-ray image of the bone defect site (Wang et al. 
2013b). 
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I.8.2. Rodents 

 

Rodents have also been used in preclinical studies for testing biomaterials, especially due to their small 

size. However, rodents have small-sized long bones and thin and fragile cortices (An et al. 1998). Besides, 

rodent models do not show Haversian-type remodeling in the cortex, while larger animals do. 

Bone grafts, such as calcium phosphate and collagen, have been implanted in rodent models. Table I.9. 

summarizes some examples of rodent bone defect models for testing new bone grafts. Kondo and colleagues 

demonstrated the biocompatibily of purified β-TCP scaffolds using a rat femur defect model (Kondo et al. 

2005). Moreover, Inzana and co-workers implanted a 3-D printed composite calcium phosphate and collagen 

scaffold into a critical murine femur defect to study the in vivo properties of the scaffold (Inzana et al. 2014). 

 

 
Table I.9. Summary of some examples of rodent bone defect models for testing new substitute biomaterials. 

Defect site Defect size Bone grafts References 
    

Distal femur 2 mm diameter and depth 
2 mm diameter and 3 mm in 
length 
 
 

β -TCP bone graft substitutes 
Polymer containing TGF-β 

Kondo et al. 2005 
Tielinen et al. 2001 

Midfemur 2 mm in length 
5 mm in length 
5 mm in length 
 

Composite calcium phosphate and collagen 
Marrow cells and porous ceramic 
BMP-silk composite matrices 

Inzana et al.  2014 
Ohgushi et al.  1989 
Kirker-Head et al.  2007 

Calvaria 4 mm diameter 
8 mm diameter 
 

iPSCs/silk scaffold 
PLGA and adipose-derived stem cells 

Ye et al. 2011 
Yoon et al.2007 
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I.9. Translating bone tissue engineering 
 

 
The number of published papers on tissue engineering and biomaterials have been increasing 

exponentially (Figure I.37a). Although a lot of research and innovations have been made in bone tissue 

engineering field, the translation of these discoveries into clinical applications on a large scale has still not 

been done. Indeed, there is a huge gap between all the tissue engineering research and development and the 

resulting number of commercialized products. This gap between research and commercialization is called the 

“Valley of Death”, since most of the companies end up “dying” between the scientific technology development 

of the product and its commercialization, usually due to the lack of funds (Hollister 2009) (Figure I.38). Most of 

the reasons for the lack of funds is the cost intensive high-technologies required for the development of the 

product and the large scale preclinical and clinical studies needed to be able to demonstrate efficacy and 

safety of the product and to be approved by regulatory bodies (Hollister 2009). 

Moreover, all these difficulties need to be overcome so that the “jump” between research and 

commercialization can be done. Thus, aiming to translate orthopedic bone engineering products from bench 

to bedside, some points should be addressed, such as the development of good manufacturing processes 

(GMP), the design of a scalable process and, very important, to assess the clinical demands for specific 

scaffold characteristics (Dawson & Oreffo 2008, Hollister & Murphy 2011). Ideally, a scaffold should meet 

some requirements to have any chance to be clinically translated. Therefore, they should: i) meet FDA 

approval, ii) have a cost-effective manufacturing process, iii) be easily sterilized, iv) allow easy handling 

without requiring extensive procedures in the operation room, v) be radiographically distinguishable from 

newly bone formed, so it can be monitored, vi) enable minimally invasive implantation (Kneser et al. 2006, 

Logeart-Avramoglou et al.  2005). 

 
 

 

Figure I.37. Advances in bone tissue engineering field. a) Published articles on bone tissue engineering since mid-
1980s in PubMed. b) Division of the articles published in 2011 according to bone engineering focus. Bone tissue 
engineering research has focused on different areas, such as biomolecules, cells, matrices and others, including 
vascularization approaches or bioreactors (Amini et al. 2012).  
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Tissue Engineering 
Research

Tissue Engineered 
Products

Basic Research Funding:
NIH, NSF, DOD, etc.

Basic In Vivo Research:
Small animal models;
Efficacy and safety evaluationBasic In vitro Research:

Cell isolation;
Material fabrication;
Cell culture;
Biocompatibility assays

Design/Manufacturing:
Design, Input
GMP manufacturing

Pre-Clinical Studies:
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Clinical Trials
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Insurance reimbursed
clinical product
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Venture Capital, SBIR, 
Corporate Partnerships

Commercialization Funding:
Large Companies, Private Equity

The Valley of Death 

Figure I.38. The Valley of Death for tissue engineering applications. The Valley is created due to the lack of funds to 
develop scalable/GMP design and manufacturing process and to do large clinical studies to evaluate the safety and 
efficacy of the product, making it difficult to translate tissue engineering technologies into tissue-engineered products 
(Adapted from Hollister 2009). 
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CHAPTER II – The importance of osteocalcin (OC) and osteopontin (OPN) on 
mesenchymal stem/stromal cells (MSC): their effects on cell proliferation, 
differentiation, osteogenic maturation and angiogenesis 
 
 
 
Outline 
 
 

Non-collagenous proteins in the bone extracellular matrix (ECM), such as osteocalcin (OC) and 

osteopontin (OPN), are known to control different aspects of mineralization, however their roles in 

mesenchymal stem/stromal cells (MSC) differentiation are still unknown. The aim of this study was to 

investigate the roles of OC and OPN in mineral species production during osteogenesis induced by 

differentiating MSC into osteoblasts.  

MSC were derived from bone marrow aspirates of tibia and femur of OC-/- OPN-/- mice and Wildtype (WT) 

control mice. We found that proliferation of OC-/- OPN-/- MSC was affected and their capacity to differentiate 

into osteoblasts was decreased, although OC-/- OPN-/- MSC were able to differentiate into adipogenic and 

chondrogenic lineages. After 21 days of osteogenic differentiation, calcium deposition levels of OC-/- OPN-/- 

MSC demonstrated a significant reduction compared with WT MSC. These results were confirmed using 

histochemical stainings (Von Kossa and ALP stainings), Xylenol orange staining, as well as 

immunofluorescence stainings. After osteogenic differentiation, mRNA levels of osteogenic markers (Col I, 

Runx2, OPN, OC) were downregulated in OC-/- OPN-/- MSC, confirming the impairment of osteogenesis.  

Using Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR), we found that the 

maturation of mineral species was affected by the suppression of OC and OPN levels. The mineral species 

maturation from OC-/- OPN-/- MSC was delayed compared with the control group. After 21 days of osteogenic 

differentiation, minerals produced by WT MSC presented the peak of hydroxyapatite (HAP) at 960 cm-1, 

however this peak was not observed in minerals produced by OC-/- OPN-/- MSC. On the other hand, minerals 

produced by OC-/- OPN-/- MSC presented a Raman signal of β-TCP at 970 cm-1, an HAP precursor, after 21 

days of osteogenic differentiation. Interestingly, only after 30 days of osteogenic differentiation, the HAP peak 

was detected in mineral species produced by OC-/- OPN-/- MSC, indicating that when OC and OPN were 

insufficiently expressed the maturation of mineralization was delayed. 

Moreover, the angiogenic potential of OC-/- OPN-/- MSC was impaired and the role of extracellular OC and 

OPN in MSC angiogenesis and osteogenic differentiation was further demonstrated. When OC-/- OPN-/- MSC 

were supplemented with extracellular OC and OPN, MSC were able to regain their proliferative potential and 

their osteogenic differentiation capacity. Notably, when OPN was added extracellularly, the angiogenic 

potential of OC-/- OPN-/- MSC was reestablished, indicating that OPN is an important key mediator of 

angiogenesis. 

These results confirmed, at a cellular level, that OC and OPN are important regulators of bone 

mineralization and provide new insights into forming high quality bone, relevant for treatment of fracture 

healing in older and osteoporotic bone.  
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II.1.  Introduction 
 
 

Skeletal tissue remodeling is a fundamental process that undergoes throughout life. Bone remodeling is 

characterized by the degradation of mineralized tissue as a result of osteoclast resorption, followed by the 

recruitment of osteoprogenitor cells that differentiate into mature osteoblasts. These cells can produce new 

mineralized bone extracellular matrix (ECM) composed of different proteins that are responsible to support 

mineralization (Hadjidakis & Androulakis 2006). Several ECM molecules have been shown to contribute to 

regulation of osteoblast survival and differentiation, including fibronectin (Globus et al. 1998), collagen 

(Carvalho et al.  2003, Suzawa et al.  2002), osteopontin (Huang et al. 2004, Kojima et al.  2004), vitronectin 

(Salasznyk et al.  2004) and bone sialoproteins (Gordon et al. 2007). 

Bone extracellular matrix has two components: a mineral part comprising hydroxyapatite (70-90%) and an 

organic part (10-30%) of primarily collagen (approx.  90% of organic matrix) with the rest being non-

collagenous proteins (~10%) (Sroga et al. 2011, Vashishth 2007), including glycoproteins and proteoglycans.  

Although non-collagenous proteins correspond to a small amount of the total protein mass of the bone ECM, 

they have been found to be biologically active and to modulate different functions in bone such as cell 

adhesion (Harris et al. 2000, Horton et al. 1995, Roche et al. 1999), cell differentiation (Ravindran & George 

2014), mineralization (Harris et al.  2000, Boskey 1989) and bone resorption/remodeling (Razzouk et al. 2002, 

Ek-Rylander et al. 1994). Of these non-collagenous proteins, osteopontin (OPN) and osteocalcin (OC) are two 

of the most abundant, representing 10-20% of the non-collagenous proteins in bone tissue (Sroga et al. 

2011). 

Moreover, abnormal expression of proteoglycans in bone pathologic conditions has also been suggested 

to modulate bone mineralization (Theocharis et al.  2006). Proteoglycans consist of a core protein onto which 

glycosaminoglycan (GAG) side-chains are attached (Mania et al.  2009). Therefore, changes in GAG 

composition of bone matrix may help to understand mineralization process. 

OPN is an arginine-glycine-aspartate (RGD)-containing adhesive glycoprotein (Denhardt & Guo 1993) 

and, through their RGD domain, it can bind to ανβ3 integrins. Additionally, OPN can also present an RGD-

independent mechanism by engaging CD44  (Weber et al. 1996), a cell surface adhesion molecule, involved 

in cell-cell and cell-matrix interactions. The precise function of OPN is still unknown, however its ability to bind 

several components suggests that OPN may have a multifaceted role in the regulation of several physiological 

processes such as collagen organization, cell adhesion, cell viability, cell migration, angiogenesis and 

mineralization (Sroga et al. 2011, Denhardt & Guo 1993, Rodriguez et al. 2014). In contrast, OC is the most 

abundant bone specific non-collagenous protein in bone ECM and it plays a crucial role in matrix 

mineralization, having affinity for calcium, through its gama-carboxyglutamic acids (Ducy et al. 1996). OC also 

acts in cell signalling and bone resorption and deposition, by recruiting osteoclasts and osteoblasts, 

respectively (DeFranco et al. 1991). 

Previous studies conducted by our group and others have demonstrated the role of OPN and/or OC as 

structural molecules in bone matrix (Sroga et al. 2011, Nikel et al.  2013, Morgan et al. 2015, Bailey et al.  

2017), linking the organic and inorganic matrices by forming a tether between collagen fibrils and mineral 

crystals (Poundarik et al.  2012). Moreover, loss and modification of OC and/or OPN from bone matrix, known 

to occur with tissue age (Sroga et al. 2011) and with aging in humans (Boskey & Coleman 2010, Plantalech et 
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al. 1991, Ingram et al. 1994, Grynpas et al. 1994), lead to loss of structural integrity (Poundarik et al. 2012) 

and altered mineralization (Boskey et al. 1989b, Rodriguez et al.  2014).  

At the cellular level, several studies have suggested that alterations in the levels of OPN and OC, by 

genetic ablation or antibody neutralization, in stem cell cultures may have a negative effect on mineralization 

possibly due to impaired osteogenic differentiation of mesenchymal stem/stromal cells (MSC) (Chen et al.  

2014). In vivo studies have also reported the retarded bone formation capacity of OPN-/- MSC. Moreover, 

some studies have demonstrated that OC modulates the mineral species maturation during osteogenic 

differentiation of MSC (Tsao et al.  2017). 

Therefore, in this study we hypothesized that reduced expression of both OPN and OC has a negative 

impact on cell proliferation, osteogenic differentiation, mineralization and angiogenesis in vitro. 

Biomineralization occurs from a heterogeneous solution composed by calcium and phosphate ions. 

Hydroxyapatite (HAP), Ca10(PO4)6(OH)2, is the major mineral component of bone tissue and can be found 

between extracellular matrices of collagen fibers, as well as embedded in non-collagenous proteins. Previous 

studies have shown that HAP distribution increased with maturation of bone tissue and it can be used as a 

biomarker during osteogenic differentiation of MSC. Moreover, different mineral species can be found in bone 

besides HAP, such as amorphous calcium phosphate (ACP), octacalcium phosphate (OCP), β-tricalcium 

phosphate (β -TCP) and dicalcium phosphate dihydrate (DCPD) (Boskey 1992, Johnsson & Nancollas 1992). 

Different techniques have been applied to detect these mineral species during mineralization, such as 

Raman and Fourier-transform infrared (FTIR) spectroscopy (Hung et al.  2013, Egusa et al. 2014, Stewart et 

al. 2002). Raman spectra of MSC-derived osteoblasts indicated that these mineral species are produced at 

different stages of osteogenic differentiation (Hung et al. 2013). Thus, we have also developed a protocol 

using Raman spectroscopy to evaluate the maturation of OC-/- OPN-/- MSC-derived osteoblasts by monitoring 

the production of different mineral matrices, including HAP, OCP and β-TCP. However, the mechanism of 

different mineral species production is still unclear. 

In this study, we isolated bone marrow-derived MSC from WT and OC-/- OPN-/- mice and examined the 

role of both OPN and OC together in the regulation of cell proliferation, trilineage differentiation ability 

(adipogenic, chondrogenic and osteogenic) and angiogenic properties. Moreover, using spectroscopic 

analysis, we assessed the maturation level of mineral species produced by OC-/- OPN-/- MSC. 

Furthermore, the angiogenic potential of OC-/- OPN-/- MSC was investigated, since these non-collagenous 

proteins have been reported to have important roles in angiogenesis (Chakraborty et al. 2008, Tang et al. 

2007, Takahashi et al. 2002, Cantatore et al.  2005). We further evaluated the effects of extracellular OPN 

and OC by applying exogenous OC/OPN during MSC osteogenic differentiation. 

We confirmed that OC and OPN are involved in regulation of proliferation, osteogenic differentiation, 

mineralization and angiogenesis of MSC. OC and OPN deficiency impaired the differentiation of MSC by 

significant reduction of mineralization. Osteogenic gene expression markers, such as Runx2, Col I, OC and 

OPN were downregulated in the OC/OPN-deficient MSC, resulting in a significant delay of osteogenesis and 

mineralization.  

This study presented evidences of close association between OC/OPN and MSC proliferation, 

mineralization and angiogenesis, providing new insights about how these proteins can act at the cellular level. 
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II.2. Materials & Methods 
 
II.2.1. Bone marrow-derived MSC isolation 
 

OC-/- OPN-/- mutant C57BL6 mice were obtained from Prof. Caren Gundberg (Dept. of Orthopedics and 

Rehabilitation, Yale). Wildtype control mice (C57BL6) were purchased from the Jackson Laboratory (Bar 

Harbor, ME, USA). All procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Rensselaer Polytechnic Institute. 

Mice aged eight months were sacrificed and femur and tibia were collected. MSC were isolated from tibia 

and femur bone marrow (BM) according to previous protocols (Nadri et al.  2007). Briefly, bone marrow 

aspirate was flushed into a tube and the solution was triturated extensively. Then, the solution was carefully 

added onto Ficoll (GE Healthcare, Chicago, IL) and centrifuged at 400 rcf for 40 min.  After that, the top layer 

was discarded and the second layer was collected. After some washes, low-glucose Dulbecco’s Modified 

Eagle Medium (DMEM: Gibco, Grand Island, NY) supplemented with 15% fetal bovine serum (FBS: Gibco) 

and 1% antibiotic-antimycotic (Gibco) (DMEM+15% FBS) was added to the cell pellet and transferred to a T-

75 flask and kept at 37ºC, 5% O2, 5%CO2 in an humidified atmosphere. Non-adherent cells were removed 

after 72 hours. Medium was changed every 3-4 days. After confluence, cells were cryopreserved in liquid 

nitrogen. 

 

 

II.2.2. Cell culture 
 

BM MSC from WT and OC-/- OPN-/- mice were thawed and plated on T-75 flasks using DMEM+15%FBS 

(Gibco) and kept at 37ºC, 5%O2 and 5%CO2 in an humidified atmosphere. Medium renewal was performed 

every 3-4 days. Cells between passages 2 and 9 were used. Human umbilical vein endothelial cells (HUVEC) 

were purchased from Lonza (Basel, Switzerland) and maintained in commercial Endothelial Growth Medium-2 

(EGM-2: Lonza) at 37ºC, 21% O2 and 5%CO2. 

 

 

II.2.3. Flow cytometry analysis 
 

Cells were harvested and washed with the staining buffer. The cells were suspended in staining buffer at 

a concentration of 1 x107 cells/ml. 100 µl of cell suspension was incubated for 45 min at room temperature in 

the dark with each antibody (CD29, CD105, Sca-1, CD45) or with the corresponding isotype control antibody 

(R&D Systems, Minneapolis, MN). Following the incubation, excess antibody was removed by washing the 

cells with the staining buffer. Flow cytometric analysis was performed using LSR II flow cytometer (BD 

Biosciences, San Jose, CA). BD FACSDivaTM software was used for data analysis. 
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II.2.4. Cell morphology 
 

OC-/- OPN-/- and WT MSC were seeded on 24-well plates (5000 cells/cm2, DMEM+15% FBS) and cell 

morphology was assessed after 24 h and 4 days of culture. Cells were washed twice with phosphate-buffered 

saline (PBS: Gibco) fixed with 4% paraformaldehyde (PFA: Santa Cruz Biotechnology, Dallas, TX) for 20 min 

and then permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 10 min. After 

permeabilization, cells were incubated with phalloidin (Invitrogen, Carlsbad, CA) (dilution 1:250, 2 μg/ml) for 

45 min in the dark. Then, cells were washed twice with PBS and counterstained with DAPI (Invitrogen) (1.5 

μg/ml) for 5 min and then washed with PBS. The fluorescent staining was imaged by fluorescence microscope 

(Olympus IX51 Inverted Microscope: Olympus America Inc., Melville, NY) and recorded by an attached digital 

camera.   

 

II.2.5. Proliferation assays 
 
OC-/- OPN-/-  and WT MSC were expanded during 9 consecutive passages. Cells were plated into a 12 

well-plate at two different cell seeding densities: 3000 cells/cm2 and 10000 cells/cm2 using DMEM+15% FBS 

as growth medium. After reaching 80% confluency, cells were harvested using TrypLEÔ solution (Gibco) and 

plated into a different well, using the same cell densities. Fold increase and cumulative population doublings 

were calculated for each cell type and for both cell densities. 

A kinetic study was also performed in a 12-well plate at a density of 5000 cells/cm2  per well in triplicate. 

After day 1, 4, 7,12 and 15, cells from OC-/- OPN-/-  and WT were harvested and counted to calculate cell 

growth curves. 

 

II.2.6. Multilineage differentiation assays 
 

To verify multipotency of mouse MSC, an in vitro differentiation assay kit from R&D Systems was used.  

MSC were grown in 24-well plate with medium changes every 3-4 days. For adipogenic differentiation, MSC 

were cultured in DMEM+10%FBS (Gibco) with adipogenic supplement containing hydrocortisone, 

isobutylmethylxanthine, and indomethacin (adipogenic differentiation medium, R&D Systems). The presence 

of adipocytes was verified by staining for triglycerides with Oil Red O (Sigma-Aldrich), an indicator of 

intracellular lipids accumulation. For osteogenic differentiation, MSC were cultured in DMEM+10%FBS 

(Gibco) with osteogenic supplement containing dexamethasone, ascorbic acid and β -glycerophosphate 

(osteogenic differentiation medium, R&D Systems). These cultures were then stained with alkaline 

phosphatase (ALP) and Von Kossa stainings to identify ALP activity and calcium deposition, respectively, 

indicating active osteoblasts. For chondrogenic differentiation, MSC were transferred to a conical tube and 

chondrogenic differentiation medium was added, containing dexamethasone, ascorbate-phosphate, proline, 

pyruvate, recombinant human TGF-β3 and ITS supplement (insulin, transferrin, selenious acid, bovine serum 

albumin, and linoleic acid, R&D Systems). These cultures were stained with Alcian Blue (Sigma-Aldrich). 

For histological stainings cells were fixed with 4% of PFA for 20 min. Then, cells were rinsed in miliQ 

water during 15 min and then incubated with the different reagents, such as Oil Red O for adipogenic 
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differentiation and Alcian Blue for chondrogenic diffentiation. For osteogenic differentiation, cells were 

incubated with a Fast Violet solution (Sigma-Aldrich) and Naphthol AS-MX Phosphate Alkaline solution 

(Sigma-Aldrich) in a final concentration of 4% (v/v) for 45 min, at room temperature in the dark. Cells were, 

then, washed three times with miliQ water and once with PBS. Then, Von Kossa staining was performed by 

incubating the cells with a 2.5% silver nitrate solution (Sigma-Aldrich) during 30 min at room temperature in 

the dark. Cells were washed three times with miliQ water and visualized using an inverted microscope 

(Olympus IX51 Inverted Microscope) at a magnification of 10x, and recorded by an attached digital camera. 

To visualize the mineral deposits formed in the cell culture after osteogenic differentiation, a 20 mM 

Xylenol orange (XO) solution (Sigma-Aldrich) was added to the previously fixed cells and incubated for 1 h at 

room temperature in the dark. After that, cells were washed with miliQ water and the cell nuclei were 

counterstained with DAPI (Invitrogen) (1.5 μg/ml) for 5 min and then washed with PBS. The fluorescent 

staining of the produced minerals was imaged by fluorescence microscope (Olympus IX51 Inverted 

Microscope) and recorded by an attached digital camera.  

 

II.2.7. Immunofluorescent staining 
 

MSC were plated in 24-well plate and adipogenic, chondrogenic and osteogenic differentiation were 

induced. After different timepoints of differentiation, cells were washed with PBS and fixed with 4% PFA for 20 

min at room temperature. Then, cells were washed three times with 1% bovine serum albumin (BSA) in PBS 

for 5 min. Cells were permeabilized and blocked with a solution of 0.3%Triton X-100, 1% BSA and 10% 

donkey serum in PBS at room temperature for 45 min. Primary antibodies including goat anti-mouse FABP4, 

sheep anti-mouse collagen II and goat anti-mouse osteopontin (10 μg/ml in 0.3%Trinton X-100, 1%BSA, 10% 

donkey serum) (R&D Systems) were added into the samples followed by incubation overnight at 4ºC. After 

washing with 1%BSA in PBS, a NorthernLightsTM 557-conjugated anti-goat IgG secondary antibody and anti-

sheep IgG secondary antibody(dilution 1:200 in 1%BSA PBS) (R&D Systems) was added into the samples 

and incubated in the dark for 1 h at room temperature. Finally, the cell nuclei were counterstained with DAPI 

(Invitrogen) (1.5 μg/ml) for 5 min and then washed with PBS. The fluorescent staining was imaged by 

fluorescence microscope (Olympus IX51 Inverted Microscope) and recorded by an attached digital camera.  

 

II.2.8. Calcium quantification assay 
 

For determination of total calcium content, samples (n=3) were washed twice with PBS (Gibco) and 

extracted in 0.5M HCl solution (Sigma-Aldrich). Accumulated calcium was removed from the cellular 

component by shaking overnight at 4ºC. The consequent supernatant was utilized for calcium determination 

according to the manufacturer’s instructions contained in the calcium colorimetric assay kit (Stanbio 

Laboratory, Boerne, TX). Absorbance at 550 nm was measured for each condition and normalized to the total 

number of cells, after 7, 15 and 21 days of osteogenic differentiation. 
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II.2.9. Alkaline phosphatase activity 
 

ALP activity was detected using a colorimetric ALP kit (BioAssays Systems, Hayward, CA) according to 

the manufacturer’s protocol. Samples (n=3) were washed with PBS (Gibco) and were incubated in the lysis 

buffer (0.1% Triton X-100 in PBS) by shaking for 30 min at room temperature. The lysate was added to p-

nitrophenyl phosphate solution (10 mM) provided with the ALP kit. The absorbance was measured at 405 nm 

and normalized to the total number of cells in each sample, after 7, 15 and 21 days of osteogenic 

differentiation.  

 

II.2.10. qRT-PCR analysis 
 

Total RNA was extracted with a RNeasy Mini Kit (QIAGEN, Hilden, Germany). cDNA was synthesized 

from 20 ng of total RNA using iScriptTM Reverse Transcription Supermix (Bio-Rad, Hercules, CA). Reaction 

mixtures (20μl) were incubated in a thermal cycler for 5 min at 25ºC, 30 min at 42ºC and 5 min at 85ºC and 

then were maintained at 4ºC. The sequences of the specific primer sets used are given in Table II.1. 

The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using 

PowerUp SYBR Green Master Mix (Applied Biosystems, Foster City, CA) and StepOnePlus real-time PCR 

system (Applied Biosystems). All reactions were carried out at 95ºC for 10 min, followed by 40 cycles of 95ºC 

for 15 sec and 60ºC for 1 min and all were performed in triplicate. β-actin was used as internal control. A 

threshold cycle (Ct) was observed in the exponential phase of amplification, and quantification of relative 

expression levels was performed with the use of standard curves for target genes and endogenous control. 

Geometric means were used to calculate the DDCt values and are expressed as 2 -DDCt.  The mean values 

from triplicate analysis were compared. The value of undifferentiated WT MSC samples (control) was set as 1 

and was used to calculate the fold difference in the target gene. 

 

 
Table II.1. Sequences of primers used for qRT-PCR analysis 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Genes 

 
Sequences 

 
 
𝜷-actin 

 
 
Col I 
 

 
          Runx2 

 
 

          ALP 
 
 
OPN 
 
 
OC 
 
 

 
For: 5’ TTC CAG CCT TCC TTC TTG GG 
Rev: 5’ TGT TGG CAT AGA GGT CTT TTA CGG 

 
For:5’ GCT CCT CTT AGG GGC CAC T 
Rev: 5’ CCA  CGT CTC  ACC ATT  GGG G  

 
For: 5’ CCA CGG CCC TCC CTG AAC TCT 
Rev: 5’ ACT GGC GGG GTG TAG GTA AAG GTG 
 
For: 5’ CCA ACT CTT TTG TGC CAG AGA 
Rev: 5’ GGC TAC ATT GGT GTT GAG CTT TT 

 
For: 5’ AGC AAG AAA CTC TTC CAA GCA A 
Rev: 5’ GTG AGA TTC GTC AGA TTC ATC CG 

 
For: 5’ GCC CTG AGT CTG ACA AAG GTA  
Rev: 5’ GGT GAT GGC CAA GAC TAA GG 
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II.2.11. In vitro endothelial cell tube formation assay 
 

In order to study the role of OC and OPN on angiogenesis a tube formation assay was performed. Red 

fluorescent protein (RFP)-tagged human umbilical vein endothelial cells (HUVEC) (2x104 cells) were cultured 

on a Matrigel substrate (50 µl/well) (Corning, Corning, NY) in a 96-well plate (37ºC, 21% O2, 5%CO2), 

incubated with conditioned medium (CM) from WT and OC-/- OPN-/- MSC. This conditioned medium was 

collected after 72 h in DMEM basal (without FBS) (37ºC, 5%O2, 5% CO2). HUVEC were also incubated with 

DMEM+10%FBS and endothelial growth medium (EGM-2: Lonza), as positive controls, whereas DMEM basal 

was used as a negative control. After incubation for 8h at 37ºC, three photomicrographs per well were imaged 

by fluorescence microscope (Olympus IX51 Inverted Microscope) and the number of tubes formed were 

counted with the use of ImageJ (NIH) software. 

To evaluate the angiogenic properties of OC-/- OPN-/- MSC, these MSC were also cultured on a Matrigel 

substrate with DMEM+10% FBS for 8h at 37ºC. Photomicrographs were taken to evaluate the ability of MSC 

to form a capillary structure. 

In a different assay, OC-/- OPN-/- and WT MSC were co-cultured with RFP-tagged HUVEC (1:1, 2x104 

cells) and cultured on a Matrigel substrate using EGM-2 to evaluate HUVEC distribution.  Moreover, to 

evaluate the extracellular effect of OC and OPN, the co-cultures of HUVEC and OC-/- OPN-/-  MSC were 

cultured on a Matrigel substrate with EGM-2 supplemented with OC fragment 1-49 human (Sigma-Aldrich) 

and/or recombinant human OPN (R&D Systems) (1 µg/ml) or with recombinant human VEGF (R&D Systems) 

(50 ng/ml). Therefore, after 8h of incubation at 37ºC, micrographs were taken under fluorescence microscope 

(Olympus IX51 Inverted Microscope) and the number of tubes formed were counted with the use of ImageJ 

(NIH) software, to analyze if HUVEC were able to recover their tube formation capability. 

 

 

II.2.12. Cell migration assay 
 

24-well tissue culture plates were collagen-coated by incubation in 0.2 mg/ml of collagen type I solution 

(Sigma-Aldrich) for 2h at 37ºC before rinsing with PBS (Gibco). Each well was seeded with HUVEC at 

10000cells/cm2 and maintained at 37ºC, 21% O2, 5% CO2 conditions for 48h to allow cell adhesion and the 

formation of a confluent monolayer. These confluent monolayers were then scratched with a sterile pipette tip, 

creating a scratch (wound) of approximately 0.25-0.3mm in width. After creating the scratch, culture medium 

was then removed and replaced with conditioned medium which had been generated from WT and OC-/-OPN-

/- MSC cultured for 72h using growth medium DMEM without FBS (37ºC, 5% O2, 5%CO2). 

Migration of HUVEC was monitored by collecting images at various time intervals (0h, 4h, 8h 10h and 

12h) after the scratch was performed.  The migration distance was quantified with the use of ImageJ (NIH) 

software, measuring the width of the scratch at previously defined points along its length (top, middle and 

bottom of the field of view). Data has been presented as extent of the cell migration, i.e. the percentage by 

which HUVEC migrate for each given time point compared with the original scratch width.  
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 II.2.13. Raman and FTIR Spectroscopy 
 

For sample preparation, MSC were harvested at different timepoints and were washed twice with dH2O. 

After that, cells were kept at -80ºC and were then freeze-dried. Lyophilized samples were used for Raman 

and FTIR analysis.  

Raman microscope (Senterra Raman microscope: Bruker, Billerica, MA) was used as the setup of Raman 

spectroscopy. A 100mW laser operating at 785 nm was used to provide the Raman excitation light source. 

The objective lens used was 20x. Raman signals were collected from the spectrum between 600 and 1800 

cm-1 with an integration time of 20 s. Raman spectra were obtained from at least 3 locations selected from 

each sample. Three independent samples were performed. Multipoint baseline correction by OPUS software 

(Bruker) was used.   

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of lyophilized minerals from 

cell cultures were collected with a Varian 660-IR FTIR spectrophotometer (Varian Inc. USA). 

 

 II.2.14. Scanning electron microscope evaluation 
 
 
The morphological and structural characterization of MSC was performed using a field emission scanning 

electron microscope (FE-SEM, FEI-Versa 3D Dual Beam, Hillsboro, OR). Elemental analysis of MSC after 

osteogenic differentiation was performed using a scanning electron microscope attached with an energy 

dispersive electron probe X-ray analyzer (SEM-EDS: Carl Zeiss ultra 1540 dual beam FIB/SEM system). Prior 

to imaging, samples were dehydrated using a graded series of ethanol and dried in a critical CO2 freeze dryer. 

Then, samples were mounted on a holder and sputter-coated with a thin layer of 60% gold-40% palladium 

(Au-Pd). Samples were imaged at several magnifications using an accelerating voltage of 2-3 kV.  

 
II.2.15. GAG disaccharide sample preparation: isolation, digestion and AMAC-labeling 

 
Cells (WT and OC-/- OPN-/- MSC) were treated with the BugBuster 10X Protein Extraction Reagent 

(Millipore Sigma, MA USA) and sonicated for 1 hour. Then, samples were desalted by passing through a 3 

KDa molecular weight cut off (MWCO) spin column (Millipore, MA USA), and washed three times with distilled 

water. The casing tubes were replaced and 300 μl of digestion buffer (50 mM ammonium acetate containing 2 

mM calcium chloride adjusted to pH 7.0) was added to the filter unit. Afterwards, recombinant heparin lyases 

I, II, III (pH optima 7.0−7.5) and recombinant chondroitin lyase ABC (10 mU each, pH optimum 7.4) were 

added to each sample, mixed well by pipetting. Samples GAG enzymatic digestion was conducted by 

incubation overnight at 37°C. The enzymatic reaction was terminated by centrifugation to remove the 

enzymes and the filter unit was washed twice with 200 μl of distilled water. The final filtrates containing the 

disaccharide products were lyophilized and kept at -20°C until labelling. 

Dried cell samples were 2-Aminoacridone (AMAC)-labelled by adding 10 μl of 0.1M AMAC in 

dimethylsulfoxide (DMSO)/acetic acid (17/3, V/V) solution by incubating at room temperature for 10 min, 

followed by addition of 10 μl of 1M aqueous NaCNBH4 solution and incubation for 1 hour at 45°C. A mixture 

containing all 17 chondroitin sulfate (CS), heparin sulfate (HS) and hyaluronic acid (HA) disaccharide 
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standards prepared at a concentration of 0.5 ng/μl was similarly AMAC-labeled and used for each run as an 

external standard. After the AMAC-labeling reaction, the samples were centrifuged and respective 

supernatants were recovered. 

 

 
II.2.16. Compositional analysis of GAG disaccharides by LC-MS/MS 

 
The disaccharide analysis was performed according to a previously reported method (Sun et al. 2015). LC 

was performed on an Agilent 1200 LC system at 45 °C using an Agilent Poroshell 120 ECC18 (2.7 μm, 3.0 × 

50 mm) column. Mobile phase A (MPA) was 50 mM ammonium acetate aqueous solution, and the mobile 

phase B (MPB) was methanol. The mobile phase passed through the column at a flow rate of 300 μl/min. The 

gradient used was the following: 0-10 min, 5-45% B; 10-10.2min, 45-100%B; 10.2-14min, 100%B; 14-22min, 

100-5%B. The injection volume used for all the samples was 5 μl. 

A triple quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher Scientific, 

San Jose CA, USA) was used a detector. The online MS analysis was performed at the Multiple Reaction 

Monitoring (MRM) mode with the MS parameters: negative ionization mode with a spray voltage of 3000 V, a 

vaporizer temperature of 300 °C, and a capillary temperature of 270 °C. 

Data analysis was performed using Thermo Xcalibur™ software (Thermo Fisher Scientific, San Jose CA, 

USA). The disaccharides in different cell samples were quantified via comparison of the sample peak area to 

that of an external standard.  

 
 
 
 II.2.17. Statistical analysis 
 

Each experiment was conducted in triplicate. Statistical analysis of the data was performed using 

Student’s t-test, comparing each condition with the WT control groups at the same timepoint, using GraphPad 

Prism version 7. The statistical significance of results is reported at 95% confidence intervals (P<0.05).  
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II.3. Results 
 
 

II.3.1. Bone marrow-derived MSC isolation and characterization 
 
 

MSC cell lines were isolated from bone marrow (BM) of OC-/-OPN-/- and WT adult mice (Figure II.1a). Cell 

morphology was evaluated by staining the cells with DAPI and phalloidin after 24 hours and 4 days of cell 

culture. The morphology of MSC from WT and OC/OPN double knockout (KO) mice was similar, however we 

could observe that after 4 days of cell culture, WT MSC proliferated much more than OC-/-OPN-/- MSC, since 

higher number of WT MSC were observed compared with OC-/-OPN-/- MSC (Figure II.1b). 
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Figure II.1. Bone marrow-derived MSC isolation and characterization. a) Schematics of BM-MSC isolation from femur and 
tibia of OC-/- OPN-/- and WT mice.  b) Cell morphology after 24h and 4 days of culture. Red: phalloidin, blue: DAPI. Scale 
bars, 100 µm. c) Percentage of cell expression of CD29, CD105, Sca-1 and CD45. d) Relative expression levels of OPN 
and OC genes in OC-/- OPN-/- MSC compared to WT MSC.  
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The expression of surface markers such as CD105, CD29 and Sca-1 was confirmed by flow cytometry, as 

well as the absence of expression of the surface marker CD45 for MSC isolated from both WT and OC-/-OPN-/- 

mice, confirming the successful isolation of MSC from both groups. The downregulation of OC and OPN 

osteogenic genes was also confirmed by qRT-PCR for OC-/- OPN-/- MSC. 

 

 

 
II.3.2. GAG disaccharide composition of OC-/- OPN-/- MSC 

 

 

The total amount of GAG (Figure II.2a), as well as the respective heparin sulfate (HS), chondroitin sulfate 

(CS) and hyaluronic acid (HA) GAG amounts (Figure II.2b) for WT and OC-/- OPN-/- MSC were obtained after 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis and normalized to the same total cell 

numbers (1x105 cells per sample). As it is possible to observe in Figure II.2, OC-/-OPN-/- MSC presented 

higher GAG content than WT MSC. Regarding HS, CS and HA total composition, there were evident 

differences in the GAG compositions of the different cell types (Figure II.2b). OC-/- OPN-/- MSC were 

composed mainly by CS (153.27 ng/ml), followed by lower average amounts of HS (31.11 ng/ml) and HA 

(20.93 ng/mg). WT MSC were composed by CS (5.67 ng/ml), HS (3.83 ng/ml) and lower amounts of HA (0.22 

ng/ml). Interestingly, the total amount of GAG decreased when cells were differentiated under osteogenic 

differentiation medium after 21 days for both cell types (WT and OC-/- OPN-/-). WT MSC differentiated into an 

osteogenic lineage were composed by a very low amount of GAG, compared with OC-/- OPN-/- MSC 

differentiated into osteoblasts.  

 

 

 

 

 

Figure II.2. GAG composition of WT MSC and OC-/- OPN-/- MSC. a)Total GAG amount (ng/ml). b) HS, CS, HA 
total amounts (ng/ml). Results are presented as mean ± SD of three biological replicates (n=3). 

 a  b 
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The average GAG disaccharide percentage compositions of OC-/- OPN-/- MSC were determined and 

compared with WT MSC (Figure II.3).  Both undifferentiated cells (WT and OC-/- OPN-/- MSC) presented 

significantly different HS, CS and HA percentage compositions, however when both cell types were 

differentiated into osteoblasts, they presented similar GAG disaccharide percentage composition. In terms of 

GAG relative percentages, WT MSC were mainly composed by CS (59%), followed closely by HS (39%) and 

HA (2%). Moreover, OC-/- OPN-/- MSC presented a higher relative average percentage of CS (75%), HA (11%) 

and lower relative average percentages of HS (14%) when compared to WT MSC. After 21 days of 

osteogenic differentiation treatment, both MSC types were mainly composed by CS (WT: 55%, OC-/- OPN-/-: 

58%) with lower amounts of HS (WT: 28%, OC-/- OPN-/-: 25%) and HA (WT: 18%, OC-/- OPN-/-: 18%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The compositional analysis of the GAG disaccharides of WT and OC-/- OPN-/- MSC was performed after 

enzymatic digestion of isolated GAG samples with heparin lyase I, II, III and chondroitin lyase ABC. The 

disaccharides were then AMAC-labelled by reductive amination and analyzed by LC-MS/MS. The HS and CS 

disaccharide relative composition percentage for the different cell types is presented in Figure II.4.  For all the 

cells, HS was comprised primarily of 0S, followed by NS and N2S (Fig. II.4a). However, some differences 

were noticed in the HS disaccharide percentage composition present in the different types of cells. OC-/-OPN-/- 

MSC presented a higher relative percentage of 0S when compared to WT MSC. On the other hand, WT MSC 

presented higher relative percentage of NS2S and NS than OC-/-OPN-/- MSC. When cells were differentiated 

into osteoblasts, the HS relative percentage did not change dramatically. In terms of CS disaccharides, all the 

cells were primarily composed by 4S, 6S and 0S (Figure II.4b).  The relative percentage of 4S and 0S were 

quite similar between both cells (WT and OC-/-OPN-/- MSC). However, OC-/- OPN-/- MSC presented 

significantly higher relative percentage of 6S when compared to WT MSC. Notably, when WT MSC were 

differentiated into osteoblasts, the CS relative percentage was similar to cells undifferentiated. However, some 

differences were observed when OC-/- OPN-/- MSC were differentiated compared to undifferentiated cells. Of 

Figure II.3. Average relative percentage GAG composition of WT and OC-/- OPN-/- MSC before and after 
osteogenic differentiation. Results are presented as mean ± SD of three biological replicates (n=3). 
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note, the relative percentage of 2S6S and 4S6S increased when OC-/- OPN-/- MSC were differentiated into 

osteoblasts. In addition, the relative percentage of 6S and 0S dramatically decreased when cells were 

differentiated.   

 

 

 
 
II.3.3. Effects of OC and OPN on MSC proliferation  

 
 

Aiming to understand how the lack of OC and OPN (OC-/- OPN-/-) would influence the proliferative 

capacity of MSC, cells were cultured for nine passages and cumulative population doublings and fold 

increases were plotted for each passage (Figure II.5). Thus, different cell seeding densities were studied, 

3000 cells/cm2 and 10000cells/cm2, representing low and high density, respectively. 

OC-/- OPN-/- MSC cultured at 3000 cells/cm2 (low density) took 71 days to complete nine passages, while 

WT MSC took only 48 days. When cultured at a higher density (10000 cells/cm2), OC-/- OPN-/-  MSC reached 

nine passages after 49 days, while WT MSC only took 34 days. At the end of the ninth passage, cumulative 

population doublings of 9.96 ± 0.78 and 16.18 ± 0.52 were obtained for WT MSC cultured at 10000 cells/cm2 

and 3000 cells/cm2, respectively. On the other hand, at the end of the ninth passage, OC-/- OPN-/- MSC only 

achieved cumulative population doublings of 6.17 ± 0.14 and 7.57 ± 0.1, when cultured at 10000 cells/cm2 

and 3000 cells/cm2, respectively. 

Passaging density affected MSC proliferation potential. Interestingly, the proliferative potential of   OC-/-  

OPN-/- MSC was always affected, even when two different seeding densities were investigated, reaching 

cumulative population doublings lower than WT MSC for both cell seeding densities. 

We characterized OC-/-OPN-/- and WT MSC growth curves measuring cell numbers at different timepoints 

during 15 days. MSC were plated at 5000 cells/cm2 in a 12 well-plate and a kinetic study was performed.    

OC-/- OPN-/- MSC presented a slower growth rate than WT MSC.  Interestingly, only after 7 days in culture, 

Figure II.4. Average relative percentage HS (a) and CS (b) composition of the different cell types: WT and OC-/- OPN-/- 
MSC before and after osteogenic differentiation. Results are presented as mean ± SD of three biological replicates (n=3). 

a b 
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OC-/-OPN-/- MSC started to proliferate faster, reaching higher cell numbers. After 15 days in culture, WT MSC 

reached a cell number of 5.42x104 ±0.47, whereas OC-/- OPN-/- MSC achieved 4.39 x104± 0.38 cells. 

Therefore, the lack of OC and OPN retarded the proliferation of MSC. The proliferation rate was higher in 

WT MSC than in the OC-/- OPN-/- MSC. 
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Figure II.5. Proliferation studies of OC-/-OPN-/- and WT MSC. a,b) Fold increase (a) and cumulative population doublings 
(b) when cells were seeded at 3000 cells/cm2. c,d) Fold increase (c) and cumulative population (d) when cells were 
seeded at 10000 cells/cm2. e) Kinetic study during 15 days of cell culture (5000 cells/cm2). Data are expressed as mean ± 
SD; **p<0.01; *p<0.05 (n=3). 
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II.3.4. Effects of OC and OPN on MSC multilineage differentiation 
 

Moreover, aiming to understand the effects of the absence of OC and OPN on MSC differentiation, WT 

MSC and OC-/- OPN-/- MSC were cultured in adipogenic, chondrogenic and osteogenic medium. 

Following treatment with adipogenic differentiation medium, the OC-/- OPN-/- MSC changed to express Oil 

Red O-stained vesicles, showing that KO cells differentiated into adipocytes, like WT MSC (Figure II.7a). The 

expression of FABP4 was also confirmed by immunocytochemistry (Figure II.6a). Furthermore, after 

chondrogenic induction, the cells changed to show deposition of extracellular matrix in the pellet culture, 

stained with Alcian blue (Figure II.7a). Collagen type II, a biomarker of chondrocytes, was also detected for 

both cells, WT and OC-/- OPN-/- MSC (Figure II.6b). Regarding osteogenic differentiation, OC-/- OPN-/- MSC 

demonstrated less extension of mineralization compared with WT MSC at the same conditions. Although OC-/- 

OPN-/- MSC stained for ALP, fewer extension of calcium deposits in the matrix produced by OC-/-OPN-/- MSC 

after 21 days of osteogenic differentiation was observed by Von Kossa and Xylenol orange stainings (Figure 

II.7a,d,e). Immunocytochemistry also confirmed that OC-/-OPN-/- MSC did not express OPN (Figure II.6c). 

Calcium levels quantification demonstrated that the kinetics of osteogenic differentiation by OC-/- OPN-/- 

MSC was significantly retarded compared to WT MSC (Figure II.7c), as we observed that after 15 days of 

differentiation, an increase of calcium levels was observed only on WT MSC. Additionally, calcium 

quantification demonstrated that OC-/- OPN-/- MSC produced smaller amount of mineral content after 21 days 

of differentiation, compared to WT MSC.  These results were further confirmed with Xylenol Orange staining, 

indicating a smaller extent of mineralization for OC-/-OPN-/-  MSC (Figure II.7d,e). 

SEM micrographs demonstrated higher amounts of nodules produced in the WT MSC after 15 and 21 

days of osteogenic differentiation (Figure II.8a), compared with OC-/- OPN-/-  MSC.  Interestingly, after 30 days 

of osteogenic differentiation, WT MSC and OC-/- OPN-/-  MSC showed the same morphology presenting both 

mineralized nodules. Moreover, elemental analysis of both cell types after 21 days of osteogenic 

differentiation demonstrated the presence of the same components, presenting Ca and P in their composition 

(Figure II.8b,c). 

Gene expression analysis at different timepoints, showed that OC-/- OPN-/- MSC downregulated some 

osteogenic genes compared with WT MSC (Figure II.9). Runx2 gene expression was impaired by the lack of 

OC and OPN during the 21 days of osteogenic differentiation. In addition, although a slight increase was 

observed in Col I expression after 21 days of differentiation for both cell types, the relative expression of Col I 

from OC-/- OPN-/- MSC was statistically significantly lower than WT MSC. As expected, WT MSC upregulated 

the expression of OPN and OC genes during osteogenic differentiation, however OC-/- OPN-/- MSC did not 

demonstrate expression of these genes. In contrast, ALP gene expression level was enhanced in OC-/- OPN-/- 

MSC compared to WT MSC. Interestingly, the expression of ALP was enhanced after 7 and 15 days of 

differentiation but it decreased after 21 days for both cell types, reaching its peak after 15 days of osteogenic 

differentiation. Additionally, only ALP gene expression levels were not affected by the lack of OC and OPN 

genes (Figure II.9c). Notably, ALP activity of OC-/- OPN-/- MSC was also not affected (Figure II.7b). 

Taken together, these results show that OC-/- OPN-/- MSC were able to differentiate into adipogenic and 

chondrogenic lineage, indicating that these cells display multipotency, however the absence of OC and OPN 

impaired the osteogenic differentiation of MSC, analyzed by different methods. 
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Figure II.6. Multilineage differentiation of OC-/- OPN-/- and WT MSC evaluated by immunocytochemistry. a) Adipogenic 
differentiation after 7 and 15 days (FABP4). b) Chondrogenic differentiation after 15 and 21 days (Col II). c) Osteogenic 
differentiation after 7, 15 and 21 days (OPN). Scale bars, 100 µm. 
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Figure II.7. OC/OPN-deficiency impairs MSC osteogenic differentiation. a) WT and OC-/-OPN-/- MSC were cultured in 
adipogenic (7 days), osteogenic and chondrogenic differentiation medium (21 days) and stained with Oil Red O to reveal lipid 
droplets, ALP and Von Kossa stainings to detect mineralization and Alcian Blue to detect glycosaminoglycans. b) ALP activity 
was evaluated after 7, 15 and 21 days of osteogenic differentiation. c) Calcium levels were quantified after 7, 15 and 21 days of 
osteogenic differentiation. d,e) MSC from WT (d) and OC-/-OPN-/- (e) were cultured in osteogenic differentiation medium for the 
indicated number of days and calcium deposits were revealed by Xylenol Orange stain (red) (blue:DAPI).  Scale bars, 100 µm. 
Values are means ± SD. **p<0.01 (n=3). 
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Figure II.8. Osteogenic differentiation of OC-/- OPN-/- MSC and WT MSC. a) SEM micrographs showing morphology and 
mineralization of OC-/- OPN-/- and WT MSC after 15, 21 and 30 days of osteogenic differentiation. Scale bars, 4 µm. b) EDX 
microanalysis of mineral nodules from OC-/- OPN-/- MSC after 21 days of osteogenic differentiation. Scale bar, 1 µm. c) EDX 
microanalysis of mineral nodules from WT MSC after 21 days of osteogenic differentiation. Scale bar, 1 µm. 
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Figure II.9. Gene expression analysis of OC-/- OPN-/- MSC after osteogenic differentiation. WT and OC-/- OPN-/- MSC 
cultured in osteogenic differentiation medium for the indicated times were analyzed for a) Runx2, b) Col I, c) ALP, d) OPN 
and e) OC by qRT-PCR. **p<0.01; *p<0.05 (n=3). 
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II.3.5. Maturation level of mineral species produced by OC-/- OPN-/-  MSC 
 
To further understand how osteogenic differentiation was being impaired due to the absence of OC and 

OPN, we evaluated the roles of OC and OPN in mineral species production during osteogenic differentiation 

of MSC, more specifically we were interested on studying the maturation level of mineral species produced by  

OC-/- OPN-/- MSC, using spectroscopic analysis, such as FTIR and Raman spectroscopy.  
After 21 days of osteogenic differentiation, FTIR spectra of the sample produced by WT MSC became 

similar to the typical infrared vibrations of phosphate, carbonate and amide I and II. The presence of 

crystalline apatite was verified by a split phosphate band (500 to 635 cm-1) (Figure II.10a).  

Figure II.10. Spectroscopy analysis of WT MSC and OC-/- OPN-/- MSC after 21 days of osteogenic differentiation. a) FTIR 
spectra of the WT MSC and OC-/- OPN-/- (KO) MSC without differentiation (no osteo) and after 21 days of differentiation 
(osteo). The characteristic peaks of amide I (1645cm-1) and amide II (1550 cm-1), carbohydrates, amino acids and lipids can be 
found. b) Raman spectra of WT and OC-/-OPN-/- MSC (KO) after 21 days of osteogenic differentiation. Peaks related to cellular 
components are marked in grey and the region of mineral species is marked in yellow (apatite). KO MSC did not present the 
apatite peak. 
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In contrast, the sample produced by OC-/- OPN-/- MSC did not demonstrate the absorption peaks 

associated with major bone-related molecular species. Moreover, the spectrum generated by OC-/- OPN-/- 

MSC after 21 days of osteogenic differentiation was similar to the spectra of WT and OC-/- OPN-/- MSC before 

differentiation (no osteo) (Figure II.10a). This FTIR result confirmed that the absence of OC and OPN impairs 

mineralization of MSC.	
In order to elucidate the differential production of mineralized matrix during osteogenic differentiation of 

MSC, Raman spectra were recorded on day 0, 15, 21 and 30 of osteogenic differentiation.  The region of 

Raman spectra of cellular components was marked in grey and the region of mineral species was marked in 

yellow (Figure II.10b). Peaks related to cellular components, such as phenylalanine (1003 cm-1), CH2 wag 

(1449 cm-1) and amide I (1660 cm-1), were present in Raman spectra from both OC-/- OPN-/- and WT MSC. 

Figure II.11. demonstrates Raman spectra of both cell types after 15, 21 and 30 days of osteogenic 

differentiation. Raman spectra were dissected in detail as depicted in the region from 900 to 1000 cm-1.  

Previous studies have demonstrated that OCP is the precursor of mineralized matrix at the early stage 

mineralization and it also participates in HAP synthesis during bone formation (Anada et al.  2008, Alt 2002). 

The Raman signal of OCP at 957 cm-1 was detected in WT MSC at day 15 of osteogenic differentiation, 

however no detectable peak was observed for OC-/- OPN-/- MSC (Figure II.11a,b). At day 21 of osteogenic 

differentiation, the OCP signal could not be detected anymore and, further, WT MSC presented the HAP peak 

at 960 cm-1 (Figure II.11c,d). On the other hand, OC-/- OPN-/-  MSC did not present the HAP peak, however a 

small signal of β-TCP at 970 cm-1, a HAP precursor, was found after 21 days of differentiation. β-TCP is 

known to contribute to HAP synthesis which can be used as an early stage marker of MSC-osteoblast 

differentiation.  
These data show that OCP at 957 cm-1 was only observed after 15 days of differentiation for minerals 

produced by WT MSC and that after 21 days of differentiation, hydroxyapatite minerals were produced by WT 

MSC, since the HAP peak at 960 cm-1 was found. Interestingly, after 21 days of differentiation OC-/- OPN-/- 

MSC did not produce HAP minerals, since this peak was not detectable. In contrast, a small peak of β-TCP 

was found, indicating that, after 21 days of differentiation, the mineral produced by OC-/- OPN-/- MSC was not 

mature enough. After only 7 days of osteogenic differentiation, no detectable peak related with mineral 

species was found. 
Using spectroscopic analysis, we confirmed that mineralization was impaired after 21 days of osteogenic 

differentiation. Raman spectroscopy analysis confirmed that not only after 21 days of differentiation OC-/-  

OPN-/- MSC produced less mineral, but also the mineral produced was not sufficiently mature, since the HAP 

peak was not detected (Figure II.11c,d) 
Furthermore, we increased the osteogenic differentiation culture time and, after 30 days of differentiation, 

the Raman spectrum of the mineral produced by OC-/-OPN-/- presented the HAP peak, demonstrating that by 

increasing the time of differentiation, the minerals produced were composed mostly of hydroxyapatite (Figure 

II.11e,f). Therefore, we concluded that when OC and OPN were insufficiently expressed the maturation of 

mineralization was delayed. 
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These results confirmed that OC and OPN are important in regulating mineralization process during 

osteogenic differentiation of MSC and demonstrated that Raman spectroscopy is a powerful tool to measure 

the maturation level of MSC-osteoblast differentiation by detecting the intensity changes of mineral 

components in MSC. 
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Figure II.11. Raman spectra of mineral species produced by WT and OC-/- OPN-/- MSC after 15, 21 and 30 days of 
osteogenic differentiation. a,c,e) complete view from 600 to 1500 cm.-1, b,d,f) the region of mineral species from 900 to 
1000 cm.1. 
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II.3.6. OC-/- OPN-/- MSC proliferative and osteogenic potential are recovered by OC/OPN 
supplemented extracellularly 
 

To understand whether the loss of proliferative capacity by OC-/- OPN-/- MSC is associated with the lack of 

OC and/or OPN, these proteins were added extracellularly to the cell culture (1 µg/ml each protein) and a 

kinetic study was performed during 15 days. After OC treatment, no significant increase in proliferation was 

observed. However, after OPN, as well as OC/OPN treatment, MSC seem to recover their proliferative 

potential, increasing cell number after 4 days of culture. Indeed, OC-/- OPN-/- MSC supplemented with both OC 

and OPN or with only OPN presented similar growth rate as WT MSC, reaching the same cell number after 15 

days of proliferation (Figure II.12a). This result suggests that OPN might act on proliferative capacity of MSC, 

however OC failed to induce proliferation. OC-/- OPN-/- MSC were able to recover their proliferative potential by 

adding extracellularly proteins, such as OPN. 

To further investigate the effects of extracellular OC and OPN in MSC osteogenic differentiation, we 

applied exogenously OC and OPN (OC/OPN) during osteogenic differentiation. Notably, extracellular 

supplementation of OC/OPN in the osteogenic differentiation medium enabled the MSC to regain their 

capacity for osteogenic differentiation, shown by the significant increase in calcium levels quantification and 

visualized using Xylenol orange stain (Figure II.12b,c). Although mineralization was enhanced, the results 

obtained by OC-/- OPN-/- MSC supplemented with OC/OPN did not completely achieve the results obtained 

with WT MSC. Interestingly, after 21 days of osteogenic differentiation, Raman spectroscopy demonstrated 

that the mineral formed by OC-/- OPN-/- MSC supplemented exogenously with OC/OPN was composed by 

HAP, as observed for mineral species produced by WT MSC. On the other hand, as it was previously 

demonstrated, minerals generated by OC-/- OPN-/- MSC (without extracellular supplementation) did not present 

the HAP peak, suggesting a more immature mineral production. 

These data suggest that OC and OPN exert their regulatory role in MSC differentiation mainly in an 

extracellular manner. 
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Figure II.12. Effects of OC/OPN supplemented extracellularly on OC-/- OPN-/- MSC proliferation and osteogenic 
potential. a) Proliferation of OC-/- OPN-/- MSC exogenously supplemented with OC and/or OPN (1µg/ml). b) Calcium 
quantification of OC-/- OPN-/- MSC differentiated during 21 days with osteogenic medium supplemented with OC/OPN 
(1µg/ml). c) Calcium deposits from OC-/- OPN-/- MSC supplemented with OC/OPN were visualized using Xylenol Orange 
(red) (blue:DAPI). d) Comparison of Raman spectrum of WT, OC-/- OPN-/- and OC-/- OPN-/- MSC extracellularly 
supplemented with OC/OPN after 21 days. Scale bars, 100 µm. Values are means ± SD. **p<0.01.*p<0.05, compared to 
OC-/- OPN-/- (n=3). 
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II.3.7. Angiogenic potential of OC-/- OPN-/- MSC 
 

OPN is a potent angiogenic factor, which promotes proliferation, migration and capillary formation of 

endothelial cells (Dai et al.  2009). OC has also been reported to stimulate angiogenesis in vivo (Cantatore et 

al.  2005). Therefore, angiogenic potential was assessed in vitro by performing functional tube formation 

assays and a migration assay. Conditioned medium was collected from WT and OC-/- OPN-/- MSC cultured for 

72 hours with DMEM basal medium (without FBS supplementation).   
Therefore, CM from both cell types were collected and incubated with HUVEC seeded on the top of a 

matrigel gel for 8h. As shown in Figure II.13a, HUVEC cultured with CM from OC-/- OPN-/- MSC (OC-/- OPN-/- 

CM) were not able to form a capillary-like network. Moreover, conditioned medium from WT MSC (WT CM) 

started to form a network with some branches interconnected, after 8h post seeding. HUVEC incubated with 

DMEM+10%FBS and EGM-2 were used as positive controls, since both media have angiogenic factors and 

FBS that will enable HUVEC to form tubular structures when seeded in a matrigel substrate. DMEM basal was 

used as a negative control, since this medium does not contain any important factor for angiogenesis. Our 

results demonstrated that WT CM did not improve angiogenic properties of HUVEC, since the number of 

tubes did not increase compared with DMEM basal (medium without angiogenic factors), presenting the same 

weak tubular structures as DMEM basal. Notably, the absence of tubular structures formed by HUVEC was 

observed when OC-/- OPN-/- CM was added to HUVEC culture, leading us to conclude that the absence of 

these two proteins impairs angiogenesis in vitro. 

In a different assay, we evaluated if the conditioned medium collected from OC-/- OPN-/- MSC would have 

any effect on the migratory ability of HUVEC. Studying the migration of cells in a 2-D confluent monolayer in 

highly controlled in vitro conditions allows to investigate if the lack of OC and OPN would impair the migratory 

capability of HUVEC. Therefore, a scratch was performed in a confluent monolayer of HUVEC cultured with 

CM from WT MSC and OC-/- OPN-/- MSC and cell migration was investigated at different timepoints. EGM-2 

added to the cell culture was used as a positive control. Interestingly, when HUVEC were incubated with CM 

from WT MSC, after 8h, the “wound” size decreased, due to the migration of HUVEC towards the site (Figure 

II.13c). The same effect was observed for the positive control, EGM-2, due to the angiogenic factors present 

in these media. However, when HUVEC were seeded with OC-/- OPN-/- CM, the scratch diameter slightly 

changed, indicating that HUVEC’s migration capability was impaired due to the lack of OC and OPN. Notably, 

after 12h, the wound site was almost closed when HUVEC were seeded with WT CM, presenting a 

percentage of migration of 77%. This phenomenon could be explained due to the presence of secreted factors 

from MSC in the conditioned medium that are known to enhance the migration of cells. After 12h, conditioned 

medium from OC-/- OPN-/- MSC only allowed a percentage of migration of 26% (Figure II.13c,d). 
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Furthermore, the angiogenic potential of these cells, WT MSC and OC-/-OPN-/- MSC, was also evaluated 

by performing a tube formation functional assay using a co-culture of MSC and HUVEC. Firstly, the results 

demonstrated that WT MSC alone seeded on matrigel gel were able to form a tubular structure, even without 

being co-cultured with HUVEC (Figure II.14a). On the other hand, OC-/-OPN-/- MSC were not able to form a 

tubular network, presenting only long branches not interconnected. These results already showed that the 

double knockout of OC/OPN affects the angiogenic capacity of MSC, evaluated by this functional assay 

(Figure II.14a). 

After that, WT MSC and OC-/- OPN-/- MSC were co-cultured with HUVEC and seeded onto a matrigel gel, 

to evaluate the cooperation between HUVEC and MSC. HUVEC were RFP-tagged and, after 2h, 4h, 8h and 

24h post seeding, HUVEC distribution and morphology were observed. As expected, HUVEC alone were able 

to form a capillary structure after 2h, since HUVEC were seeded with EGM-2 medium, containing angiogenic 

factors. 4h after seeding, the network structure became more robust with interconnected branches. After 24h, 

tube’s length increased, however the capillary structure was maintained (Figure II.14b).  
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Figure II.13. OC/OPN-deficiency impairs angiogenic properties. a) Tube formation assay evaluating the HUVEC’s response to 
conditioned medium (CM) from OC-/- OPN-/- MSC and WT MSC after 8h post-seeding. b) Number of tubular-like structures 
formed by HUVEC in the tube formation assay. c) Migration assay evaluating the HUVEC’s migratory response to CM from   
OC-/- OPN-/-  and WT MSC after 4, 8, 10 and 12h. d) Quantification of the HUVEC’s percentage of migration after different 
timepoints when exposed to different conditioned medium from WT and OC-/- OPN-/- MSC. DMEM+10% FBS and endothelial 
growth medium-2 (EGM-2) were used as a positive control and DMEM basal as a negative control. Scale bars, 100 µm. Values 
are mean ± SD. **p<0.01; *p<0.05 compared with EGM-2 (positive control) (n=3.) 
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Co-culture between WT MSC and HUVEC also demonstrated the same pattern as HUVEC alone, 

allowing HUVEC to form a well-defined capillary structure (Figure II.14b). Indeed, it has been reported that co-

culture of endothelial cells and MSC enhance their proliferation and angiogenic properties (Liang et al. 2017), 

since MSC can support angiogenesis. 

Notably, when OC-/- OPN-/- MSC were co-cultured with HUVEC, HUVEC started to form tubes after 2h, 

however, after 8h the tubular structures were not able to be maintained and were disrupted, as observed in 

Figure II.14b. After 24h, the tubes were completely destroyed. Therefore, we confirmed that the absence of 

OC and OPN would impair angiogenesis, since the co-culture of OC-/-OPN-/-  MSC with HUVEC was not able 

to maintain and support the tubular structure formed by HUVEC after only 8h. On contrary, WT MSC co-

cultured with HUVEC were able to sustain their tubular morphology. 

Aiming to understand which protein was responsible for the impairment of the angiogenic capacity of 

HUVEC, we co-cultured OC-/- OPN-/- MSC with HUVEC and supplemented the medium with OC or/and OPN. 

Tube formation was evaluated after 8h post seeding. We observed that, when OC and OPN were added to 

the system, as well as just OPN, HUVEC that were co-cultured with OC-/- OPN-/- MSC were able to form 

tubes, however when only OC was supplemented to the cell culture, HUVEC did not form the same capillary 

structure. Figure II.14d showed that the number of tubes formed by HUVEC co-cultured with OC-/- OPN-/-  

MSC with OPN and OPN/OC exogenously supplemented in the medium increased, compared with HUVEC 

co-cultured with OC-/- OPN-/-  MSC without supplementation. Therefore, we confirmed that the absence of 

OPN is the responsible factor that affects angiogenesis. Even though HUVEC were able to recover their 

tubular structure when OPN was added to the culture medium, HUVEC co-cultured with WT MSC 

demonstrated a more robust tubular morphology with more interconnected tubes, leading us to conclude that, 

although it helps, extracellularly supplementation of OPN as a compensatory strategy did not present the 

same enhanced results as WT MSC. HUVEC co-cultured with WT MSC showed significant tube formation on 

matrigel, whereas only few tubes were formed by HUVEC co-cultured with OC-/- OPN-/-  MSC (Figure II.14c). 
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Figure II.14. Angiogenic properties of OC-/- OPN-/- MSC. a) OC-/- OPN-/- MSC were not able to form a tubular structure in 
matrigel, compared with WT MSC. b) Co-culture of OC-/- OPN-/- MSC with HUVEC were not able to support tubular structure 
formed by HUVEC. c) Co-culture of OC-/-OPN-/- MSC with HUVEC supplemented with OC and/or OPN and VEGF. Scale 
bars, 100 µm. d) Quantification of number of tubular-like structures formed by HUVEC co-cultured with OC-/- OPN-/- (KO) 
MSC supplemented with OC and/or OPN and VEGF. Values are expressed as mean ± SD. **p<0.01; *p<0.05, compared to 
HUVEC (n=3). 
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II.4. Discussion 
 

Several studies from our group have reported that OC and OPN influence bone morphology and 

mechanical properties (Poundarik et al.  2012, Morgan et al.  2015, Bailey et al. 2017, Poundarik et al.  2018). 

In fact, despite our group has already seen that bone morphology of either OC-/- or OPN-/- single knockout 

mice was not different from each other or from WT mice, bones from mice lacking both OC and OPN (OC-/- 

OPN-/-) were shorter, with thicker cortices and larger cortical areas compared with WT and single knockout 

OC-/- and OPN-/- groups, suggesting a synergistic role of OC/OPN regarding bone morphology (Bailey et al.  

2017). In particular, we observed that the removal of both proteins induced morphological adaptations at the 

structural level to maintain bone strength. Our next goal was to investigate the synergistic effect of these two 

proteins at the cellular level. We decided to evaluate MSC derived from OC-/- OPN-/- mice because single 

knockout mice models (for example OPN-/- or OC-/-) alone fail to elucidate the specific roles of non-

collagenous proteins in the different cellular processes, since the loss of one protein may be compensated by 

the other. Therefore, we isolated MSC from the bone marrow of OC-/-OPN-/- mice and characterized these 

cells, investigating the roles of OC and OPN on cell proliferation, differentiation ability and angiogenic 

capacity. Successful isolation and expansion of the primary MSC from the bone marrow of WT and double 

knockout mice (OC-/- OPN-/-) enabled us to carry out the subsequent investigation. 

OC-/- OPN-/- MSC demonstrated the same phenotype as WT MSC, expressing CD29, CD105, Sca-1 and 

having lower levels of CD45 (Shen et al.  2011) (Figure II.1c). However, we observed that the proliferative 

potential of OC-/- OPN-/- MSC was impaired by the lack of OC and OPN, compared with WT MSC. Indeed, a 

kinetic study performed with these cells demonstrated a slower growth rate than WT MSC, reaching lower cell 

numbers (Figure II.5e). 

Having OC-/- OPN-/- MSC a slower growth rate that WT MSC but presenting similar surface markers, 

further characterization of these cells in respect to ECM was attempted in order to find some clues for the 

differences observed between OC-/- OPN-/- MSC and WT MSC. 

GAG are the major constituents of proteoglycans and can be found in multiple tissues being important 

components of the ECM. GAG are known to participate in different physiological processes by modulating 

signaling pathways that regulate several cellular processes. Moreover, GAG are important for controlling 

hydration and swelling pressure due to their negatively charges, maintaining their biomechanical properties. In 

addition, the sulfation patterns in the GAG chains allow the interaction with growth factors, cell surface 

receptors, enzymes, cytokines, chemokines and proteins that are associated with several biological 

processes, such as development, cell growth and differentiation (Papy-Garcia et al. 2017, Wang et al. 2017, 

Gasimli et al. 2014, Kjellén et al. 2018). Concordantly, we believe that the characterization of the GAG 

content, composition and sulfation patterns on OC-/- OPN-/- MSC is critical for a better understanding of ECM 

role in directing cellular responses, in particular in regulating mineralization. 

In this work, we used a previously developed method of liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) with multiple reaction monitoring (MRM) (Sun et al. 2015) to characterize OC-/- 

OPN-/- MSC and WT MSC in terms of their GAG content, composition and sulfation pattern. OC-/- OPN-/- MSC 

were mainly composed by CS and presented higher amounts and relative percentages of this GAG than WT 

MSC (Figure II.2b, Figure II.3).  Interestingly, the amount of GAG produced by OC-/- OPN-/- MSC increased 

dramatically when compared with WT MSC. As OC and OPN are the most abundant non-collagenous bone 
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proteins present in bone matrix, it is predicted that the lack of these proteins will induce the production of other 

important non-collagenous bone matrix proteins to compensate the lack of OC/OPN. Therefore, we 

hypothesize that bone ECM increases its GAG content as a compensatory mechanism, synthesizing a matrix 

richer in GAG. Each cell type secretes unique and specific ECM to fulfil the biological requirements of its 

native tissue. Here, we observed that although the amount of GAG produced by WT and OC-/- OPN-/- MSC 

after osteogenic differentiation was different, their relative percentage (CS, HS, HA) was quite similar. 

Engfeldt and Hjerpe demonstrated that the total amount of GAG in bone tissue, mainly CS, seems to 

decrease while the degree of mineralization increases (Engfeldt and Hjerpe 1976).  Therefore, we 

hypothesize that the decrease of GAG content observed when MSC were osteogenically differentiated for 

both cell types (WT and OC-/-OPN-/-) was due to the deposition of a more mature mineralized matrix, indicating 

a late phase of bone mineralization due to the induction of osteogenic differentiation. Our results indicate that, 

in terms of CS disaccharides, all cell types, undifferentiated and after osteogenic differentiation, were mainly 

composed by 4S. Indeed, different works have already shown that 4S CS disaccharide was the major GAG 

present in bone tissue (Engfeldt and Hjerpe 1976, Waddington et al. 1989). 

Several reports have shown that OPN exerts an important effect on different types of cells, increasing the 

proliferation of tumor cells (Luo et al. 2011, Pazolli et al. 2009, Saleh et al. 2016), neural stem cells 

(Rabenstein et al. 2015), vascular smooth muscle cells (Lee et al. 2016) and hepatic progenitor cells (Liu et al. 

2015).  We, therefore, hypothesize that the lack of secreted OPN was the main responsible of the impairment 

of proliferation observed by OC-/- OPN-/- MSC. Furthermore, we supplemented the culture medium with OC 

and/or OPN extracellularly and observed that OC-/- OPN-/- MSC were able to recover their proliferative 

potential when supplemented with 1 µg/ml of OPN and 1 µg/ml of OPN and OC (Figure II.12a). We confirmed 

that the lack of OPN is the responsible for the impairment of proliferation capacity observed by OC-/- OPN-/- 

MSC, since when only OC was added to the culture medium OC-/- OPN-/- MSC did not enhance proliferation. 

We also focused on the effects of OC and OPN in regulating MSC differentiation and we observed that, 

although adipogenic and chondrogenic differentiation did not present any significant differences, osteogenic 

differentiation of OC-/- OPN-/-  MSC seemed to be retarded when compared to WT MSC. In fact, the lower 

amount of calcium levels, as well as, micrographs of the mineral produced by OC-/- OPN-/-  MSC demonstrated 

an impairment of mineral production by these double knockout cells. Interestingly, SEM micrographs showed 

that OC-/- OPN-/- MSC presented lower amount of mineral nodules after 15 and 21 days of osteogenic 

differentiation, compared with WT MSC (Figure II.8a). Moreover, gene expression levels of osteogenic 

markers demonstrated that OC-/- OPN-/- MSC downregulated most of the osteogenic genes, such as Runx2, 

Col I, OC and OPN. Interestingly, ALP expression levels were enhanced in OC-/- OPN-/- MSC compared to WT 

MSC.  Aiming to better understand the quality of the mineral produced by these cells, we analyzed these 

minerals using FTIR and Raman spectroscopy. Results showed that after 21 days of osteogenic 

differentiation, FTIR spectra of minerals produced by OC-/- OPN-/- MSC did not present the absorption peaks 

associated with major bone-related molecular species, such as phosphate and carbonate, in contrast with WT 

MSC. FTIR spectra of WT and OC-/- OPN-/- MSC demonstrated absorption peaks associated with cellular 

components, such as amide groups, carbohydrates, and amino acids before and after osteogenic 

differentiation. Raman spectroscopy was used to characterize the differentiation process of stem cells over 

time. Using Raman spectroscopy, we were able to characterize the maturation level of minerals produced by 
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OC-/- OPN-/- MSC. The results showed that after 15 days of osteogenic differentiation, WT MSC were able to 

produce OCP (957 cm-1), a hydroxyapatite precursor, whereas the minerals produced by OC-/- OPN-/- MSC did 

not present the OCP peak. Indeed, after 21 days of osteogenic differentiation, HAP was detected in the 

minerals produced by WT cells, indicating a late stage of the differentiation. However, OC-/- OPN-/- MSC did 

not present HAP peak (960 cm-1), instead a β-TCP peak was detected (970 cm-1), also a hydroxyapatite 

precursor. Notably, the hydroxyapatite peak was only detected in the minerals produced by OC-/- OPN-/- MSC 

after 30 days of osteogenic differentiation. We observed that the maturation of mineral species was delayed 

compared to the control group. These results suggest an impairment and delay of osteogenic differentiation of 

stem cells lacking OC and OPN. This phenomenon confirms, at a cellular level, that OC and OPN are 

important regulators of bone mineralization during osteogenic differentiation of MSC. 

In fact, during the crystal growing of biomineralization process, OC has been reported to accelerate 

nucleation of hydroxyapatite and inhibit hydroxyapatite precipitation (Ducy et al. 1996). Previous studies have 

already reported that both OC and OPN have specific roles in the biomolecular regulation of mineral in bone 

and together they are major determinants of the quality of bone mineral (Poundarik et al. 2018). Poundarik 

and colleagues have shown that OC and OPN regulate bone mineral crystal size and organization in a 

codependent manner (Poundarik et al.  2018). Our data showed that the inhibition of osteogenesis was due to 

the downregulation of some osteogenic gene markers involved in osteogenesis, such as Runx2, Col I, OC 

and OPN (Figure II.9). The mechanism responsible for the osteogenic downregulation requires further 

investigation. 

Our studies also demonstrated that OC-/- OPN-/- MSC proliferation and osteogenic potential were 

recovered when OC/OPN were extracellularly supplemented. In fact, OC-/- OPN-/- MSC produced more 

calcium deposits after 21 days of osteogenic differentiation when OC/OPN were exogenously applied. 

Moreover, Raman spectroscopy demonstrated that after 21 days of osteogenic differentiation, when OC/OPN 

were exogenously added to the culture medium, minerals produced by OC-/- OPN-/- cells were mainly 

composed by HAP (960 cm-1) as the minerals produced by WT MSC. Moreover, when OC/OPN were not 

present in the culture medium, HAP peak was not detected by Raman spectroscopy, demonstrating that the 

mineral produced by these cells was not sufficiently mature. However, although an increase of calcium 

accumulation was observed when both OC/OPN proteins were added to the medium, OC-/- OPN-/-  MSC 

continued to produce lower amount of calcium levels compared with WT MSC. These data suggest that OC 

and OPN exert their regulatory role in MSC differentiation mainly in an extracellular manner. 

Regarding angiogenesis, MSC derived from murine or human bone marrow cells have the ability to 

regulate new blood vessel formation, stability and function (Zhou et al.  2012, Kachgal et al. 2011). Thus, we 

assess the effects of OC and OPN on the angiogenic potential. 

Cell migration plays an important role in the process of angiogenesis. Many cytokines can enhance the 

migration of MSC, such as monocyte chemoattractant protein-1 (MCP-1) and stromal cell-derived factor-1 

(SDF-1) (Grudzinska et al. 2013, Ryu et al. 2010), therefore we hypothesize that the lack of OPN and OC in 

MSC could impair the migration of MSC, since some non-collagenous proteins, such as OPN, have been 

reported to participate in the recruitment and migration of cells (Rabenstein et al. 2015, Poggio et al. 2011, 

Tuck et al. 2003). In this study, a wound scratch assay demonstrated that conditioned medium from OC-/- 

OPN-/- MSC did not promote the migration of HUVEC after 12 h, unlike the conditioned medium from WT 
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MSC. Indeed, it is known that MSC secrete angiogenic factors that could enhance the migratory effects of 

cells. We, therefore, concluded that the fact that OC and OPN are not being secreted by MSC influence 

negatively the migration of HUVEC. Using the same approach in a tube formation assay, we observed that 

angiogenic capacities of HUVEC are diminished when conditioned medium from OC-/- OPN-/- was used, 

demonstrated by the reduction of number of tubes formed. However, the mechanism of action related with the 

reduction of angiogenic potential should be further studied. We hypothesize that the lack of OC and OPN 

would decrease the angiogenic potential of these cells directly, since OPN has been reported as a pro-

angiogenic factor (Dai et al. 2009), but we believe that, indirectly, these proteins might also compromise the 

amount and composition of other cytokines and soluble factors present in the conditioned medium of OC-/- 

OPN-/- MSC. For example, OPN is known to induce VEGF expression (Ramchandani et al. 2015) thus, we 

hypothesize that the lack of OPN in the culture medium, could also downregulate the amount of VEGF or 

other angiogenic factors, and, therefore, diminish the angiogenic potential. Further studies, should focus on 

analyzing the different cytokines and growth factors secreted by OC-/- OPN-/- MSC to understand the real 

mechanism of action. 

Furthermore, we observed that WT MSC were able to form tubes on a matrigel substrate by itself, 

whereas OC-/- OPN-/- MSC lack their ability to form capillary-like structures in a tube formation assay (Figure 

II.14a). 

We also studied the effect of OC-/- OPN-/- MSC on HUVEC ability to form tubes, when co-culturing both 

cells. It has been previously demonstrated that co-culture of HUVEC and MSC can form a vascular tissue-like 

network in vitro through the stimulation of VEGF production (Grellier et al. 2009). These cell-cell co-culture 

may activate different signaling pathways to enhance the biological effects of MSC. 

 We observed that when HUVEC were co-cultured with WT MSC and OC-/- OPN-/- MSC, HUVEC started 

to form tubular structures after 4h. However, after 8h, HUVEC co-cultured with OC-/- OPN-/- MSC were not 

able to sustain and support their interconnected network and after 24h the tubes were completely destroyed 

and only sparse agglomerates of HUVEC were possible to be observed (Figure II.14b). In fact, OPN secreted 

by cancer cells was reported to act as a potent angiogenic factor contributing to tumor growth in several 

cancer types (Chakraborty et al. 2008, Tang et al. 2007, Takahashi et al. 2002). OPN has been shown to 

promote vascular formation in murine neuroblastoma (Takahashi et al. 2002) and inhibition of OPN levels 

induces a suppression of angiogenesis in gastric cancer (Tang et al. 2007). Therefore, we believe that the 

lack of OPN is also the responsible for the loss of HUVEC tubular structure after 8h in a matrigel substrate. To 

confirm our hypothesis, we supplemented the co-culture of HUVEC and OC-/- OPN-/- MSC with OC and/or 

OPN. When HUVEC were co-cultured with WT MSC a more robust and interconnected capillary structure was 

created, however results showed that when HUVEC were co-cultured with OC-/-OPN-/-  MSC and 

supplemented extracellularly with OPN, their tubular structure was able to be sustained after 8h. The number 

of tubes formed after 8h when OPN and OPN/OC added extracellularly were significantly higher compared 

with the control (HUVEC + OC-/-OPN-/-) and, interestingly, similar to the results obtained when HUVEC and 

OC-/- OPN-/- MSC co-cultures were supplemented with VEGF. Therefore, we believe that OPN is important for 

angiogenesis, acting directly or indirectly, through the stimulation of other angiogenic factors. Further assays 

need to be done to understand better the mechanism of action of this protein. 
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We showed that OC/OPN deficiency impaired the proliferation, osteogenic differentiation, mineralization 

and angiogenic potential of MSC. These results demonstrated the importance of OC/OPN for the normal 

function of MSC, specifically for osteogenesis and angiogenesis, two important mechanisms for bone repair. 

Moreover, most used techniques to confirm osteogenic differentiation rely on using osteogenic gene 

expression and histological staining techniques, such as the Von Kossa and Alizarin Red methods, being 

difficult to determine the quality of bone-like calcium phosphate mineral produced by the cells. Therefore, new 

techniques have been emerging to verify the presence and quality of the mineral formed, such as FTIR and 

Raman spectroscopy. We believe that these techniques will allow a better understanding about the similarities 

of the mineral produced in vitro with the native osteoblasts, generating quantitative and precise outputs that 

can be used as quality control to establish a well-defined protocol for osteogenic differentiation of cells. 

Herein, we developed and applied a protocol to evaluate the maturation level of the minerals produced by 

MSC at different timepoints of osteogenic differentiation, providing new insights in the quality and composition 

of the mineral produced in vitro. 

Taken together, these results confirmed, at a cellular level, that OC and OPN are important regulators of 

bone mineralization and angiogenesis and provide new insights into forming high quality bone, relevant for 

treatment of fracture healing in older and osteoporotic bone.  
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CHAPTER III – Synergistic effect of extracellularly supplemented OPN and OC on stem 
cell proliferation, osteogenic differentiation and angiogenic properties   

 
 
 
 
Outline 

 
A high demand for functional bone grafts is being observed worldwide, especially due to the increased life 

expectancy. Osteoinductive components should be incorporated into functional bone grafts, accelerating cell 

recruitment, cell proliferation, angiogenesis and new bone formation at a defect site. Non-collagenous bone 

matrix proteins, especially osteopontin (OPN) and osteocalcin (OC), have been reported to regulate some 

physiological process, such as cell migration and bone mineralization. However, the effects of OPN and OC on 

cell proliferation, osteogenic differentiation, mineralization and angiogenesis are still undefined.  Therefore, we 

assessed the exogenous effect of OPN and OC supplementation on human bone marrow mesenchymal 

stem/stromal cells (BM MSC) proliferation and osteogenic differentiation. OPN dose-dependently increased the 

proliferation of BM MSC, as well as improved the angiogenic properties of human umbilical vein endothelial 

cells (HUVEC) by increasing the number of tubular-like structures in vitro. On the other hand, OC enhanced the 

differentiation of BM MSC into osteoblasts and demonstrated an increase in extracellular calcium levels and 

ALP activity, as well as higher mRNA levels of mature osteogenic markers osteopontin and osteocalcin. In vivo 

assessment of OC/OPN-enhanced scaffolds in a critical sized-defect rabbit long-bone model revealed that 

OC/OPN did not cause any inflammatory response, while bone tissue was being formed with active tissue 

remodeling. Taken together, these results suggest that OC and OPN stimulate bone regeneration by inducing 

stem cell proliferation, osteogenesis and enhancing angiogenic properties. The synergistic effect of OC and 

OPN observed in this study can be applied as an attractive strategy for bone regeneration therapeutics by 

targeting different vital cellular processes. 
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III.1. Introduction 
 

The repair of large bone defects is a major clinical orthopedic need with a high demand. In fact, the treatment 

of bone loss has dramatically increased in the last decades, especially due to the large number of bone-related 

medical conditions that require clinical interventions and due to the dramatic growth of an aging population. For 

example, in the United States alone, around 8 million people, each year, break a bone, causing fractures 

(Holmes 2017). Moreover, for 5-10% of individuals with a broken bone, the fracture will fail to heal under the 

usual treatment, causing non-union bone fractures (Holmes 2017). To address these needs, treatments and 

therapies, such as autografts, allografts and bone substitutes are often used, however some side effects and 

availability have limited their wide-scale application (Chiarello et al. 2013).  In particular, the scarcity of bone 

graft donors, as well as the higher risk of immunologic rejection and infection, limit the clinical use of allografts 

(Stock & Vacanti et al.  2011, Campana et al. 2014). Autografts have also some limitations, such as their short 

availability and the possible risk of site morbidity, pain, infection, scarring, associated with the harvest procedure 

(Stock & Vacanti et al. 2001). 

Tissue engineering technologies offer advances to regenerate bone including the development of scaffolds 

that can release growth factors in a controlled manner, such as bone morphogenetic protein-2 (BMP-2) and 

basic fibroblast growth factor (bFGF) proteins (De Witte et al. 2018). These growth factors have great potential 

for tissue engineering and regenerative medicine. However, they too have associated disadvantages including 

immunogenicity, relatively high cost, large molecular weight (100-200 a.a.), in vitro instability, and difficulty in 

sterilization (Huang et al. 2018). Consequently, recent studies have focused on investigating the interaction 

between cell membrane receptors and extracellular matrix proteins (Fernandez-Yague et al. 2015, Heino et al. 

2009, Schultz et al. 2009) and the result lend support to strategies that employ and mimic the bone extracellular 

matrix in a more reliable way, such as the use of osteoinductive peptides (Hu et al.  2013). 

Bone extracellular matrix consists of two different components: an organic matrix, constituted by collagen 

and non-collagenous proteins (NCP) (Boskey 2007, Young 2003), and an inorganic phase, composed mainly 

by hydroxyapatite crystals (Boskey 2007, Young 2003). The NCP, isolated from bone, have been found to be 

biologically active. Thus, by understanding the properties and functions of NCP, new strategies mimicking the 

bone extracellular matrix could be designed for bone tissue engineering applications (Mouw et al. 2014). 

However, the function of NCP in bone regeneration is not yet completely understood. It has been speculated 

that NCP might have an important role in cell attachment, cell differentiation and regulation of the deposition of 

hydroxyapatite minerals (Boskey 1989, Al-Qtaitat et al. 2014). Furthermore, some of these proteins could be 

multifunctional, playing different roles in the bone and, therefore, can have a synergistic effect on the cellular 

behavior and mechanical properties of bone. Osteopontin (OPN) and osteocalcin (OC) are some of the most 

common non-collagenous proteins present in bone matrix.  

Osteopontin is an acidic glycoprotein that consists of about 300 amino acids, with a molecular weight of 34 

kDa (Denhardt & Guo 1993, Icer et al. 2018). In bone, OPN is produced by osteoblasts during pre-mineralization 

at the late stages of osteoblastic maturation (Denhardt & Guo 1993). OPN binds to anb1, anb3, anb5, a4b1, a5b1 

and a9b1 integrins (Denhardt & Guo1993, Barry et al. 2000) through its arginine-glycine-aspartate (RGD) 

domain. Additionally, OPN can also present an RGD-independent mechanism, in which OPN may engage CD44 

(Denhardt & Guo 1993, Denhardt & Noda 1998, Katagiri et al. 1999). Osteopontin has been proposed to regulate 

many physiological processes such as collagen organization, cell adhesion, cell viability, cell migration, 
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angiogenesis and calcification (Denhardt & Guo 1993, Rodriguez et al. 2014). Besides the RGD sequence, 

OPN also contains aspartic acid residues, high negative charge motifs, that might be responsible for its high 

affinity to calcium (Rittling et al.1998). Therefore, OPN has been suggested to modulate the nucleation of 

calcium phosphate during mineralization (Boskey 1995, Contri et al. 1996).  

Osteocalcin is an approximately 5.8 kDa protein consisting of a single chain of 49-50 amino acids, being 

the most abundant non-collagenous protein in bone (Hauschka et al. 1989). Osteocalcin is secreted by 

osteoblasts and it is present in dentine and calcified matrix. This protein has three glutamic acid residues at 

positions 17, 21, and 24 (Poser et al. 1980) that bind calcium. During bone development, OC production is very 

low and does not reach maximal levels until late stages of mineralization (Gundberg 2000). Although its precise 

mechanism of action is unclear, OC is presumed to influence bone mineralization (Hauschka & Reid 1978, Ducy 

et al. 1996, Zoch et al. 2016), in part through its ability to bind with high affinity to the mineral component of 

bone and due to its acidic character (Poser & Price 1979). Thus, OC accelerates the nucleation of 

hydroxyapatite, playing an active role in the early stages of bone healing (Rammelt et al. 2005). Additionally, 

OC also plays an important role in the recruitment of osteoclasts (Chenu et al. 1994) and osteoblasts (Bodine 

& Komm 1999), which have active roles in bone resorption and formation, respectively. 

Therefore, the multifunctional properties of these NCP make them attractive agents for bone tissue 

engineering applications. Furthermore, bone regeneration involves the connection between blood vessels and 

bone cells (Kanczler & Oreffo 2008), in which angiogenesis plays a special role in the repair and regeneration 

of bone tissue by supplying the critical nutrients and oxygen to enhance bone healing (Cinotti et al. 2013, Cui 

et al.  2013). In fact, OPN has been reported as an important angiogenic factor, inducing angiogenesis of 

endothelial cells, in bone regeneration and tumor growth (Chakraborty et al. 2008, Dai et al. 2009). Furthermore, 

OPN has the ability to regulate VEGF secretion and angiogenesis (Chakraboty et al. 2006). Similarly, it is 

presumable that OC induces angiogenesis (Neve et al.  2013). Indeed, OC has been reported as angiogenic in 

vivo (Cantatore et al. 2005). However, the relationship between OC and angiogenesis is still not well defined 

and studied.  Additionally, although OPN and OC are known to be vital for bone formation, the effect of these 

non-collagenous bone matrix proteins on stem cell proliferation, osteogenic differentiation and angiogenesis are 

still undefined. Thus, the goal of this study is to investigate the effect of OPN and OC on human bone marrow 

mesenchymal stem/stromal cells (BM MSC) proliferation, osteogenic differentiation, mineralization and to 

evaluate the angiogenic properties on human vein endothelial cells (HUVEC), by analyzing their osteoinductive 

and pro-angiogenic properties, and the possible synergistic effect of these two proteins. 
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III.2. Materials & Methods 
 
 

III.2.1. Cell culture 
 

Human BM MSC used here are part of the cell bank available at the Stem Cell Engineering Research Group 

(SCERG), iBB-Institute for Bioengineering and Biosciences at Instituto Superior Técnico (IST). Originally, 

human bone marrow aspirates were obtained from local hospitals under collaboration agreements with iBB-IST. 

All human samples were obtained from healthy donors after written informed consent according to the Directive 

2004/23/EC of the European Parliament and of the Council of 31 March 2004 on setting standards of quality 

and safety for the donation, procurement, testing, processing, preservation, storage and distribution of human 

tissues and cells (Portuguese Law 22/2007, June 29), with the approval of the Ethics Committee of the 

respective clinical institutions. Isolated cells were kept frozen in liquid/vapour nitrogen tanks until further use.  

Human BM MSC from three different donors were thawed and plated on T-75 flasks using low-glucose 

Dulbecco’s Modified Eagle Medium (DMEM: Gibco, Grand Island, NY) supplemented with 10% fetal bovine 

serum (FBS MSC qualified: Gibco) and 1% antibiotic-antimycotic (Gibco) and kept at 37ºC, 5%CO2 and 21%O2 

in an humidified atmosphere. Medium was changed every 3-4 days. Three independent donors and three 

biological replicates per each donor (n=3) were used on all experiments. BM MSC between passages 3 and 5 

were used. HUVEC were purchased from Lonza (Basel, Switzerland) and maintained in commercial Endothelial 

Growth Medium-2 (EGM-2: Lonza). HUVEC between passages 3 and 6 were used. 

 

III.2.2. BM MSC characterization 
 
 III.2.2.1. Immunophenotypic analysis 

 
BM MSC were tested for expression of cell surface markers indicative of MSC (i.e., CD73+, CD90+, CD105+, 

HLA-DR-, CD34-, CD45-), using a panel of mouse anti-human monoclonal antibodies (Biolegend, San Diego, 

CA). Therefore, cells were incubated with each antibody for 20 min in the dark at room temperature and then 

washed with phosphate buffer saline (PBS, Gibco) and fixed with 2% of paraformaldehyde (PFA, Santa Cruz 

Biotechnology, Dallas, TX). Isotype controls were also prepared. Samples were analyzed in a FACScalibur 

(Becton Dickinson, Franklin Lakes, NJ) flow cytometer and CellQuestTM software (Becton Dickinson) was used 

for acquisition and analysis. 

 

 III.2.2.2. Multilineage differentiation ability 

 

BM MSC ability to differentiate into osteoblasts, adipocytes and chondrocytes was evaluated. BM MSC 

were cultured at 3000 cells/cm2 on 12-well plates with DMEM+10%FBS. After reaching 80% confluence, 

osteogenesis was induced using StemPro® Osteogenesis Differentiation Kit (Gibco) and adipogenesis was 

induced using StemPro® Adipogenesis Differentiation Kit (Gibco). The medium was changed twice a week for 

14 days. Cells were then washed and fixed with 2% of PFA for 20 min. Then, cells were rinsed in miliQ water 

during 15 min. Regarding osteogenic differentiation, cells were incubated with a Fast Violet solution (Sigma-
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Aldrich, St. Louis, MO) and Naphthol AS-MX Phosphate Alkaline solution (Sigma-Aldrich) in a final 

concentration of 4% (v/v) for 45 min, at room temperature in the dark. Cells were, then, washed three times with 

miliQ water and once with PBS. Von Kossa staining was performed by incubating the cells with a 2.5% silver 

nitrate solution (Sigma-Aldrich) during 30 min at room temperature in the dark to evaluate the deposits of 

calcium. 

For adipogenic differentiation, after fixation cells were incubated with Oil-Red-O solution (Sigma-Aldrich) 

(0.3% in isopropanol) at room temperature for 1h to evaluate the accumulation of lipids. 

Cells were washed three times with miliQ water and visualized using a fluorescence microscope at a 

magnification of 10x, and recorded by an attached digital camera. 

In order to differentiate BM MSC into chondrocytes, BM MSC were plated as droplets (10 μl) (2x107 cells/ml) 

on ultra-low attachment culture plates. After 1h, StemPro® Chondrogenesis Differentiation Kit (Gibco) was 

added and the medium was changed twice a week for 14 days. Then, cells were washed with PBS and fixed 

with 2%PFA for 20 min. After fixation, cells were washed with distilled water and incubated with 1% Alcian Blue 

solution (Sigma-Aldrich) at room temperature for 1h to detect synthesis of proteoglycans. 

 

III.2.3. BM MSC proliferation 
 

In order to evaluate the effect of different concentrations of OC and OPN on BM MSC proliferation, human 

BM MSC were seeded at 1000 cells/cm2 in 96-well plates. Different concentrations of OPN and OC were 

exogenously applied to the cell culture (0, 0.01, 0.05, 0.1, 0.2, 0.5, 1 µg/ml), based on previous works (Kang et 

al. 2008, Yu et al. 2011, Hu et al. 2013).  Recombinant human OPN protein was purchased from R&D Systems 

and human OC fragment 1-49 was purchased from Sigma-Aldrich. After exposure to various doses, the effect 

of OC and OPN on BM MSC proliferation was evaluated using AlamarBlueÒ cell viability reagent (Molecular 

Probes, Eugene, OR) (n=3). AlamarBlueÒ cell viability reagent was added to the cells and incubated at 37ºC 

in 5% CO2 chamber for 2.5h. Fluorescence was quantified (560nm – 590nm) and compared to a calibration 

curve to access number of cells under each condition. Cell viability was measured in triplicates in all groups.  

Aiming to assess the synergistic effect of both proteins, BM MSC were seeded at 3000 cells/cm2 in 24 well-

plates. 1 µg/ml of OPN and/or 1 µg/ml of OC were added to the cell culture growth medium (DMEM+10%FBS) 

and the number of cells was evaluated at different timepoints using AlamarBlueÒ cell viability reagent, as 

previously described. Human BM MSC cultured with only DMEM+10%FBS (without OC/OPN supplementation) 

were used as control. 

Fold increase (FI) in total cell number was calculated as the ratio of cells obtained divided by the number 

of cells plated at day 0. The number of population doublings (PD) was calculated using the equation PD= 

log(FI)/log(2). 

 

III.2.4. Osteogenic differentiation of BM MSC  
 
Human BM MSC were plated in 24-well plates at 3000 cells/cm2. After 24h, in order to evaluate the effect 

of exogenous OPN and OC supplementation on BM MSC osteogenic differentiation, 1 µg/ml OPN or/and 1 

µg/ml OC were added to the osteogenic differentiation medium (StemProÒ Osteogenesis Differentiation Kit: 



 158 

Gibco) and added to each well. Medium was changed every 3-4 days. The time at which the osteogenic medium 

was added is referred to as day 0. After 21 days of osteogenic differentiation, samples were stained with alkaline 

phosphatase (ALP) and Von Kossa stainings. Cells that were not cultured with osteogenic medium, were also 

stained and used as controls. The cell culture medium was removed and cells were washed with phosphate-

buffered saline (PBS, Gibco). Cells were fixed with 2% of PFA for 20 min. Then, cells were rinsed in miliQ water 

during 15 min and further incubated with a Fast Violet solution (Sigma-Aldrich) and Naphthol AS-MX Phosphate 

Alkaline solution (Sigma-Aldrich) in a final concentration of 4% (v/v) for 45 min, at room temperature in the dark. 

Cells were, then, washed three times with miliQ water and once with PBS. Von Kossa staining was performed 

by incubating the cells with a 2.5% silver nitrate solution (Sigma-Aldrich) during 30 min at room temperature in 

the dark. Cells were washed three times with miliQ water and visualized using a fluorescence microscope at a 

magnification of 10x, and recorded by an attached digital camera. 

To visualize the calcium minerals formed in the cell culture after osteogenic differentiation, a 20 mM Xylenol 

orange (XO) solution (Sigma-Aldrich) was added to the previously fixed cells and incubated for 1 h at room 

temperature in the dark. After that, cells were washed with miliQ water and the cell nuclei were counterstained 

with DAPI (Invitrogen) (1.5 μg/ml) for 5 min and then washed with PBS. The fluorescent staining of the produced 

minerals was imaged by fluorescence microscope (Olympus IX51 Inverted Microscope). 

 

III.2.5. Calcium quantification assay 
 

For determination of total calcium content, samples (n=3) were washed twice with PBS (Gibco) and 

extracted in 0.5 M HCl solution (Sigma-Aldrich). Accumulated calcium was removed from the cellular component 

by shaking overnight at 4ºC. The consequent supernatant was utilized for calcium determination according to 

the manufacturer’s instructions contained in the calcium colorimetric assay kit (Sigma-Aldrich). Total calcium 

was calculated from calcium standard solution prepared in parallel. Absorbance at 575 nm was measured for 

each condition and normalized to the total number of cells, after 21 days of osteogenic differentiation. 

 

III.2.6. Alkaline phosphatase activity 
 
ALP activity was detected using a colorimetric ALP kit (BioAssays Systems, Hayward, CA) according to the 

manufacturer’s protocol. Samples (n=3) were washed with PBS (Gibco) and were incubated in the lysis buffer 

(0.1% Triton X-100 in PBS) by shaking for 30 min at room temperature. The lysate was added to p-nitrophenyl 

phosphate solution (10 mM) provided with the ALP kit. The absorbance was measured at 405 nm and 

normalized to the total number of cells in each sample, after 21 days of osteogenic differentiation.  

 
III.2.7. qRT-PCR analysis 

 

Total RNA was extracted with a RNeasy Mini Kit (QIAGEN, Hilden, Germany). cDNA was synthesized from 

20 ng of total RNA using iScriptTM Reverse Transcription Supermix (Bio-Rad, Hercules, CA). Reaction mixtures 

(20μl) were incubated in a thermal cycler (Veriti 96-well thermal cycler: Applied Biosystems, Foster City, CA) 

for 5 min at 25ºC, 30 min at 42ºC and 5 min at 85ºC and then were maintained at 4ºC. Gene expression levels 
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of collagen I, Runx2, osteopontin, osteocalcin and vascular endothelial growth factor (VEGF) were assessed.  

The sequences of the specific primer sets used are given in Table III.1. 

The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using SYBRâ 

Green PCR Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system (Applied Biosystems). 

All reactions were carried out at 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 sec and 60ºC for 1 min, 

according to manufacturer’s instructions; all were performed in triplicate. Glyceraldehyde 3-phosphate 

dehydrogenase was used as internal control to normalize differences in total RNA levels in each sample. A 

threshold cycle (Ct) was observed in the exponential phase of amplification, and quantification of relative 

expression levels was performed with the use of standard curves for target genes and endogenous control. 

Geometric means were used to calculate the DDCt values and are expressed as 2 -DDCt.  The mean values from 

triplicate analysis were compared. The value of each control sample (undifferentiated cells) was set as 1 and 

was used to calculate the fold difference in the target gene. 

 
Table III.1. Sequences of primers used for qRT-PCR analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
III.2.8. In vitro endothelial cell tube formation assay 
 

In order to study the effect of exogenous OC and OPN supplementation on angiogenic properties of 

HUVEC, a three-dimensional capillary-like tube formation assay was performed (n=3). HUVEC (2x104 cells) 

were cultured on a Matrigel substrate (50 µl/well) (Corning, Corning, NY) in a 96-well plate. Different 

concentrations of OC and OPN (0, 0.01, 0.05, 0.1, 0.2, 0.5, 1 µg/ml) were added to each well (4 wells per group) 

in endothelial basal media (EBM, Lonza). Same concentrations of OC and OPN used in the cell proliferation 

assay were used. After incubation for 8h at 37ºC, three photomicrographs per well were taken under light 

microscopy (Leica DM IL LED with EC3 camera system) and the number of tubes formed were counted with 

the use of ImageJ (NIH) software. 

 
Genes 

 
Sequences 

 
 

GAPDH 
 

 
Col I 

 
 
           Runx2 

 
 
            OPN 
 
 
              OC 
 

         
          VEGF 

 
For: 5’ AAC AGC GAC ACC CAC TCC TC 
Rev: 5’ CAT ACC AGG AAA TGA GCT TGA CAA 

 
For: 5’ CAT CTC CCC TTC GTT TTT GA 
Rev: 5’ CCA AAT CCG ATG TTT CTG CT 
 
For: 5’ AGA TGA TGA CAC TGC CAC CTC TG 
Rev: 5’ GGG ATG AAA TGC TTG GGA ACT 
 
For: 5’ ATG AGA TTG GCA GTG ATT 
Rev: 5’ TTC AAT CAG AAA CCT GGA A 

 
For: 5’ TGT GAG CTC AAT CCG GCA TGT 
Rev: 5’ CCG ATA GGC CTC CTG AAG C 
 
For: 5’ GGA GGA GGG CAG AAT CAT CAC 
Rev: 5’ GGT CTC GAT TGG ATG GCA GT 
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A different approach was used to evaluate the possible effect of OC and OPN on stimulating BM MSC to 

secrete more angiogenic factors that would enhance the formation of a capillary structure from HUVEC. 

Therefore, conditioned medium (CM) (without FBS) obtained from BM MSC (control) and from BM MSC treated 

with OC and/or OPN (1 µg/ml OC and/or 1 µg/ml OPN) after 72 h was added to HUVEC cultured on a Matrigel 

substrate. As a negative control, HUVEC were incubated with DMEM basal medium (Gibco) and, as a positive 

control, HUVEC were incubated with EGM-2 (Lonza).  After incubation for 8h at 37ºC, cells were labeled by 

adding calcein AM (Corning) (8 µg/ml) and incubated for 30 min at 37ºC. Three photomicrographs per well were 

taken under fluorescence microscope and the number of tubular-like structures and branch points formed were 

counted with the use of ImageJ (NIH) software. 

 

III.2.9. Preparation of OC/OPN-enhanced scaffolds  
 

For the in vivo studies, bovine type I collagen fibrous sheets (Advanced Biomatrix, Carlsbad, CA) were 

mineralized in the presence of OC/OPN, to produce OC/OPN-enhanced mineralized collagen matrices. 

Therefore, the scaffolds (6x6x5 mm3) were incubated, first, in a 1M CaCl2 solution in the presence of 150 µg/ml 

OC, then with150 µg/ml OPN at 37ºC (pH=7.4) for 24 h. The scaffolds were washed twice with PBS and freeze-

dried. Next, the scaffolds were incubated with 1M Na2HPO4 at 37ºC (pH=7.4) for 24 hours and freeze-dried. 

The mineralized scaffolds were sterilized using ethylene oxide. 

 

III.2.10. In vivo bone regeneration in a critical sized-defect rabbit long-bone model 
 

New Zealand White female rabbits weighting more than 3.25 kg were used to assess the in vivo bone 

forming capacity of OC/OPN-enhanced scaffolds. All methods were carried out in accordance with relevant 

guidelines and regulations. All animal experimental protocols were approved by Intistitutional Animal Care and 

Use Committee (IACUC) at Spring Valley Laboratories (IACUC approval number: SVL-315). Bilateral surgery 

was performed to each rabbit to create a critical sized-defect in the distal femoral condyle. A medial skin incision 

of approximately 4 cm was made in the rabbit’s hind leg. The skin was retracted laterally to allow for a lateral 

arthrotomy of the stifle joint. Once the femur was exposed, a lateral arthrotomy was performed and the joint 

opened. A transcondylar defect (approximately 6 mm diameter by 12 mm deep) was created in the femur. After 

creating the defect, the site received a final rinse with saline to remove any residual particulate and the OC/OPN-

enhanced mineralized scaffolds were implanted and the soft tissues and skin were closed using non-absorbable 

sutures. The animals were sacrificed 6 weeks after implantation. The retrieved specimens were fixed in formalin 

solution and prepared for histological analysis. The specimens were embedded in methyl methacrylate and 

sections were cut and subjected to staining for Hematoxylin and Eosin (H&E), Goldner’s Trichrome (GT), Von 

Kossa (VK), Toluidine Blue (TB) and Tartrate-Resistant Acid Phosphatase (TRAP)/TB. Digital images were 

captured with an Olympus IX51 inverted microscope. 
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III.2.11. Statistical analysis 
 

Each experiment was conducted in triplicates. Statistical analysis of the cell proliferation data was 

performed using unpaired Student’s t-test for single comparison, comparing each condition with the control at 

the same timepoint. Statistical analysis of all the remaining data was performed by ANOVA for multiple 

comparisons, using GraphPad Prism version 7. Tukey’s multiple comparisons test was performed to determine 

statistically significant differences (p<0.05).  

 
 

III.3. Results 
 

 
III.3.1. Exogenous effect of OPN and OC supplementation on BM MSC proliferation 
 

BM MSC were previously tested for expression of cell surface markers indicative of MSC (i.e., CD73+, 

CD90+, CD105+, HLA-DR-, CD34-, CD45-), and their ability to differentiate into osteoblasts, adipocytes, and 

chondrocytes (Dominici et al.  2007) (Figure III.1). 

 

Figure III.1. Human BM MSC characterization. a) BM MSC ability to differentiate into osteoblasts, adipocytes 
and chondrocytes was evaluated. b) BM MSC were tested for expression of cell surface markers indicative of 
human MSC (i.e., CD73+, CD90+, CD105+, HLA-DR-, CD34-, CD45-). c) Population doublings of BM MSC 
expanded at P3, P4 and P5. 
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To analyze the effect of exogenous OPN and OC on BM MSC proliferation, different concentrations of OPN 

and OC were independently applied in the cell growth medium. After exposure to various doses (0, 0.01, 0.05, 

0.1, 0.2, 0.5, 1 µg/ml) of recombinant human OPN, we found that OPN treatment affected cell proliferation in a 

dose-dependent manner (Figure III.2a). These results demonstrated that a direct application of exogenous OPN 

dose-dependently triggered the proliferation of BM MSC throughout the course of the culture period. In fact, the 

cell number at day 12 was increased by 0.5-fold when applying exogenously 1 µg/ml of OPN (Figure III.2a). 

This data showed that when added more than 0.1 μg/ml of OPN to cell culture medium, the number of cells 

increased significantly after 12 days of culture.  On the other hand, OC treatment alone did not affect cell 

proliferation (Figure III.2b). All the OC doses applied exogenously to the cell culture demonstrated the same 

cell growth trend, without enhancing the proliferation of BM MSC (Figure III.2b).  

 

 

 

 

Figure III.2. Exogenous effect of OPN and OC supplementation on BM MSC proliferation. a) Effect of OPN on BM MSC 
proliferation. OPN dose dependently increased BM MSC proliferation activity, with a peak at concentration of 1 µg/ml OPN. b) 
Effect of OC on BM MSC proliferation. OC did not affect BM MSC proliferation activity. No significant differences in proliferation 
were observed between control and BM MSC treated with OC. c) Synergistic effect of OC and OPN on BM MSC proliferation. 
Cells were seeded at 3000 cells/cm2. d) Fold Increase and Population Doublings of BM MSC pre-treated with OC and/or OPN     
(1 µg/ml OC and/or 1 µg/ml OPN) for 10 days. Data are presented as mean ± SD. n=3, *p<0.05;**p<0.01, compared  with the 
control (0 µg/ml). 
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After the first protein screening and aiming to assess the synergistic effect of both proteins, OPN and OC, 

on BM MSC proliferation, we supplemented exogenously the cell growth medium with OPN, OC, and both 

OC/OPN (1 µg/ml OPN or/and 1 µg/ml OC) (Figure III.2c). As seen previously (Figure III.2b), OC alone did not 

significantly affect cell proliferation, however, when OPN was used in combination with OC, the cell number was 

significantly enhanced, after 10 days of culture (Figure III.2c). When OPN alone was added in the cell culture 

medium, the total number of cells obtained was also higher than the control (no supplementation). These results 

show that OPN might be the trigger to enhance proliferation of BM MSC and this positive effect is not affected 

by the addition of OC into the culture (Figure III.2c). 

 
 
 
 
 

III.3.2. Exogenous effect of OPN and OC supplementation on BM MSC osteogenic differentiation 
 

 

To analyze the exogenous effect of both proteins (OPN and OC) on BM MSC osteogenic differentiation, we 

supplemented the osteogenic differentiation medium with OPN, OC, and both OC/OPN (1 µg/ml OPN or/and 1 

µg/ml OC) (Figure III. 3). When BM MSC were differentiated for a period of 21 days using osteogenic medium 

supplemented with OC, an obvious increase in their ALP activity and amount of calcium was shown (Figure 

III.3b). These results confirm that OC is important for differentiation of MSC into an osteogenic lineage. Indeed, 

the extracellular addition of OC also increased mRNA levels of OPN and OC, suggesting that exogenous 

application of OC was sufficient to induce late osteogenic markers expression (Figure III.3c). Interestingly, the 

same results were observed when OPN and OC were both added to the differentiation culture medium.  

Osteogenically-induced MSC in the presence of 1 µg/ml of OPN and 1 µg/ml of OC enhanced the levels of 

calcium and ALP activity, as well as the levels of the late osteogenic marker OPN and OC. However, when OPN 

alone was exogenously applied, no dramatic differences in osteogenesis was observed.  Xylenol orange 

staining confirmed that more calcium minerals were produced when BM MSC were treated with OC and 

OC/OPN (Figure III.3a), validating the results obtained with calcium quantification assay (Figure III.3b). ALP 

and Von Kossa stainings (Figure III.3d) also demonstrated that the presence of both proteins in the cell culture 

enhanced osteogenic differentiation of BM MSC. 
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Figure III.3. Exogenous effect of OPN and OC supplementation on BM MSC osteogenic differentiation. a) Following 
treatment with OPN, OC and OC+OPN (1 µg/ml OC and/or 1 µg/ml OPN), osteogenic differentiation of BM MSC was 
analyzed. Xylenol orange (red) stained calcium minerals in cell culture treated with OC/OPN (blue: DAPI). Osteogenic 
differentiation and mineralization were detected after 21 days of differentiation. b) ALP activity and calcium quantification 
were enhanced when cells were treated with OC and OC+OPN. c) In addition, the mRNA levels of the osteogenic markers 
Col I, Runx2, OPN and OC were also analyzed by qRT-PCR. d) ALP and Von Kossa stainings confirmed the osteogenic 
differentiation after 21 days. OC triggered the mineralization and osteogenic differentiation of BM MSC, since the treatment 
with OC and OC+OPN increased ALP activity, calcium deposits and mRNA levels of some osteogenic genes (b, c).  Data 
are presented as mean ± SD. n=3. **p<0.01;*p<0.05. Scale bars, 100 µm. 

*	



 165 

III.3.3. Exogenous effect of OPN and OC supplementation on angiogenic properties of cells 
 

To investigate the role of OPN and OC in stimulating angiogenic properties of cells, a three-dimensional 

capillary tube formation assay was performed, in which HUVEC were applied on the top of a matrigel gel in the 

presence of exogenously added OC and OPN.  As shown in Figure III.4a,c, OPN dose-dependently stimulated 

the well-organized, capillary-like networks compared with control groups (without supplementation). The results 

showed that the number of tubular-like structures formed after OPN treatment increased, however, only when 

HUVEC were treated with more than 0.5 µg/ml of OPN, a significant increase of number of tubes formed was 

observed. In contrast, OC supplementation did not demonstrate any increase in the number of tubular-like 

structures compared with the control group (Figure III.4b,c). Although OC treatment did not enhance angiogenic 

properties of HUVEC, this protein did not demonstrate an anti-angiogenic effect, indicating that the addition of 

OC into cell culture does not affect angiogenesis. 

 

 

Figure III.4. Exogenous effect of OPN and OC supplementation on angiogenic properties of HUVEC in a dose-dependent 
study. Tube formation assays were performed (c) with the indicated doses of OPN and OC and the number of tubes formed 
was quantified (a, c). (a,c) OPN stimulated the in vitro formation of tubular-like structures by HUVEC treated with dose equal 
or higher than 0.5 µg/ml. (b,c) OC did not affect angiogenic properties of HUVEC in vitro. Data are presented as mean±SD. 
**p<0.01;*p<0.05. Scale bars, 100 µm. 
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To better understand if OPN and OC could enhance cellular angiogenic properties in vitro, a different 

approach was performed using the same tube formation assay. In particular, conditioned medium from BM MSC 

treated with or without OC/OPN supplementation (1 µg/ml OPN or/and 1 µg/ml OC during 72 h) was added to 

HUVEC that were seeded on matrigel to form the capillary-like structure. The aim of this experiment was to 

investigate the possible role of OPN and OC in enhancing the secretion of angiogenic factors from BM MSC 

evaluated by the formation of endothelial tubular networks. 

 

 

 

 

 

 

Figure III.5. Effect of OPN and OC on cell angiogenic properties. a) Tube formation assay with conditioned medium from 
BM MSC and from BM MSC treated with OPN, OC or both OC+OPN. Positive control is HUVEC in endothelial growth 
medium and negative control is the basal medium (no angiogenic factors). (b,c) Quantification of number of tubular-like 
structures (b) and branch points (c) formed. OPN elicited a pro-angiogenic activity. d) VEGF expression levels of BM MSC 
treated with OC, OPN and OC+OPN for 72h. BM MSC treated with OPN and OC+OPN demonstrated a statistically 
significant increase in VEGF gene expression. Data are presented as mean±SD. n=3. **p<0.01; *p<0.05. Scale bars, 100 
μm. 
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As shown in Figure III.5, all the conditions that were exposed to conditioned medium from BM MSC could 

form tubular-like structures due to the secreted factors produced by these cells. Although these tubular 

structures were formed when conditioned medium from BM MSC (no supplementation) and conditioned medium 

from BM MSC treated with OC were used, their structure was not well defined. The negative control used was 

basal medium that was not exposed to cell culture, and therefore did not contain any angiogenic factor that 

would enhance tube formation. Besides total number of tubular-like structures, total number of branch points 

were also measured to evaluate interconnectivity between the tubular structure. Therefore, when conditioned 

medium from BM MSC, cultured with OPN and OPN/OC supplementation, was used, a significant improvement 

in the number of tubular-like structures formed and in the number of branch points was observed, indicating that 

the presence of OPN was responsible for the improvement of angiogenic activity of the cells. These results are 

consistent with the previous experiment in which OPN treatment enhanced angiogenic capacity (Figure III.4a,c).  

Interestingly, BM MSC treated with OPN and OC+OPN for 72h demonstrated a statistically significant 

increase in VEGF gene expression levels, confirming the effects of OPN supplementation on enhancing VEGF 

gene expression levels. 

 

 
 
 

 
III.3.4. Effects of OPN and OC on local inflammatory response in a critical sized-defect rabbit long-

bone model 
 

 
We then sought to determine the local inflammatory response of OC/OPN-scaffolds. Therefore, we 

developed a mineralized collagen scaffolds, supplemented with both OPN and OC. After inducing a long bone 

critical-sized defect in a rabbit model, OC/OPN-enhanced mineralized collagen scaffolds were introduced in the 

defect and foreign body reaction was evaluated while new bone was being formed.  

Therefore, the surgical incision site was observed for wound healing and signs of infection daily for at least 

ten days following surgery. No signs of inflammation, discharge or wound dehiscence and abscess were 

observed. No specimen revealed any evidence of infection or foreign body reaction, and all wounds showed a 

good healing response. 

After 6 weeks, new bone formation was observed surrounding the scaffold (Figure III.6a,b), as seen with 

Goldner’s Trichrome (GT) and Von Kossa (VK) stains. Moreover, connective tissue was found between the new 

bone formed and the scaffold implanted. Osteoblasts were seen covering the new bone formed (arrows).  

Osteoclasts were found surrounding the scaffold by Tartrate-resistant acid phosphatase (TRAP) staining (Figure 

III.6c), indicating an initial stage of bone remodeling.  
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III.4. Discussion 

 
Autologous and allogenic bone grafts are still the most common treatments for bone healing. However 

numerous studies have reported limitations, disadvantages and complications of these current clinical 

treatments (Roberts et al. 2012, Wang & Yeung 2017). To surpass these obstacles, functional bone grafts need 

to be designed by incorporating osteoinductive components that accelerate cell recruitment, proliferation, 

vascularization and osteogenic differentiation and result in bone regeneration at the defect site (Khan et al. 

2012). In fact, allograft treatments lack osteoinductive agents, leading to major limitations of such treatments.  

To this end, this study evaluated the effect of the non-collagenous bone matrix proteins, OC and OPN, on BM 

MSC proliferation, osteogenic differentiation and HUVEC capillary-like structure formation by analyzing their 

osteoinductive and pro-angiogenic properties. Here, for the first time, we demonstrate the synergistic effects of 

OC and OPN on stem cell proliferation, osteogenic differentiation and angiogenic properties in vitro and evaluate 

their local inflammatory response in an in vivo model. 

H&E GT VK TB 
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S 
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S 

NB 

CT 
 

a 
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Figure III.6. Effect of OPN/OC-enhanced scaffold on local inflammatory response and bone formation in vivo. a) Representative 
histological images of the rabbit critical sized-defect at 6 weeks postimplantation. Hematoxylin and Eosin (H&E), Goldner’s 
Trichrome (GT), Von Kossa (VK), Toluidine Blue (TB). Black squares represent the area of new bone formed. Black arrows 
represent the osteoblasts covering the new bone.  b) Goldner’s Trichrome straining demonstrated new bone formed surrounding 
the scaffold with connective tissue between the scaffold and new bone. c)Tartrate-resistant acid phosphatase (TRAP) staining 
indicated the presence of osteoclasts between the scaffold region, representing bone remodeling. NB – new bone; CT – 
connective tissue; S – scaffold. Scale bars, 100 µm. 
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OPN is a non-collagenous bone matrix protein that can be produced by all the bone cells, such as 

osteocytes, osteoblasts and osteoclasts. Regarding cell proliferation, previous reports have reported 

controversial effects of OPN. OPN was shown to increase proliferation of various tumor cells (Luo et al. 2011, 

Pazolli et al. 2009, Saleh et al. 2016), neural stem cells (Rabenstein et al. 2015), vascular smooth muscle cells 

(Lee et al. 2016) and hepatic progenitor cells (Liu et al. 2015). Furthermore, absence of OPN demonstrated a 

decreased cell proliferation of tumor cells (Matsuura et al. 2011) and erythroblasts (Kang et al. 2008). However, 

a different effect of OPN on cell proliferation was observed for hematopoietic stem cells, suppressing their 

proliferation through the induction of quiescence (Nilsson et al. 2005). Regarding bone marrow MSC, thus far 

non-conclusive effects of OPN on proliferation have been reported.  

Results presented here found that OPN increased the proliferation of BM MSC in a dose-dependent 

manner. In fact, when added in more than 0.1 µg/ml concentration of OPN in cell culture medium, OPN 

increased the number of cells significantly (Figure III.2a). These results can be explained by considering that 

MSC express the OPN receptor CD44 (Raheja et al. 2008), a cell-surface glycoprotein involved in cell-cell 

interactions, cell adhesion and migration. In contrast to OPN, OC when added exogenously to the cell culture 

did not improve the proliferation of BM MSC and demonstrated the same trend at all doses applied exogenously 

(Figure III.2b). 

In comparison to OPN, OC is a non-collagenous, vitamin K-dependent protein secreted during the late 

stage of osteogenic differentiation. The presence of the three residues of γ-carboxiglutamatic acid, specific of 

the active form of OC protein, allows the protein to bind calcium and consequently hydroxyapatite (Neve et al. 

2013), providing a function that has been well conserved through evolution (Laizé et al. 2005). OC has been 

shown to bind strongly to bone mineral hydroxyapatite (Dowd et al. 2003, Hauschka & Carr 1982) and it 

complexes with and links to collagen through OPN (Ritter et al. 1992). Although OC did not improve proliferation, 

we found that OC, when exogenously applied in the stem cell culture, enhanced ALP activity and increased the 

amount of calcium levels, while demonstrating increase in the mRNA levels of expression of late osteogenic 

markers, osteocalcin and osteopontin. Therefore, we believe that the enhancement of osteocalcin and 

osteopontin gene expression levels observed, when BM MSC were treated with OC, is a possible mechanism 

for the demonstrated increase in extracellular calcium levels and ALP activity, producing a more mature matrix. 

Thus, OC could be used as an osteoinductive component, stimulating osteogenic capability of cells (Figure 

III.3). On the other hand, when OPN was exogenously added to the stem cell culture, no drastic improvement 

in osteogenic differentiation was observed. In fact, Xylenol orange staining indicated more calcium minerals 

when cells were supplemented with both OC and OPN, when compared with cells treated with only OPN or 

without any supplementation (Figure III.3a). 

Each protein separately seems to have a different and very specific function on the cell culture. Based on 

results presented above, we believe that OPN was responsible for the improvement in cell proliferation, while 

OC triggered the enhancement of osteogenic differentiation. Notably, when OC and OPN were both added to 

the culture, osteogenic differentiation was enhanced, as well as proliferation, suggesting an association of the 

effects of both proteins.  

The precise role of OC in mineralization remains unclear. Some studies demonstrated that mature OC is 

secreted into the microenvironment and can bind the calcium ions in hydroxyapatite, enabling formation of 

hydroxyapatite crystals (Price et al. 1976, Zoch et al. 2016). However, other studies showed that OC functions 
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as an inhibitor of bone mineralization (van de Loo et al. 1987). Thus, data obtained in literature is controversial. 

However, the dual role of OC in bone can be presumed as acting as a regulator of bone mineralization and 

regulating osteoblast and osteoclast activity. Based on our results, we hypothesize that OC and OPN work in a 

synergistic manner to support mineral-organic interaction and helping mineral crystals nucleation (Poundarik et 

al. 2018). 

Angiogenesis is a complex process required for bone development and fracture healing, in which the 

formation of new blood vessel occurs (Lu et al. 2006). Some pro-angiogenic factors secreted during bone 

healing, including vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF), 

transforming growth factor ß (TGF- ß), fibroblast growth factors (FGF) and bone morphogenetic proteins (BMP) 

and they are known to be involved also in the bone repair cascade (Saran et al. 2014). In fact, VEGF production 

is stimulated by osteoinductive factors. The close association between angiogenesis and osteogenesis, makes 

pro-angiogenic factors that are implicated in both neovascularization and bone formation, important therapeutic 

agents for bone regeneration. The ability of pro-angiogenic factors like VEGF, FGF-2, BMP-2 and BMP-7 to 

accelerate fracture repair when administered exogenously is well documented (Street et al. 2002, Deckers et 

al. 2002, Eckardt et al. 2005). 
In the above context, we assessed the possible function of OPN and OC on angiogenesis, acting as pro-

angiogenic factors, when administered exogenously. After treatment with various doses of OPN, a notable 

increase in the formation of tubular-like structures by HUVEC was observed (Figure III.4a,c). In fact, OPN has 

the ability to regulate VEGF secretion and angiogenesis (Chakraborty et al. 2006). Furthermore, it was reported 

that OPN secreted by cancer cells acts as a potent angiogenic factor contributing to tumor growth in several 

cancer types (Chakraborty et al.  2008, Tang et al. 2007, Takahashi et al. 2002, Wang et al. 2011). OPN has 

been shown to promote vascular formation in murine neuroblastoma (Takahashi et al. 2002) and inhibition of 

OPN levels induces a suppression of angiogenesis in gastric cancer (Tang et al. 2007). Our results confirmed 

that OPN enhances the ability of endothelial cells to form capillary-like structures. In fact, tube formation assay 

demonstrated an increase of number of tubular-like structures formed when more than 0.5 µg/ml of OPN was 

added to the culture. Future studies should focus on identifying and quantifying the amount of angiogenic factors 

secreted by cells that were exposed with OPN. 

 Although OC did not enhance angiogenic properties, adding OC into the culture did not reverse nor 

decrease the pro-angiogenic effects observed with OPN. Moreover, conditioned medium from BM MSC treated 

with OPN and from BM MSC treated with OC and OPN also enhanced the number of tubular-like structures 

formed by HUVEC, creating a more defined capillary-like structure, with more interconnected tubular structures, 

when compared with conditioned medium from BM MSC without any treatment (Figure III.5). Moreover, BM 

MSC treated with OPN and treated with both OC and OPN enhanced VEGF gene expression levels. We believe 

that the increase of VEGF gene expression levels supports the angiogenic activity of HUVEC and stimulates 

BM MSC to secrete more angiogenic factors (Figure III.5d). However, further studies are required to evaluate 

the amount and composition of angiogenic factors secreted by these cells. Therefore, to generate vascularized 

engineered bone tissue constructs, the combination of OPN and OC presents a new approach to, 

simultaneously, promote osteogenesis and angiogenesis. Our described direct positive effect of OPN and OC 

on osteogenesis and angiogenesis constitutes a novel aspect in stem-cell mediated regeneration of bone tissue. 

However, it is important to highlight that further studies should be done to confirm that the angiogenic activity of 
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OPN is not inducing any tumor formation, since its high proliferative and angiogenic properties are also similar 

to tumor formation process. 

To further confirm that these two proteins do not cause any local inflammatory response, we developed 

OC/OPN-enhanced mineralized scaffolds that were introduced in a long bone critical-sized defect in a rabbit 

model.  Notably, OC/OPN-enhanced mineralized collagen scaffolds did not promote any adverse reaction, while 

new bone was being formed. Moreover, after 6 weeks, osteoblasts were found surrounding the new bone 

formed (Figure III.6).  

We believe that these findings will help the development of new scaffolds for bone regeneration, in which 

the incorporation of both OPN and OC may enhance the cell recruitment and proliferation, promoting cells to 

sense the osteoinductive signals and enhance their osteogenic differentiation, producing a more mature matrix 

and allowing the regeneration of the defect site with new bone tissue.  Our findings strongly suggest that the 

synergistic effect of OC and OPN may be used to improve stem cell culture conditions, enhancing proliferation 

and osteogenic differentiation of stem cells by adding these peptides into the culture medium. However, we 

believe that the concentrations of each protein should be investigated, carefully, for each cell type and culture 

medium used. 

In conclusion, our results, combined with previously reported studies, confirm that the biological function of 

OPN on BM MSC is not exclusively related to the biomineralization process. OPN also plays an important role 

in cellular proliferation and angiogenesis. Moreover, OC is important for mineralization, enhancing osteogenic 

differentiation of BM MSC and mineralization. We believe that the application of both OPN and OC can be used 

as an attractive strategy for bone tissue engineering to target and enhance different cellular processes, such as 

cell adhesion, cell proliferation, osteogenic differentiation and angiogenesis. 
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CHAPTER IV – Biomimetic matrices for rapidly forming mineralized bone tissue 
based on stem cell-mediated osteogenesis  

 

 

 

Outline 
 
 

Bone regeneration, following fracture, relies on autologous and allogenic bone grafts. However, majority 

of fracture population consists of older individuals with poor quality bone associated with loss and/or 

modification of matrix proteins critical for bone formation and mineralization.  Allografts suffer from same 

limitations and carry the risk of delayed healing, infection, immune rejection and eventual fracture. In this 

work, we apply a synergistic biomimetic strategy to develop matrices that rapidly form high quality bone - a 

critical aspect of fracture healing of weight bearing bones.  Collagen matrices, enhanced with two selected 

key matrix proteins, osteocalcin (OC) and osteopontin (OPN), increased the rate and quantity of synthesized 

bone matrix by increasing mesenchymal stem/stromal cell (MSC) proliferation, accelerating osteogenic 

differentiation, enhancing angiogenesis and showing a sustained bone formation response from MSC 

obtained from a variety of human tissue sources (bone marrow, fat and umbilical cord). In vivo assessment of 

OC/OPN-mineralized scaffolds in a critical sized-defect rabbit long-bone model revealed bone tissue and 

vessel formation. We demonstrate a new biomimetic strategy to rapidly form mineralized bone tissue and 

secure a sustained bone formation response by MSC from multiple sources, thus facilitating faster patient 

recovery and treatment of non-union fractures in aging and diseased population. Acellular biomimetic matrices 

elicit bone regeneration response from MSC, obtained from multiple tissue sources, and can be used in 

variety of scaffolds and made widely available. 
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IV.1. Introduction 
 

New promising solutions for bone reconstruction have been developed due to the increased clinical 

demand for tissue engineered bone (Yaszemski et al. 1996). In fact, each year in United States alone, more 

than one million non-union fractures are treated (Yaszemski et al. 1996, Giannotti et al. 2013). To date most 

common procedures for bone regeneration still rely on bone grafts, both autologous or allogeneic bone grafts 

(Yaszemski et al. 1996). However, these approaches have drawbacks and are not ideal for bone 

regeneration. In the case of autografts, possible complications may occur, such as pain, infection, scarring 

and patients will eventually experience fractures (Yaszemski et al. 1996, Stock and Vacanti 2001). Allografts 

have also similar limitations, namely the higher risk of immunologic rejection, besides infection (Stock and 

Vacanti 2001).  

Although bone has a regenerative capacity of healing without forming a fibrous scar, this biological 

process can fail, leading to delayed healing or development of non-union fractures, significantly impacting the 

economics and patient’s quality of life (Giannotti et al. 2013).  Acceleration of the fracture healing process 

would bring some benefits, such as the reduction of medical costs and enhancement of quality of life by 

decreasing pain and increasing patient’s mobility (Giannotti et al. 2013).  Even though materials science 

technology has resulted in clear improvements and breakthroughs for bone tissue engineering applications, 

challenges to achieve functional and mechanically competent bone growth remain (Lutolf et al. 2003). In 

particular, it lacks a carefully crafted strategy, similar to one employed in vivo, to address various aspects of 

forming functional load bearing bone. 

Bone formation in vivo is the result of different sequential stages that include the recruitment, migration 

and proliferation of osteoprogenitors cells from surrounding tissues followed by their osteoblastic 

differentiation, matrix formation and tissue mineralization (Phillips et al. 2005). It is known that most of the 

outstanding properties of the bone are related to its matrix constitution (Sroga et al. 2011). By looking deep 

into nature, we observe that most of the tissues are composed of collagen (Hesse et al. 2010). However, only 

few of these tissues like bone, containing distinct extracellular matrix (ECM) compositions, are mineralized. 

Therefore, the composition of the bone extracellular matrix defines its unique properties and bone matrix 

composition is indeed different from the others extracellular matrices in the organism. 

Bone extracellular matrix has two components: a mineral part comprising hydroxyapatite (70-90%) and an 

organic part (10-30%) of primarily collagen (approx. 90% of organic matrix) with the rest being non-

collagenous proteins (~10%) (Sroga et al. 2011, Vashishth et al. 2007).  Collagen plays a critical role in the 

structure and function of bone tissue (Vashishth et al. 2007). Within the group of non-collagenous proteins, 

osteocalcin (OC) and osteopontin (OPN) are the most abundant, representing 10-20% of the non-collagenous 

proteins (Sroga et al. 2011). Together, collagen and the non-collagenous matrix proteins allow for the 

deposition of hydroxyapatite. 

During childhood and adolescence, bone growth process is most active and enables long bones to 

increase in diameter and to change shape. In adult vertebrates, bones are constantly being remodeled, due to 

the regulation of bone resorption and formation processes. Interestingly, when investigating protein contents 

in osteonal versus interstitial bone tissue, our group demonstrated that, compared to older bone, OC and OPN 

are found in higher levels in younger bone, highlighting the potential role and/or regulation of these non-
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collagenous proteins in bone formation, remodeling and mineralization (Sroga et al. 2011). Although it is well 

known that the skeletal tissue is controlled by hormonal regulation, bone non-collagenous proteins trapped 

within bone ECM have been reported to play a critical role in regulating the normal and pathological skeletal 

growth and remodeling (Sroga et al. 2011, Gundberg et al. 2003).  

OPN is an arginine-glycine-aspartate (RGD)-containing adhesive glycoprotein (Denhardt et al.  1993). 

This protein was first identified in bone matrix, however it can be detected in other tissues, such as dentin, 

cartilage, kidney, and vascular tissues (Denhardt et al.  1993). OPN can bind to ανβ3 integrins through their 

RGD domain. Additionally, OPN can also present an RGD-independent mechanism, in which OPN may 

engage CD44 (Weber et al. 1996), a cell surface adhesion molecule, involved in cell-cell and cell-matrix 

interactions. OPN has been proposed to regulate many physiological processes such as collagen 

organization, cell adhesion, cell viability, cell migration, angiogenesis and calcification (Sroga et al. 2011, 

Denhardt et al.  1993, Rodriguez et al. 2014). OC is the most abundant bone specific non-collagenous protein 

in bone extracellular matrix that has been conserved in bone through evolution. It has affinity for calcium, 

playing an important role in matrix mineralization (Ducy et al. 1996). OC also functions in cell signalling and 

the recruitment of osteoclasts and osteoblasts, having important roles in bone resorption and deposition, 

respectively (DeFranco et al.  1991). 

Recent studies conducted by our group and others have demonstrated the role of OPN and/or OC as 

structural molecules in bone matrix linking the organic and inorganic matrices and contributing to structural 

integrity of bone (Sroga et al. 2011, Nikel et al. 2013, Moragan et al. 2015, Bailey et al. 2017). Moreover, loss 

and modification of OC and/or OPN from bone matrix, known to occur with tissue age (Sroga et al. 2011) and 

with aging in humans (Boskey and Coleman 2010, Plantalech et al. 1991, Ingram et al. 1994, Grynpas et al.  

1994), lead to loss of structural integrity (Poundarik et al. 2012) and altered mineralization (Boskey 1989, 

Rodriguez et al. 2014). Thus, autografts as well as allografts, typically obtained from older donors or patients 

that were subjected to total hip arthroplasty procedures (Passias and Bono 2006), are likely to contain bone 

tissue that is structurally compromised and not fully functional to promote mineralization. 

Bone marrow mesenchymal stem/stromal cells (BM MSC) have been suggested for cell-based tissue 

engineering therapies, due to their potent immunomodulatory properties, capacity for self-renewal and ability 

to differentiate into different cell lineages, such as bone, cartilage and fat (Caplan 1991, Dominici et al.  2006). 

Under defined conditions in vitro (e.g., dexamethasone, ascorbic acid, b-glycerophosphate), it is possible to 

direct MSC along an osteogenic lineage. During this phase, alterations in cellular morphology, proliferation 

and gene expression lead to secretion of an organized extracellular matrix on which calcium phosphate is 

deposited as hydroxyapatite crystals (Bruder et al. 1997).  

We posited that non-collagenous proteins from bone ECM, specifically OC and OPN, may be combined to 

design a novel biomimetic collagen matrix that accelerates bone healing response. To this end, we assess the 

synergistic effect of OC/OPN on different aspects of bone regeneration including MSC proliferation, 

osteogenic differentiation, mineralization and angiogenic properties (Figure IV.1). We evaluated 5 different 

concentrations of OC/OPN combinations, above and below bone matrix physiological levels, and identified 

biomimetic OC/OPN-enhanced collagen matrices that enhance early osteogenic differentiation of MSC and 

sustain bone formation response (Figure IV.1). The presence of these proteins on the matrix was confirmed 
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by a SDS-PAGE protein gel (Figure IV.2) and by measuring the amount of OC and OPN released from the 

collagen gels after 24h and 21 days (Figure IV.3). 

 Effects of OC/OPN-enhanced collagen matrices were also evaluated on human MSC from different 

sources to address the broad application of this approach for bone regeneration. This study aims to develop a 

new strategy for rapidly forming and sustaining functional bone formation by utilizing OC and OPN and 

determining the mechanism for their synergistic effect on bone regeneration. To confirm the synergistic effect 

of these two bone ECM proteins, OC-enhanced collagen matrices and OPN-enhanced collagen matrices were 

also investigated.  

 

 

IV.2. Materials & Methods 
 

IV.2.1. Preparation of OC/OPN-enhanced type I collagen matrices  
 

To design the biomimetic OC/OPN-enhanced collagen gels, we used type I collagen at 3 mg/ml and we 

based on the physiological levels that Cairns and Price reported in bone, 1mg OC per 1 g of collagen (Cairns 

and Price 1994) (3 µg/ml of OC). Physiologically, the content of OPN is known to be lower than OC. To 

optimize our results, different concentrations of OC and OPN were tested, by varying the amount of OC and 

OPN incorporated into the type I collagen gels, above and below bone matrix physiological levels (Figure 

IV.1c). 

Recombinant human OPN protein was purchased from R&D Systems and human OC fragment 1-49 was 
purchased from Sigma-Aldrich. Different concentrations of OC and OPN (Figure IV.1c) were combined to 100 

μl of chilled purified bovine type I collagen solution (PureCol: Advanced BioMatrix, San Diego, CA) at a final 

concentration of 3 mg/ml with gentle swirling. pH of mixture was adjusted to 7.2-7.6 using sterile 0.1 M NaOH 

(Sigma-Aldrich, St. Louis, MO). To prevent gelation, the temperature of mixture was maintained at 2–10ºC. 

100 μl of OC/OPN-enhanced collagen solution was added to each well from a 96-well plate. To form gel, the 

plate was incubated at 37ºC for 2h. After incubation, the OC/OPN-enhanced collagen gels were hydrated in 

culture medium 1h at 37ºC, prior to cell culture.  

To evaluate the amount of proteins released from the collagen matrices, phosphate buffer saline (PBS: 

Gibco, Grand Island, NY) was added to the OC/OPN-enhanced collagen gels (all the combinations) and to the 

OC and OPN-collagen gels for 24h and 21 days. After that, the PBS in contact with the matrices was collected 

and the concentrations of OC and OPN were measured by enzyme-linked immunosorbent assays (ELISA: 

R&D Systems, Minneapolis, MN), according to the manufacturer’s instructions contained in the human OPN 

or OC quantikine ELISA kit (R&D Systems). 

For the in vivo studies, bovine type I collagen fibrous sheets (Advanced BioMatrix) were mineralized in the 

presence of OC/OPN, to produce OC/OPN-enhanced mineralized collagen matrices. Therefore, the scaffolds 

(6x6x5 mm3) were incubated, first, in a 1 M CaCl2 solution in the presence of 60 µg/ml OC, then with 12 µg/ml 

OPN at 37ºC (pH=7.4) for 24h. The scaffolds were washed twice with phosphate buffer saline (Gibco) and 

freeze-dried. Next, the scaffolds were incubated with 1 M Na2HPO4 at 37ºC (pH=7.4) for 24h and freeze-dried. 

The mineralized scaffolds were sterilized using ethylene oxide (Figure IV.1b). 
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IV.2.2. Cell culture 
 

Human MSC used are part of the cell bank available at the Stem Cell Engineering Research Group 

(SCERG), Institute for Bioengineering and Biosciences (iBB) at Instituto Superior Técnico (IST). MSC were 

previously isolated/expanded according to protocols previously established at iBB-IST (Simões et al. 2013, 

Gimble et al. 2007, dos Santos et al.  2010). Originally, human tissue samples were obtained from local 

hospitals under collaboration agreements with iBB-IST (bone marrow: Instituto Português de Oncologia 

Francisco Gentil, Lisboa; adipose tissue: Clínica de Todos-os-Santos, Lisboa; umbilical cord:  Hospital São 

Francisco Xavier, Lisboa, Centro Hospitalar Lisboa Ocidental, Lisboa). All human samples were obtained from 

healthy donors after written informed consent according to the Directive 2004/23/EC of the European 

Parliament and of the Council of 31 March 2004 on setting standards of quality and safety for the donation, 

procurement, testing, processing, preservation, storage and distribution of human tissues and cells 

(Portuguese Law 22/2007, June 29), with the approval of the Ethics Committee of the respective clinical 

institution. Isolated cells were kept frozen in liquid/vapour nitrogen tanks until further use.  

Human MSC from different sources were thawed and plated on T-75 flasks using low-glucose Dulbecco’s 

Modified Eagle Medium (DMEM: Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS 

MSC qualified: Gibco) and 1% antibiotic-antimycotic (Gibco) and kept at 37ºC, 5% CO2 and 21% O2 in an 

humidified atmosphere. Medium renewal was performed every 3-4 days. Cells between passages 3 and 6 

were used. Three independent donors from each tissue source were used on all experiments. The cells were 

tested for expression of cell surface markers indicative of MSC (i.e., CD73+, CD90+, CD105+, HLA-DR-,  

CD34-, CD45-), and their ability to differentiate into osteoblasts, adipocytes, and chondrocytes. Human 

umbilical vein endothelial cells (HUVEC) were purchased from Lonza (Basel, Switzerland) and maintained in 

commercial Endothelial Growth Medium-2 (EGM-2: Lonza). 

Three different MSC cell donors were used for each experiment. Each experiment was performed in 

triplicates. 

 

IV.2.3. In vitro osteogenesis on OC/OPN-enhanced collagen gels 
 

Human MSC were enzymatically lifted from their plates using TrypLEÔ solution (Gibco) and re-

suspended at 10000 cells/cm2. Then, 100μl of the cell suspension was seeded onto the confined area of the 

collagen gel and the cells were allowed to attach to the collagen gel for 24h. After 24h, the medium was 

removed and the non-adherent cells were washed twice with PBS. DMEM+10%FBS was added to the cell 

culture on OC/OPN-enhanced collagen gels to allow cell expansion. After 5 days, osteogenic differentiation 

medium (StemProÒ Osteogenesis Differentiation Kit: Gibco) was added to each collagen gel to induce 

osteogenic differentiation. Medium was changed every 3-4 days. The time at which the osteogenic medium 

was added is referred to as day 0 and cell culture was maintained for more 21 days after adding the 

osteogenic medium. The area covered by cells was visualized using a fluorescence microscope (Olympus 

IX51 Inverted Microscope: Olympus America Inc., Melville, NY) and recorded by an attached digital camera. 

After 21 days of osteogenic differentiation, samples were stained with 20 mM Xylenol orange (Sigma-Aldrich) 

for calcium phosphate mineral deposits and images were acquired.  
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IV.2.4. Cell proliferation and morphology 
 

The effect of OC/OPN-enhanced collagen gels on MSC proliferation was evaluated using AlamarBlueÒ 

cell viability reagent (Molecular Probes, Eugene, OR) (n=3). AlamarBlueÒ cell viability reagent was added to 

the cells and incubated at 37ºC in 5% CO2 chamber for 2.5h. Fluorescence was quantified (560 nm – 590 nm) 

and compared to a calibration curve to access the metabolic activity of viable cells under each condition. Cell 

proliferation was measured in triplicates in all groups. The capacity of OC/OPN-enhanced collagen gels to 

promote BM MSC proliferation was assessed after 5, 10 and 15 days of culture using DMEM+10%FBS and 

also osteogenic differentiation medium as culture medium.  

To assess cell morphology, after 24h and 15 days of proliferation, cells were washed twice with PBS, 

fixed with 4% paraformaldehyde (PFA: Santa Cruz Biotechnology, Dallas, TX) for 20 min and then 

permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 10 min. After permeabilization, cells were incubated 

with phalloidin (Invitrogen, Carlsbad, CA) (dilution 1:250, 2 μg/ml) for 45 min in the dark. Then, cells were 

washed twice with PBS and counterstained with DAPI (Invitrogen) (1.5 μg/ml) for 5 min and then washed with 

PBS. The fluorescent staining was imaged by fluorescence microscope (Olympus IX51 Inverted Microscope: 

Olympus America Inc., Melville, NY) and recorded by an attached digital camera. 

 

IV.2.5. qRT-PCR analysis 
 

Total RNA was extracted with a RNeasy Mini Kit (QIAGEN, Hilden, Germany). cDNA was synthesized 

from 20 ng of total RNA using iScriptTM Reverse Transcription Supermix (Bio-Rad, Hercules, CA). Reaction 

mixtures (20 μl) were incubated in a thermal cycler (Veriti 96-well thermal cycler: Applied Biosystems, Foster 

City, CA) for 5 min at 25ºC, 30 min at 42ºC and 5 min at 85ºC and then were maintained at 4ºC. The 

sequences of the specific primer sets used are given in Table IV.1. 

The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using 

SYBRâ Green PCR Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system (Applied 

Biosystems). All reactions were carried out at 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 sec and 

60ºC for 1 min; all were performed in triplicate. Glyceraldehyde 3-phosphate dehydrogenase was used as 

internal control to normalize differences in total RNA levels in each sample. A threshold cycle (Ct) was 

observed in the exponential phase of amplification, and quantification of relative expression levels was 

performed with the use of standard curves for target genes and endogenous control. Geometric means were 

used to calculate the DDCt values and are expressed as 2 -DDCt.  The mean values from triplicate analysis were 

compared. The value of each control sample (undifferentiated cells) was set as 1 and was used to calculate 

the fold difference in the target gene. 
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Table IV.1. Sequences of primers used for qRT-PCR analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV.2.6. Calcium quantification assay 
 

For determination of total calcium content, samples (n=3) were washed twice with PBS (Gibco) and 

extracted off a well of a 96-well plate in 0.5M HCl solution (Sigma-Aldrich). Accumulated calcium was 

removed from the cellular component by shaking overnight at 4ºC. The consequent supernatant was utilized 

for calcium determination according to the manufacturer’s instructions contained in the calcium colorimetric 

assay kit (Sigma-Aldrich). Total calcium was calculated from calcium standard solution prepared in parallel. 

Absorbance at 575 nm was measured for each condition and normalized to the total number of cells, after 21 

days of osteogenic differentiation. 

 

 

 

IV.2.7. Alkaline phosphatase activity 
 

Alkaline phosphatase (ALP) activity was detected using a colorimetric ALP kit (BioAssays Systems, 

Hayward, CA) according to the manufacturer’s protocol. Samples (n=3) were washed with PBS (Gibco) and 

were incubated in the lysis buffer (0.1% Triton X-100 in PBS) by shaking for 30 min at room temperature. The 

lysate was added to p-nitrophenyl phosphate solution (10 mM) provided with the ALP kit. The absorbance was 

measured at 405 nm and normalized to the total number of cells in each sample. ALP activity assay was 

performed after 15 and 21 days of osteogenic differentiation.  

 

 

 

 

 
Genes 

 
Sequences 

 
 

GAPDH 
 

 
Col I 

 
 

           Runx2 
 
 

ALP 
 
 

OPN 
 
 

OC 
 
 

        VEGF 

 
For: 5’ AAC AGC GAC ACC CAC TCC TC 
Rev: 5’ CAT ACC AGG AAA TGA GCT TGA CAA 

 
For: 5’ CAT CTC CCC TTC GTT TTT GA 
Rev: 5’ CCA AAT CCG ATG TTT CTG CT 
 
For: 5’ AGA TGA TGA CAC TGC CAC CTC TG 
Rev: 5’ GGG ATG AAA TGC TTG GGA ACT 

 
For: 5’ ACC ATT CCC ACG TCT TCA CAT TT 
Rev: 5’ AGA CAT TCT CTC GTT CAC CGC C 

 
For: 5’ ATG AGA TTG GCA GTG ATT 
Rev: 5’ TTC AAT CAG AAA CCT GGA A 

 
For: 5’ TGT GAG CTC AAT CCG GCA TGT 
Rev: 5’ CCG ATA GGC CTC CTG AAG C 

For: 5’ GGA GGA GGG CAG AAT CAT CAC 
Rev: 5’ GGT CTC GAT TGG ATG GCA GT 
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IV.2.8. Cell migration assay 
 

24-well tissue culture plates were collagen-coated by incubation in 0.2 mg/ml of collagen type I solution 

(Sigma) for 2h at 37ºC before rinsing with PBS (Gibco). Each well was seeded with HUVEC at 10000cells/cm2 

and maintained at 37ºC and 5% CO2 for 48h to allow cell adhesion and the formation of a confluent 

monolayer. These confluent monolayers were then scratched with a sterile pipette tip, creating a scratch 

(wound) of approximately 0.25-0.3 mm in width. After creating the scratch, culture medium was then removed 

and replaced with conditioned medium which had been generated from BM MSC cultured for 4 days at 10000 

cells/cm2 using growth medium DMEM+10%FBS on (i) control collagen gels without OC and OPN 

incorporation, (ii) OC-enhanced collagen gels, (iii) OPN-enhanced collagen gels and (iv) OC/OPN-enhanced 

collagen gels (OC/OPN#1). All scratch assays were performed in triplicate. 

Migration of HUVEC was monitored by collecting images at various time intervals (0h, 4h, 8h and 24h) 

after the scratch was performed (Leica DM IL LED with EC3 camera system).  The migration distance was 

quantified with the use of ImageJ (NIH) software, measuring the width of the scratch at previously defined 

points along its length (top, middle and bottom of the field of view). Data has been presented as extent of the 

cell migration, i.e. the percentage by which HUVEC migrate for each given time point compared with the 

original scratch width.  

 

IV.2.9. In vitro endothelial cell tube formation assay 
 

To evaluate the angiogenic potential of the OC/OPN-enhanced collagen gels, conditioned medium 

obtained from BM MSC cultures on biomimetic collagen gels was collected and used to test the tube 

formation assay by culturing HUVEC on a Matrigel substrate (50µl/well) (Corning, Corning, NY). HUVEC 

(2x104 cells) were cultured in a 96-well plate with 100 µl/well (4 wells per group) of conditioned medium from 

BM MSC cultures on (i) control collagen gels without OC and OPN incorporation, (ii) OC-enhanced collagen 

gels, (iii) OPN-enhanced collagen gels and (iv) OC/OPN-enhanced collagen gels (OC/OPN#1).  As a negative 

control, HUVEC were incubated with endothelial basal medium (EBM-2: Lonza) and, as a positive control, 

HUVEC were incubated with endothelial growth medium (EGM-2: Lonza).  After incubation for 8h at 37ºC, 

three photomicrographs per well were taken under light microscopy (Leica DM IL LED with EC3 camera 

system). The number of branch points and tubes formed were counted with the use of ImageJ (NIH) software. 

 

IV.2.10. In vivo bone regeneration in a critical sized-defect rabbit long-bone model 
 

New Zealand White female rabbits weighting more than 3.25 kg were used to assess the in vivo bone 

forming capacity of OC/OPN-enhanced collagen matrices and its biocompatibility. The rabbits were 

anesthetized with a subcutaneous injection of ketamine (35 mg/kg body weight) and acepromazine (0.75 

mg/kg body weight). Bilateral surgery was performed to each rabbit (n=3) to create a critical sized-defect in 

the distal femoral condyle and proximal tibia. A medial skin incision of approximately 4 cm was made in the 

rabbit’s hind leg. The skin was retracted laterally to allow for a lateral arthrotomy of the stifle joint. Once the 

femur was exposed, a lateral arthrotomy was performed and the joint opened. A transcondylar defect 
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(approximately 6 mm diameter by 12 mm deep) was created in the femur. The point of drilling was located by 

finding the midpoint of the lateral condyle from the lateral fabellae to the most anterior portion of the lateral 

trochlea. A unicortical defect (approximately 5 mm diameter by 10 mm deep) was created in the proximal tibia 

at the level of the tibial tuberosity. The point of drilling was the medial side, level with the tibial tuberosity. After 

creating the defect, the site received a final rinse with saline to remove any residual particulate and the 

OC/OPN-enhanced collagen matrices were implanted in both femur and both tibia and the soft tissues and 

skin were closed using non-absorbable sutures. The animals were sacrificed 6 weeks after implantation. The 

retrieved specimens were fixed in formalin solution and prepared for micro-computed tomography and 

histological analysis. The specimens were embedded in methyl methacrylate and sections were cut and 

subjected to staining for Hematoxylin and Eosin (H&E), Goldner’s Trichrome (GT), Von Kossa (VK), Toluidine 

Blue (TB) and Tartrate-Resistant Acid Phosphatase (TRAP)/TB. Digital images were captured with an 

Olympus IX51 inverted microscope associated with a digital camera. All methods were carried out in 

accordance with relevant guidelines and regulations. All animal experimental protocols were approved by 

Institutional Animal Care and Use Committee (IACUC) at Spring Valley Laboratories (IACUC approval 

number: SVL-315). 

 

IV.2.11. Scanning electron microscope evaluation  
 

Scanning electron microscope attached with an energy dispersive electron probe X-ray analyzer (SEM-

EDS: Carl Zeiss ultra 1540 dual beam FIB/SEM system) was used to observe collagen gels fibrils and mineral 

deposition on OC/OPN-enhanced collagen gels after MSC culture. Cell culture samples were rinsed with PBS 

and then fixed in 2% glutaraldehyde for 5 min, after which they were dehydrated in a graded series of ethanol 

and dried in a critical CO2 freeze dryer (Tousimis Autosamdri-815). After sputter-coating with gold, the 

specimens were examined at an accelerating voltage of 2.5-5 kV. 

 

IV.2.12. Micro-computed tomography (µ-CT) evaluation 
 

Tomograms of cylindrical pins were acquired and three-dimensional reconstruction was performed using 

an X-ray scanner (VivaCT 40, Scanco Medical) with a voxel resolution of ~10 µm. The parameters for the 

scans were 635 projections, 199 ms exposure time, 70 Kvp and 112 μA current. Images were reconstructed 

using the SCANCO software. 

 

IV.2.13. Statistical analysis 
 

Each experiment was conducted in triplicate. Statistical analysis of the data was performed using one-way 

ANOVA at the same timepoint, using GraphPad Prism version 7 software. The statistical significance of 

results is reported at 95% confidence intervals (P<0.05).  
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IV.3. Results 
 

 

IV.3.1. Effects of OC/OPN-enhanced collagen gels on MSC adhesion and proliferation 
 

Fluorescence microscopy images of DAPI and Phalloidin of bone marrow (BM) MSC seeded on top of 

OC/OPN-enhanced collagen gels 24 hours after seeding suggested that the cells attached efficiently onto all 

substrates. Qualitatively, the cells were randomly distributed and displayed their native spread morphology 

(Figure IV.4.a). The capacity of the OC/OPN-enhanced collagen gels to promote BM MSC proliferation is 

shown in Figure IV.4b,c for cells cultured using DMEM+10%FBS (growth medium) and osteogenic medium 

(differentiation medium). After 15 days, BM MSC were present in higher number when cultured onto OC/OPN-

enhanced collagen gels than onto the control collagen gels, suggesting that the combination of OC and OPN 

has a significant impact in proliferation of BM MSC. This effect was not only observed when cells were 

cultured using growth medium DMEM+10% FBS, but also when cells were cultured under osteogenic 

differentiation conditions for 15 days. Figure IV.4a shows fluorescence microscopy images of DAPI and 

phalloidin of BM MSC cultured after 15 days under DMEM+10%FBS, suggesting that OC/OPN-enhanced 

collagen gels presented more cells compared with the control. 

 

 
 
 
Figure IV.1. Design of the biomimetic OC/OPN-enhanced collagen matrices. a) Schematic of OC/OPN-enhanced collagen 
gels. b) Schematic of fabrication of OC/OPN-enhanced mineralized collagen scaffolds. c) Different concentrations of OC 
and OPN incorporated into type I collagen gels at 3 mg/ml to create biomimetic matrices, based on the average of OC 
recovered from human bone (Cairns and Price 1994). Cell proliferation, osteogenic differentiation, mineralization and 
angiogenesis were the different variables evaluated after cell culture on OC/OPN-enhanced collagen gels.  d) Left: 
Representation of the OC/OPN-enhanced mineralized collagen scaffold implanted into a rabbit tibia after 6 weeks of 
surgery. Right: OC/OPN-enhanced mineralized collagen scaffolds prior to implantation into a rabbit model. 
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The number of cells after 15 days was higher when cells were cultured with DMEM+10%FBS compared 

with osteogenic medium (4.54±0.36x104 cells vs 3.10±0.11x104 cells in OC/OPN#1 condition). The 

proliferation rate of BM MSC cultured onto OC/OPN-enhanced collagen gels was higher compared to control 

collagen gels when both media were used, demonstrating a consistent effect of the integration of OC and 

OPN proteins into type I collagen matrices. Indeed, after 15 days in culture under DMEM+10%FBS, the cell 

number on OC/OPN#1-enhanced collagen gels was 97% higher than the number of cells on control collagen 

gels (4.54± 0.36x104 cells vs 2.30± 0.08x104 cells). When osteogenic differentiation medium was used, after 

15 days, BM MSC presented a cell number increase of 57% when cells were cultured on OC/OPN#1-

enhanced collagen gels compared to control collagen gels (3.10± 0.11x104 cells vs 1.97±0.14x104 cells).  

Interestingly, when collagen gels were supplemented with only one of the proteins (OC-enhanced 

collagen gel or OPN-enhanced collagen gel), more cells were observed compared to control collagen gels, 

after 15 days of culture, although this increase in cell proliferation was not considered statistically significant, 

suggesting that OC and OPN have a synergistic effect on cell proliferation. 

Figure IV.2. SDS-PAGE protein gel of collagen gel, OC-collagen gel, OPN-collagen gel and OC/OPN-collagen gel 
confirms the presence of OC/OPN in the matrices. 
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Figure IV.4. Effects of OC/OPN-enhanced collagen gels on cell proliferation and osteogenic differentiation of BM MSC. a) 
Fluorescence microscopy images of DAPI (blue) and Phalloidin (red) of BM MSC seeded on top of different substrates 
24h and 15 days after cell seeding (OC/OPN #1) under DMEM+10%FBS. Scale bar, 100 µm. b,c) Proliferation of BM 
MSC cultured on OC/OPN-enhanced collagen gels for 15 days under (b) DMEM+10%FBS and (c) osteogenic 
differentiation medium. d) Percentage of maximum gene expression (collagen I [ColI], runt-related transcription factor 2 
[Runx2], osteopontin [OPN], osteocalcin [OC] and alkaline phosphatase [ALP]) by BM MSC upon culture for 7, 15 and 21 
days on control collagen gels and OC/OPN-enhanced collagen gels. Data are expressed as mean ± SD, **p<0.01; 
*p<0.05. 
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IV.3.2. Effects of OC/OPN-enhanced collagen gels on osteogenic differentiation  

 
Experiments, conducted in triplicate, showed that the expression levels of key osteogenic genes (Col I, 

Runx2, OPN and OC) at day 21 were significantly higher in the OC/OPN-enhanced collagen gels than in the 

control collagen gels, indicating that the incorporation of OC and OPN onto the collagen gels enhanced the 

osteogenic differentiation of BM MSC (Figure IV.4d and Figure IV.5). More importantly, OC/OPN-enhanced 

collagen matrices promoted more osteogenic activity by sustaining the higher expression of osteogenic genes 

during the 21 days of culture and accelerating the osteogenic differentiation of BM MSC. In particular, when 

cells were cultured on OC/OPN-enhanced collagen gels, the highest level of ALP gene expression occurred 7 

days earlier compared with cells cultured on control collagen matrices, indicating that osteogenic 

differentiation was accelerated when OC and OPN were incorporated into type I collagen gels.  

OC/OPN-enhanced collagen gels also increased the expression levels of Runx2 gene after 7 days of 

osteogenic differentiation, reaching its maximum relative expression at day 15 and sustaining the higher 

expression until day 21 of culture. Control collagen gels also increased the expression of Runx2 gene on BM 

MSC after 7 days of osteogenic differentiation, however, the level of expression was only 30% compared with 

the maximum expression obtained with OC/OPN-enhanced collagen gels. Furthermore, the level of 

expression remained low at 20-30% compared with the maximum relative level of expression in OC/OPN-

enhanced collagen gels. In contrast to collagen gel, the levels of OPN and OC genes increased throughout 

osteogenic differentiation, reaching higher expression levels when OC/OPN-enhanced collagen gels were 

used as a platform. Interestingly, after 21 days of osteogenic differentiation, OPN-enhanced collagen gels 

demonstrated also significantly higher expression levels of OPN and Col I gene compared with the control and 

even with the OC-enhanced collagen gels. On the other hand, OC-enhanced collagen gels presented 

significantly higher expression levels of Runx2 and OC osteogenic genes compared with the control and 

OPN-enhanced collagen gels.  However, Only OC/OPN-enhanced collagen gels demonstrated significant 

expression levels that were consistent for osteogenic genes including Col I, Runx2, OC and OPN (Figure IV.5) 

compared with the control collagen gels. In addition, OC/OPN-enhanced collagen gels presented a 

statistically significant higher expression of Col I, OPN and OC genes compared with the OC-enhanced 

collagen gels and also Runx2 and OC osteogenic genes when compared with the OPN-enhanced collagen 

gels (Figure IV.5). 
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Figure IV.5. Relative gene expression (collagen I [Col I], runt-related transcription factor 2 [Runx2], osteopontin [OPN], 
osteocalcin [OC] and alkaline phosphatase [ALP]) by BM MSC upon culture for 7, 15 and 21 days on control collagen 
gels, OPN-enhanced collagen gels, OC-enhanced collagen gels and OC/OPN-enhanced collagen gels. Data are 
expressed as mean ± SD, **p<0.01;  *p<0.05, relative to day 21 (Col I, Runx2, OPN, OC) and day 7 (ALP). 
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IV.3.3. Effects of OC/OPN-enhanced collagen gels on angiogenic properties 

To evaluate whether OC/OPN-enhanced collagen gels could positively enhance the release of soluble 

factors that stimulate chemotaxis and angiogenesis, an in vitro cell migration assay using scratch wound 

healing and an endothelial tube formation assay were performed. Figure IV.6a shows that cell migration was 

observed after 8 hours in all groups. Under culture conditions employed in this study, HUVEC treated with 

conditioned medium from BM MSC cultured on OC/OPN-enhanced collagen gels migrated faster than 

HUVEC treated with conditioned medium from BM MSC cultured on control collagen gels, suggesting that 

OC/OPN-enhanced collagen gels enhance migration, reaching a remarkable increase of 45% in cell migration 

distance after 8 hours. 

Conditioned medium from OPN-enhanced collagen gels also presented a significant increase of HUVEC 

migration when compared with the migration distance achieved by HUVEC treated with conditioned medium 

from control collagen gels. After 24 hours, the initial scratch was almost completely closed when HUVEC were 

treated with conditioned medium from OC/OPN-enhanced collagen gels, reaching almost the same migration 

rate of HUVEC treated with endothelial growth medium (EGM-2), the positive control.  

The endothelial cell tube formation assay showed a similar pattern to the one observed with the cell 

migration assay. Figure IV.6d shows that the addition of conditioned medium from BM MSC cultured on 

OC/OPN-enhanced collagen gels increased the tube formation of endothelial cells compared to conditioned 

medium from BM MSC cultured on control collagen gels. Quantitative analysis revealed that the number of 

total capillary tubes and branch points formed were significantly increased by the conditioned medium from 

BM MSC cultured on OC/OPN-enhanced collagen gels, indicating the favored angiogenic potential of these 

new biomimetic matrices (Figure IV.6e,f). The results also showed that OC-collagen gels and OPN-collagen 

gels enhanced tube formation of endothelial cells, by the significant increase in the total number of tubes and 

branches points formed. Although all the three groups (OC/OPN, OC and OPN) demonstrated enhanced 

angiogenesis compared with the control, a more robust network of capillary-like structure was observed when 

conditioned medium from cells cultured on OC/OPN-enhanced collagen gels was used (Figure IV.6d). We 

observed that the length of the tubes was slightly higher, compared with OPN and OC groups, leading to a 

better interconnected structure, therefore, the quantification of number of tubes and branches per field was 

lower with the OC/OPN group. Furthermore, the relative level of VEGF gene expression was significantly 

increased when BM MSC were cultured on OC/OPN-enhanced collagen gels (Figure IV.6c). 
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Figure IV.6. Effects of OC/OPN-enhanced collagen gels on BM MSC in vitro angiogenic properties assessed by multiple assays. 
a) Cell migration assay. Scratch at t=0h, t=8h and t=24h when HUVEC were treated with EGM-2 (positive control), conditioned 
medium from BM MSC cultured on control collagen gels and conditioned medium from BM MSC cultured on OC/OPN-enhanced 
collagen gels. Borders of the scratch at t=0 are indicated with solid lines, borders after migration at t=8 and t=24 hours with 
dashed lines.  b) Percentage of migration distance quantification of HUVEC treated with conditioned medium from BM MSC 
cultured on control collagen gels, OC-collagen gels, OPN-collagen gels and OC/OPN-collagen gels. c) VEGF relative expression 
of BM MSC cultured on OC/OPN-enhanced collagen gels, OC-enhanced collagen gels, OPN-enhanced collagen gels and 
control collagen gels after 21 days of culture under osteogenic differentiation, normalized to VEGF relative expression of 
undifferentiated BM MSC. d-f) Endothelial cell tube formation assay: (d) Tube formation of HUVEC on a Matrigel substrate 
incubated with EGM-2 (positive control), EBM-2 (negative control) and conditioned medium from BM MSC cultured on collagen 
gels, OC-collagen gels, OPN-collagen gels and OC/OPN-collagen gels. e-f) Number of tubes/field (e) and number of branch 
points/field (f). Scale bars, 100µm. Data are expressed as mean ± SD, **p<0.01;  *p<0.05. 
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IV.3.4. Effects of OC/OPN-enhanced collagen gels on mineralization and mineral quality  
 
 

Here we sought to determine whether enhanced and accelerated osteogenic differentiation of MSC on 

OC/OPN-enhanced collagen gel results in deposition of mineral similar to the one produced by bone tissue, in 

vivo – a key aspect of high quality functional bone tissue and a gold standard of clinical practice (determined 

using periodical X-rays).  Figure IV.7 shows cell morphology of BM MSC cultured on OC/OPN-enhanced 

collagen gels and control collagen gels before and after osteogenic differentiation. We can note that BM MSC 

seem to produce more mineral deposits when cultured on OC/OPN-enhanced collagen gels (darker regions). 

We found that after 21 days of osteogenic differentiation, BM MSC demonstrated higher calcium 

deposition when cells were seeded onto OC/OPN-enhanced collagen gels (Figure IV.8a) compared to control, 

OC-collagen gels and OPN-collagen gels. Moreover, statistically significance was observed when cells were 

cultured on OC/OPN#1, OC/OPN#2 and OC/OPN#3-enhanced collagen gels. Figure IV.8a shows that when 

BM MSC were cultured and differentiated onto OC/OPN supplemented with 3 μg/ml OC and 0.6 μg/ml OPN 

(OC/OPN #1), a significant increase of calcium deposition of 48% was observed compared with the control 

collagen gels (1.42±0.11 µg/104 cells vs 0.96±0.04 µg/104 cells). 

Mineralized nodules of human MSC were visualized after 21 days of culturing in osteogenic differentiation 

medium. The nodules were visualized by Xylenol orange staining in OC/OPN-enhanced collagen gels and in 

control collagen gels without OC and OPN incorporation (Figure IV.8b). Scanning electron microscopy (SEM) 

micrograph of mineral deposition of BM MSC cultured on OC/OPN-enhanced collagen gels is shown in Figure 

IV.8c-e. After 21 days, OC/OPN-enhanced collagen gels presented pores filled with globular mineralized 

nodules, indicating osteoblastic differentiation.  

Next, we conducted spectroscopic analysis using SEM coupled with energy dispersive spectroscopy 

(EDS) and found that the mineral deposition of MSC cultured on OC/OPN-enhanced collagen gels consisted 

of calcium and phosphate. The Ca/P ratio of minerals formed within the OC/OPN-enhanced collagen gels was 

~1.75, which is comparable to apatite in bone matrix (i.e., Ca/P ~1.66) (Cairns and Price 1994), in contrast 

with the control collagen gels that demonstrated a Ca/P ratio of 1.35. (Figure IV.8f). 
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Figure IV.7. Micrographs of BM MSC before and after osteogenic differentiation on OC/OPN-enhanced collagen 
gels (OC/OPN #1) and control collagen gels. Scale bars, 100 µm. 
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ALP activity is another key osteoblast differentiation marker. ALP activity quantitative analysis showed 

that OC/OPN-enhanced collagen gels (OC/OPN#1, OC/OPN#3) presented significantly higher ALP activity 

compared with the control collagen gels, OC-collagen gels and OPN-collagen gels at day 15 (Figure IV.8g). 

Moreover, in OC/OPN#1-enhanced collagen gel, ALP activity was two times higher than the control at day 15 

of osteogenic differentiation (0.70±0.12 (µmol/(L.min))/104 cells vs 0.35 ±0.07(µmol/(L.min))/104cells).  
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Figure IV.8. Effects of OC/OPN-enhanced collagen gels on BM MSC mineralization and ALP activity. a) Calcium content 
quantification of BM MSC on OC/OPN-enhanced collagen gels cultured for 21 days. b) Mineralized nodules of MSC after 21 
days of culturing in osteogenic differentiation medium on OC/OPN-enhanced collagen gels and control collagen gels without 
OC/OPN incorporation. The nodules were visualized by Xylenol orange staining. Scale bars, 100 µm.  c-e) SEM images of BM 
MSC cultured on OC/OPN-enhanced collagen gels. c) OC/OPN-enhanced collagen gels before cell culture, d,e) BM MSC 
mineralization of OC/OPN-enhanced collagen gels after 21 days of osteogenic differentiation. f) EDS spectrum of mineral 
deposition of BM MSC cultured on OC/OPN-enhanced collagen gels. g) ALP activity of BM MSC cultured on OC/OPN-
enhanced collagen gels for 15 days and 21 days of differentiation. Data are expressed as mean ± SD, **p<0.01;  *p<0.05. 
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IV.3.5. Effects of OC/OPN-enhanced mineralized collagen scaffolds on bone regeneration in a 
critical sized-defect rabbit long-bone model 

 

Here we sought to determine the local inflammatory response of the OC/OPN-enhanced mineralized 

collagen scaffolds. Thus, we evaluated if the presence of OC/OPN-collagen scaffolds in vivo would promote 

any infection or foreign body reaction while new bone was being formed. 

Therefore, we developed OC/OPN-enhanced mineralized collagen scaffolds, according with the protocol 

in Figure IV.1b.  Scaffolds were characterized using µ-CT (Figure IV.9). We observed that most of the mineral 

was incorporated in the surface area of the collagen sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.9. Microcomputed tomography images of OC/OPN-enhanced mineralized collagen scaffolds. Scale bars, 1 
mm. Reddish areas demonstrate the mineral distribution throughout the scaffold. 

Figure IV.10. OC/OPN-enhanced mineralized collagen scaffolds before being implanted into a rabbit model. 
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 To this end a critical sized-defect was induced in a rabbit model followed by femoral/tibial implantation of 

the scaffolds. In bone, a critical sized-defect does not heal without intervention over the natural lifetime.   

Bone regeneration of a critical-sized defect was observed when OC/OPN-enhanced mineralized collagen 

scaffolds were implanted into a femoral/tibial defect after 6 weeks postimplantation (Figure IV.11). The 

surgical incision site was observed for wound healing and signs of infection daily for at least ten days following 

surgery. No signs of inflammation, discharge or wound dehiscence and abscess were observed. No specimen 

revealed any evidence of infection or foreign body reaction, and all wounds showed a good healing response. 

Histological images showed new bone formation surrounding the implant area (Figure IV.11). Connective 

tissue was found between the new bone formed area and the implant. Osteoblasts were observed between 

the new mineralized bone and evidence of angiogenesis, in the form the new vessel formation, was seen. 

Green and purple areas observed using Goldner’s Trichrome (GT) and Toluidine Blue (TB) stains, 

respectively, confirmed that new bone was formed after 6 weeks post-implantation. Osteoclasts were found in 

the implanted scaffold via Tartrate-resistant acid phosphatase (TRAP) staining, indicating a possible initial 

stage of bone remodeling. However, further studies are required to confirm that bone remodeling is occurring. 

In addition, further studies are needed to evaluate the mechanism of action, determining if the new bone 

formation observed herein is due to the presence of OC/OPN or due to the collagen scaffold. 
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Figure IV.11. Bone regeneration in a critical sized-defect rabbit long-bone model using OC/OPN-enhanced mineralized 
collagen scaffolds. a) Representative histological images of the rabbit critical sized-defect at 6 weeks postimplantation. 
Hematoxylin and Eosin (H&E), Goldner’s Trichrome (GT), Von Kossa (VK), Toluidine Blue (TB) and Tartrate-resistant acid 
phosphatase (TRAP) stainings. Panels on the first row are at 100x magnification. Black squares represent the area of new 
bone formed. Dashed squares represent the area of the implanted scaffold. Scale bars, 100 µm. Panels on the second 
row are at 200x magnification and represent the area of new bone formation (black squares). Scale bars, 50 µm. Panels 
on the third row are at 200x magnification and represent the area nearby the implanted scaffold (dashed squares). Black 
arrows outline the osteoblasts covering the new bone formed. Black arrowheads represent the osteoclasts by TRAP 
staining, indicating a possible remodeling of bone. White circle represents new vessels formed. Scale bars, 50 µm. b) 
Representative microcomputed tomography images of bone regeneration in the rabbit model at 6 weeks postimplantation. 
Top row represents a tibial defect, bottom row represents a femoral defect. Scale bars, 1 mm. c) Goldner’s trichrome 
staining – detailed investigation. Detailed description of new bone formation within the OC/OPN-enhanced mineralized 
collagen scaffolds. NB – new bone; CT – connective tissue; S – scaffold. Scale bars, 100 µm. 
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IV.3.6. Effects of OC/OPN-enhanced collagen gels on human MSC from different tissue sources 
 

In order to evaluate the synergistic effect of OC/OPN with MSC from multiple sources beyond bone 

marrow-derived MSC, we investigated responses of MSC isolated from different human tissue sources on 

OC/OPN-enhanced collagen gels. 

MSC from umbilical cord matrix (UCM) and adipose tissue (AT) were seeded onto the biomimetic 

matrices. Proliferation assay showed more cells on most of the OC/OPN-enhanced collagen gels compared 

with the control collagen gels for all the different tissue sources (UCM, BM and AT) (Figure IV.12a).  

 

 
Figure IV.12. Proliferation and mineralization of human MSC from different tissue sources cultured on OC/OPN-enhanced 
collagen gels. a) Proliferation of MSC from BM, AT and UCM on OC/OPN-collagen gels after 15 days of culture. **p<0.01; 
*p<0.05 relative to the control group for each cell source b) Calcium quantification of MSC from BM, AT and UCM cultured 
on OC/OPN-enhanced collagen gels after 21 days of osteogenic differentiation. Data are expressed as mean ± SD, 
**p<0.01; *p<0.05 relative to the control group for each cell source c) Summary of statistically significant differences 
between each different composition of OC/OPN and control collagen gels, OC-collagen gels and OPN-collagen gels for 
each cell source (BM, AT, UCM), regarding cell number and calcium quantification after 15 days of culture. **p<0.01, 
*p<0.05 relative to control collagen gel; ++p<0.01, +p<0.05 relative to OC- collagen gel; ##p<0.01, #p<0.05 relative to 
OPN- collagen gel; n.s. – not significant. 
 

 

Compared to the BM MSC, AT MSC reached lower number of cells after 15 days of culture. Moreover, 

when OC and OPN were incorporated individually into the gel, a slight increase of number of AT MSC was 

seen compared with the control collagen gels. We observed that UCM MSC cultured on OC-collagen gels and 

OPN-collagen gels presented more number of cells after 15 days compared with some OC/OPN 

compositions, such as OC/OPN #4 and OC/OPN #5, however, these values are not statistically significant 
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compared with the control and with the other OC/OPN compositions. Calcium quantification did not 

demonstrate any significant difference between cells from all the different tissue sources, however, consistent 

with results presented above, cells cultured on OC/OPN-enhanced collagen gels presented higher amount of 

calcium levels (Figure IV.12b). The synergistic effect of the incorporation of OC/OPN was observed in terms 

of proliferation and mineralization for all the different tissue sources, showing that the effects of OC/OPN are 

independent of cell source. 
 
 

IV.4. Discussion  
 

The biological process of bone healing is complex and is influenced by multiple factors such as the 

patient’s health and nutritional conditions, and the degree and stability of the fracture experienced (Giannotti 

et al. 2013). Overall, 5-10% of fractures demonstrate delayed or impaired healing, affecting the patient’s 

quality of life and leading to socioeconomic consequences and repeated surgeries (Giannotti et al.  2013). 

Non-union fractures represent the most dramatic case in which bone healing fails in the absence of treatment. 

In this case, autografts or allografts can be used to treat non-union fractures, however bone grafts must 

consider the characteristics, localization and healing potential of the non-unions fractures, ensuring graft 

stability, osteogenesis and osteoinduction (Yaszemski et al.  1996, Giannotti et al.  2013). Depending on the 

type of non-union fractures, bone substitutes from different materials can be used to fix and repair non-union 

fractures. Moreover, some molecular signals have been incorporated into these materials, such as bone 

morphogenetic proteins (BMP) that play the leading role in the field of bone tissue engineering. However, 

BMP have some drawbacks, such as the high costs of production and the high doses required, raising 

questions about their cost effectiveness (Yaszemski et al.  1996). With increasing clinical use of BMP, side 

effects have also been reported, including postoperative inflammation, ectopic bone formation, osteoclast-

mediated bone resorption and inappropriate adipogenesis (James et al. 2016). 

Therefore, there is an urgent need for development of new techniques that accelerate fracture healing 

process, enhance bone regeneration and remodeling and result in new bone tissue that is similar to human 

bone in structure and function. Such changes will ultimately improve patient’s quality of life and decrease the 

high health-care costs associated with delayed bone healing, repeated surgeries and longer rehabilitation. 

Biomimetic construction of engineered bone tissue using selected proteins represents a promising alternative 

to the use of poor quality bone grafts and BMP in order to address the increasing worldwide demand of 

fracture repair and bone regeneration in an aging and osteoporotic population with limited bone regeneration 

potential. 
The present study identified a new biomimetic strategy to accelerate osteogenic differentiation and 

sustained bone formation response from MSC obtained from multiple tissue sources. In particular, it 

demonstrates, for the first time, the synergistic effect of different concentrations of bone matrix non-

collagenous proteins, OC and OPN, incorporated onto type I collagen gels, showing enhancement of 

proliferation and acceleration of osteogenic differentiation of human MSC and angiogenesis, eventually 

resulting in increased mineralization and bone regeneration in vitro.  

To mimic the in vivo 3D ECM of connective tissue, a 3-D type I collagen matrix is often used as scaffold, 

since type I collagen is a predominant ECM molecule (Ramshaw et al.  1996). However, different tissues have 
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a different composition of the ECM, and the composition provides specific information and clues to cells. 

Consequently, ECM composition of native tissue, in particular the role of key matrix proteins, should be 

carefully considered for the development of novel biomaterials based on collagen scaffolds (Ramshaw et al. 

1996). Regarding bone ECM, we incorporated OC and OPN as non-collagenous extracellular bone matrix 

components in scaffold design as an attempt to achieve a better osteogenic potential of the gels while 

selectively mimicking the bone environment. Few studies have used components of the organic bone matrix 

other than collagen to create bone substitutes (Rammelt et al. 2005, He et al. 2012). Here we used OC and 

OPN for the first time as together they provide structural integrity to bone matrix and both are lost with tissue 

aging leading to altered mineralization and bone formation (Sroga et al. 2011, Rodriguez et al.  2014, 

Poundari et al. 2012, Boskey 1989). Furthermore, autografts as well as allografts, typically obtained from older 

donors or patients that were subjected to total hip arthroplasty procedures (Passias and Bono 2006), are likely 

to contain bone tissue that has reduced concentrations of OC and OPN (Sroga et al. 2011) and, therefore, is 

structurally compromised (Poundarik et al. 2012) and not fully functional to promote mineralization. 

During fracture healing, the new bone formation includes three coordinated biological events: osteogenic 

cell recruitment and proliferation; osteogenic cell differentiation and mineralization; and vascularization of the 

repair site. Disruption of any one of these can lead to delayed or impaired healing (Phillips et al.  2005). 

As confirmed here, biomimetic OC/OPN-enhanced collagen matrices enhanced cell proliferation, 

promoted early osteogenic differentiation and angiogenesis, and produced a sustained bone formation 

response resulting in mineralized tissue, similar to bone. 

OPN is commonly found surrounding mineralized tissues (McKee and Nanci 1996) and has been 

considered to play an important role in cell attachment and in the recruitment of osteoblasts during the early 

stage of bone formation (Boskey et al.  2002, Shapses et al.  2003). OPN can bind to ανβ3 integrins through 

their RGD domain (Denhardt et al. 1993). Additionally, OPN can also present an RGD-independent 

mechanism, in which OPN may engage CD44 (Weber et al.  1996), a cell surface adhesion molecule, involved 

in cell-cell and cell-matrix interactions.  Shin and co-workers demonstrated that OPN enhanced MSC 

adhesion and proliferation on biomimetic hydrogels modified with an OPN-derived peptide (Somerman et al.  

1989, Shin et al.  2004). On the other hand, OC has not been reported to induce MSC proliferation, however 

recent studies have shown that exogenous OC is sufficient to induce myoblast (Liu et al.  2017) and β-cell 

(Meredith et al.  2016) proliferation. In contrast to above, our results show that both OPN and OC are required 

for increased MSC proliferation on collagen gels, since OPN-enhanced collagen gels and OC-enhanced 

collagen gels did not demonstrate a statistically significant increase on cell proliferation (Figure IV.4b). 

Therefore, the synergistic effect of these two proteins is required. 

On the other hand, OC has affinity for calcium through the gama-carboxyglutamic acids (Hauschka et al.  

1975) and by binding hydroxyapatite, it can accelerate its nucleation, playing an active role in the early stage 

of bone healing (Rammelt et al. 2005). Nucleation and growth of hydroxyapatite crystals within the 

collagenous matrix are two fundamental steps for bone mineralization. Therefore, OC might favor 

mineralization and osteogenic differentiation of MSC on OC/OPN-enhanced collagen gels. Consistent with 

this notion, we found that OC and OPN enhanced the osteogenic differentiation of human BM MSC cultured 

on the OC/OPN-enhanced collagen gels. During the immediate post-proliferative period, the extracellular 

matrix undergoes a series of modifications in composition and organization that makes it competent for 
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mineralization. Therefore, after 21 days of osteogenic differentiation, OC/OPN-enhanced collagen gels 

presented significantly higher calcium deposition and expression of osteogenic genes (Col I, Runx2, OPN and 

OC) compared with the control collagen gels without OC and OPN incorporation (Figure IV.4,5,8). 

Interestingly, OC-enhanced collagen gels also upregulated the expression of Runx2 and OC gene levels, 

demonstrating also better osteogenic differentiation (Figure IV.5), suggesting that osteocalcin is favoring this 

phenomenon. 

During this post-proliferative phase, the cells also express ALP that reaches its peak of expression and 

declines as the cultures progress into the mineralization stage (Stein et al.  1990). Interestingly, when BM 

MSC were cultured on OC/OPN-enhanced collagen gels, the ALP gene expression was highest at day 7 of 

osteogenic differentiation and then progressively declined at 15 and 21 days of osteogenic differentiation. On 

the other hand, when BM MSC were cultured on control collagen gels, the overall ALP gene expression was 

lower than OC/OPN-enhanced collagen gels reaching the highest value at day 15 of osteogenic differentiation 

(Figure IV.4d) followed by a progressive decline. This result confirmed that BM MSC cultured on OC/OPN-

enhanced collagen gels presented not only a higher extent of ALP expression but also the earlier temporal 

ALP gene expression after 7 days of osteogenic differentiation, indicating an acceleration in the osteogenic 

differentiation based on the early ALP gene expression. 

OC/OPN-enhanced collagen gels also enhanced the expression levels of Runx2 gene after only 7 days of 

osteogenic differentiation, reaching its maximum relative expression at day 15 and sustaining the high level 

thereafter.  

Regarding the mineralization process, several genes were induced to maximal levels, paralleling to 

accumulation of mineral in bone regeneration. OPN and OC are bone proteins known to be associated with 

the mineralized matrix in vivo and achieve their peak levels of expression during mineralization of the 

extracellular matrix (Stein et al.  1990). As shown in our results, after 21 days of osteogenic differentiation, 

OC/OPN-enhanced collagen gels presented higher levels of OPN and OC gene expression, indicating the 

formation of a more mature extracellular matrix compared with control collagen gels without OC and OPN 

incorporation. 

Notably, OC-enhanced collagen gels and OPN-enhanced collagen gels were able to upregulate some 

osteogenic genes. OPN-enhanced collagen gels demonstrated upregulation of Col I and OPN genes, 

however Runx2 and OC did not show any statistically significant increase. On the other hand, OC-enhanced 

collagen gels demonstrated enhancement of Col I, Runx2 and OC genes but did not show improvement of 

OPN gene levels. Moreover, OC and OPN genes were only both upregulated when MSC were cultured on 

OC/OPN-enhanced collagen gels (Figure IV.5). 

These results of higher and sustained osteogenic gene expression of OC/OPN-enhanced matrices were 

associated with more accumulation of mineral, and the mineralized nodules contained a Ca/P ratio 

comparable to native bone matrix (Figure IV.8). Close correspondence of Ca/P ratio between the regenerated 

and natural bone tissue provides supporting evidence on the quality of new formed bone. For example, in 

osteogenesis imperfecta patient biopsies, a condition derived from mutation in type I collagen, the Ca/P ratio 

was shown to be lower than normal bone, leading to imperfect bone formation, demonstrating a compromised 

bone quality and bone fragility (Casella et al.  1995).  To our knowledge, very few studies have reported 

similar information on newly regenerated bone. 
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Furthermore, in contrast to OC or OPN-enhanced matrices, optimal levels of mineralization were obtained 

when MSC were seeded on collagen gels incorporated with both OC and OPN, suggesting that these proteins 

act in a synergistic manner. Therefore, we hypothesize that the enhancement of osteogenic differentiation of 

BM MSC on OC/OPN-enhanced collagen gels observed herein might be due to the presence of both OC/OPN 

in the matrix. In fact, the mechanisms responsible for bone formation and remodeling likely involve the 

association of bone matrix proteins into specific complexes that helps the organization of the matrix (Ritter et 

al.  1992). 

Previous studies have shown that these two proteins have the ability to interact (Ritter et al.  1992). In 

fact, Ritter and colleagues have investigated the association of OPN with OC using three different ligand 

binding techniques, indicating that OPN specifically associates with OC (Ritter et al.  1992), forming stable 

complexes, however their metabolic role was not investigated. OC has been shown to bind strongly to the 

bone mineral hydroxyapatite and it complexes with and links to collagen through OPN (Ritter et al.  1992). In 

this study, results shown by ELISA measurements demonstrated that OC/OPN-enhanced collagen matrices 

released a negligible amount of OC and OPN, indirectly proving the association between these proteins and 

collagen (Figure IV.3). 

Both OC and OPN have sequence motifs that could allow each protein to interact with other molecules. 

Through its 𝛾-carboxyglutamate residues, OC forms a calcium binding pocket (Otowara et al.  1981). It has 

been suggested that via this pocket, OC can bind to other calcium binding proteins. Moreover, the COOH 

terminus of OC can also participate in protein binding, since it adopts a β-sheet conformation that is exposed 

even when the molecule is bound to hydroxyapatite. OPN also comprises motifs that would allow it to interact 

with other proteins. It has an integrin binding RGD sequence that functions in cell attachment (Oldberg et al.  

1986). Therefore, this RGD sequence present in OPN might be the trigger to the enhancement of cell 

proliferation. Also, OPN is a substrate for transglutaminase activity (Prince 1981), a reaction that can produce 

complexes between proteins in vivo. In this study, we did not evaluate the interaction of both proteins, 

however we were able to observe better biological responses from BM MSC when these cells were seeded on 

OC/OPN-collagen gels, compared with only OC-collagen gels and OPN-collagen gels. Our data suggests that 

the presence of both proteins in the matrix enhanced cellular responses, such as proliferation and 

osteogenesis and supported the evidences reported by Ritter and colleagues regarding the metabolic effects 

of the presence of OC/OPN.  

 Previous work from our group found that fracture in bone initiates as dilatational bands that form as a 

result of OC-OPN interaction. In the absence of either protein, the complex is disrupted, resulting in a loss of 

the structural integrity of bone matrix (Poundarik et al.  2012). However, further studies need to be done to 

understand better how these two proteins interact within the collagen matrix. 

After implantation of biomimetic scaffolds in a defect, cell migration is a critical step for bone regeneration. 

In the present study, experiments demonstrated that conditioned medium from BM MSC seeded on 

biomimetic OC/OPN-enhanced collagen gels stimulated a faster migration of HUVEC. Notably, conditioned 

medium from OPN-collagen gels also demonstrated a faster migration of HUVEC, even when compared with 

the results obtained with conditioned medium from cells cultured on OC/OPN-enhanced gels. In fact, OPN 

alone has been reported to improve cell migration and wound healing response (Wang et al.  2016), a 

phenomenon that is linked with the migration potential of cells. However, it is not yet clear which soluble 
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factors and mechanisms are responsible for stimulating the migration of cells. Indeed, MSC have been 

described as inducers of wound healing and angiogenesis where they secrete paracrine factors to indirectly 

initiate repair following injury (Yew et al.  2011). Bone is a highly-vascularized tissue and for bone 

regeneration an adequate blood flow is required to provide sufficient supply of nutrients and oxygen to the 

cells (Kanczler et al. 2008, Hoeben et al. 2004). In response to angiogenic signals found in conditioned media 

obtained from BM MSC cultures, endothelial cells may form capillary like structures (Pankajakshan & Agrawal 

2014). In our study, conditioned medium from BM MSC seeded onto OC/OPN-enhanced collagen gels 

increased the tube formation of endothelial cells, when compared with the control, by increasing the number 

of total capillary tubes and branch points formed. We believe that two different mechanisms may be 

responsible for the improvement of angiogenic properties demonstrated by OC/OPN. Indirectly, the increase 

in cell number present in the OC/OPN-enhanced collagen gels might be responsible for a higher 

concentration of angiogenic soluble factors released from cells. On the other hand, the significant increase of 

mRNA levels of VEGF by BM MSC cultured on OC/OPN-enhanced collagen gels demonstrated that the 

enhancement of expression levels of VEGF might be, directly, acting on the improvement of the angiogenic 

properties. These results confirm the effect of OC/OPN on angiogenesis by stimulating the release of 

angiogenic factors and enhancing the VEGF gene expression. OC-enhanced collagen gels and OPN-

enhanced collagen gels did not promote an increase in the expression of VEGF mRNA levels by BM MSC, 

demonstrating the synergistic effect of both proteins in angiogenesis. However, further studies need to be 

done to quantify and identify the angiogenic factors secreted by these cells that were exposed with OC/OPN. 

Consistent with our above proposal, previous studies show that the presence of OPN induces HUVEC 

proliferation, survival and migration resulting in tube formation and VEGF expression (Dai et al.  2009, 

Chakraborty et al. 2008, Egusa et al.  2009, Hamada et al. 2007, Hamada et al.  2003). Regarding the effect 

of OC on angiogenesis, Cantatore and colleagues show that OC alone, exogenously applied to chick embryo 

chorioallantoic membrane, stimulates angiogenesis (Cantatore et al. 2005). Although our results 

demonstrated that OC-collagen gels and OPN-collagen gels also enhanced tube formation and migration of 

endothelial cells, we demonstrated that by applying the synergistic strategy of both proteins onto the collagen 

gels, both osteogenesis and angiogenesis processes were enhanced. Of note, our study evaluates for the first 

time the effect of both non-collagenous proteins, used in combination in a biomimetic collagen gel, on the 

angiogenic capacity of human MSC.  

We also evaluated and compared the influence of OC/OPN-enhanced collagen gels on MSC derived from 

different sources: UCM, BM and AT. MSC derived from all three tissues showed enhanced proliferation and 

mineralization results when OC/OPN were incorporated into the biomimetic collagen gels (Figure IV.12). UCM 

MSC have been shown to exhibit superior proliferative capacity (Simões et al. 2013). Our work confirmed that 

these cells reached higher number of cells than BM MSC in all the biomimetic collagen gels. Although some 

differences in proliferation were observed between MSC from different tissues, here we demonstrate that the 

effect of OC/OPN on the ex-vivo proliferation and osteogenic potential of MSC is not tissue source dependent, 

indicating a great potential to translate these findings to a clinical context (Figure IV.12). 

In vivo data using a critical sized-defect rabbit long-bone model revealed that OC/OPN-enhanced 

mineralized collagen scaffolds did not promote any adverse reaction, while new bone was being formed after 
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6 weeks of implantation in a femoral/tibial defect. Moreover, osteoblasts and blood vessels were found 

surrounding the new bone formed (Figure IV.11). 

OC/OPN-enhanced collagen matrices, developed here, can be applied in other systems in which the 

production of OC and OPN might be compromised, due to medical conditions or to the age of the patient. In 

fact, variation of non-collagenous bone protein concentrations in diseased human bones have already been 

reported (Grynpas et al. 1994). Findings to date are that OC and OPN levels are reduced in osteoporotic bone 

(Boskey 2013) and in older bone tissue (Sroga et al. 2011). Moreover, it was reported that older people may 

have a 10-fold increased 10-year fracture risk compared with younger people with the same bone mineral 

density (Kanis et al.  2002). Therefore, with aging there is an increased susceptibility to fractures due to the 

increase in skeletal fragility. We believe that, since these proteins are important for fracture resistance (Sroga 

et al. 2012), OC/OPN-enhanced collagen matrices might help to sustain bone formation when patients are not 

or less able to produce naturally these proteins, producing high quality functional bone to improve bone 

regeneration.  

Taken together, our results demonstrate, for the first time, the significant synergistic impact of OC and 

OPN on proliferation, osteogenic differentiation and angiogenic capacity of MSC engineered within a 

combined type I collagen matrix. Further studies need to be done to evaluate the efficacy of these matrices in 

bone tissue engineering and regenerative medicine settings to be applied as biomimetic scaffolds that 

accelerate bone healing. 
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CHAPTER V – Cultured cell-derived extracellular matrices to enhance osteogenic 
differentiation and angiogenic properties of human mesenchymal stem/stromal cells 

 
 
 
Outline 

 
 

Cell-derived extracellular matrix (ECM) consists of a complex assembly of fibrillary proteins, matrix 

macromolecules and associated growth factors that mimics the composition and organization of native ECM 

microenvironment. Therefore, cultured cell-derived ECM has been used as a scaffold for tissue engineering 

settings to create a biomimetic microenvironment, providing physical, chemical and mechanical cues to cells 

and supporting cell adhesion, proliferation, migration and differentiation. Here, we present a new strategy to 

produce different combinations of decellularized cultured cell-derived ECM (dECM) obtained from different 

cultured cell types, namely mesenchymal stem/stromal cells (MSC) and human umbilical vein endothelial cells 

(HUVEC), as well as the co-culture of MSC:HUVEC. We investigated the effects of various compositions of 

dECM on cell proliferation, osteogenic differentiation and angiogenic properties of human bone marrow-

derived MSC, vital features for adult bone tissue regeneration and repair. Our findings demonstrate that all 

dECM supported cell proliferation, presenting higher cell numbers compared with tissue culture polystyrene 

(TCP). More importantly, we show that MSC:HUVEC ECM enhanced the osteogenic and angiogenic potential 

of MSC, as assessed by in vitro assays. Interestingly, MSC:HUVEC (1:3)  ECM  demonstrated the best 

angiogenic response of MSC in the conditions tested. To the best of our knowledge, this is the first study that 

demonstrates that dECM derived from a co-culture of MSC:HUVEC impacts the osteogenic and angiogenic 

capabilities of MSC, suggesting the potential use of MSC:HUVEC ECM as a therapeutic product to improve 

clinical outcomes in bone regeneration. 
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V.1. Introduction 
 
 

Every year, millions of people develop bone defects due to trauma or disease. In fact, over two million 

bone grafting procedures are performed annually worldwide (Campana et al. 2014). Several strategies have 

been developed to improve the current clinical practices for repairing large bone defects by designing 

functional scaffolds to integrate and regenerate the defect site. An ideal functional scaffold for bone tissue 

should be osteoinductive, osteoconductive, biodegradable and bioactive, not only supporting cell attachment, 

but also stimulating osteogenic differentiation of progenitor cells and bone formation (Bose et al. 2012). 

Currently, biomaterials composed of hydroxyapatite and tricalcium phosphate have been used commercially 

to enhance bone regeneration. However, the ability of these scaffolds to promote osteogenesis is still not 

satisfactory. Selected osteogenic factors, such as transforming growth factor beta-1 (TGF-β1) (Zhang et al.  

2003), collagen type I (Roehlecke et al. 2001) and bone morphogenetic proteins (BMP) (Yang et al. 2000) 

have been incorporated into these scaffolds to enhance their osteoinductive capabilities. However, challenges 

remain to recreate the native tissue in a more reliable and effective way, since isolated components do not 

mimic the molecular complexity and hierarchically organized structure of the native bone tissue. 

The extracellular matrix (ECM) is the non-cellular component within all tissues and organs, consisting of 

water and a fibrillary basement network of proteins and polysaccharides secreted by cells, and comprising 

structural and functional molecules such as collagen, fibronectin, laminin, glycosaminoglycans and 

proteoglycans (Badylak et al. 2009). ECM provides an appropriate microenvironment to support cell adhesion 

and direct other cell behaviors, such as cell migration, proliferation, differentiation, immune response and 

wound healing (Kleinman et al. 1987, Reilly et al. 2010, Giancotti et al. 1999), resulting in structural and 

physical stability to the tissue. Each tissue source has an ECM with unique composition and topography 

(George et al. 2005), which provides anchorage for cytokines and growth factors that can be presented to 

cells playing a major role in regulating cellular activity and functions (Hynes et al. 2009). The association 

between ECM proteins and receptors like integrins can directly activate intracellular signaling pathways 

(Giancotti et al. 1999, Hynes et al. 2002). Furthermore, cellular functions can also be regulated by the 

transduction of mechanical signals, since cells present different responses according to the elasticity of the 

substrate (Engler et al. 2006).  

Ideal scaffolds and substrates for cell culture and tissue engineering settings should provide a 

microenvironment similar to the native ECM in vivo. Previous studies have used ECM proteins such as 

collagen, laminin, fibronectin and vitronectin to coat the surface of different materials (Mistry et al. 2005, 

Khademhosseini  et al. 2009, Kundu et al. 2006, Ku et al. 2005). Although ECM proteins can enhance cell 

attachment and differentiation, the use of strict protein-coating only insufficiently reproduce the desired 

composition, function, microstructure and architecture of native ECM. Moreover, extraction procedures and 

other practical limitations have precluded determination of the exact composition of ECM proteins, present in 

different tissues in vivo. 

Creating a native ECM on a synthetic scaffold may facilitate cellular activities by combining biological 

cues with a proper 3-D mechanical support (Hoshiba et al. 2010). Decellularized ECM derived from human or 

animal tissues, such as bladder, heart valves or small intestine (Crapo et al. 2011, Badylak et al. 1999) have 

been used to produce engineered constructs mimicking the native microenvironment of the tissue. However, 
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there are some limitations of using tissue-derived ECM such as the lack of availability, especially in the 

context of an autologous application, and the potential pathogen transmission (Crapo et al. 2011, Badylak et 

al.  2009). 

Cultured cell-derived ECM has been used as an alternative to tissue-derived ECM. In fact, ECM proteins 

can be secreted by cells cultured in vitro and then decellularized to create the cell-derived ECM (Hoshiba et 

al. 2006). Cell-derived ECM has several advantages over tissue-derived ECM, since it is easy to eliminate 

pathogen content and it can be derived from autologous cells (Lu et al. 2011, Noh et al. 2016). In fact, cell-

derived ECM can be created in vitro using patient-specific cells. Some studies have already shown promising 

results on the application of cultured cell-derived ECM to enhance the bioactivity and osteogenic capabilities 

of scaffolds for tissue engineering applications (Cheng et al. 2009, Choi et al. 2010, Liao et al. 2010, Wolchok 

et al. 2010). Mikos and colleagues showed that titanium fiber meshes containing ECM derived from rat 

marrow stromal cells increased bone matrix deposition in vitro compared to titanium fiber mesh without ECM 

(Pham et al. 2008, Datta et al. 2005, Datta et al. 2006). Chen and colleagues demonstrated that cell-derived 

ECM from bone marrow cultured cells, in the absence of osteogenic growth factors, facilitated the expansion 

of mesenchymal colony-forming units in vitro while maintaining stem cell properties (Chen et al. 2007). In 

another study, Kang and colleagues showed that porous scaffolds containing human umbilical vein 

endothelial cells (HUVEC)-derived ECM could promote osteogenic differentiation of human mesenchymal 

stem/stromal cells (MSC) (Kang et al. 2012) compared to porous scaffolds without ECM. These results 

suggest that cell-derived ECM holds the potential to create a biomimetic microenvironment that enhances 

osteogenic differentiation. As previously mentioned, cells derived from different tissues typically produce 

matrices that will recreate the composition of the natural tissue matrix. In this context, we anticipate that ECM 

elements such as proteins and growth factors, derived from key cellular sources including stem and 

endothelial cells, can provide a better microenvironment for cell adhesion, proliferation and differentiation and 

that the ECM components derived from such cellular sources can slowly release bioactive factors into the 

microenvironment that can accelerate tissue regeneration. In fact, the co-culture of MSC with other bone 

marrow (BM) cell populations, including endothelial cells (EC), hematopoietic stem cells (HSC) and 

osteoblasts, has been investigated in what concerns its effect on the osteogenic differentiation of MSC (Sun et 

al. 2007, Ball et al.  2004). Co-culture systems of MSC and EC have demonstrated extensive cellular crosstalk 

through a variety of mechanisms, such as paracrine and juxtacrine (contact-dependent signaling) interaction 

or vesicle trafficking between MSC and EC, enhancing the angiogenic response of cells (Aguirre et al. 2010, 

Nassiri et al. 2014), as well as the osteogenic capabilities (Zhao et al. 2012).   

The aim of this study was to evaluate the effect of different compositions of decellularized cultured cell-

derived ECM produced from MSC, HUVEC and co-culture of MSC:HUVEC (MSC:HUVEC 1:1, 1:3, 3:1) on 

cell proliferation, osteogenic differentiation and angiogenic properties of human bone marrow MSC, since both 

cell types reside in the bone niche and secrete important factors known to enhance osteogenic differentiation 

of MSC (Zhao et al.  2012, Lee et al. 2017). Therefore, we hypothesize that a MSC:HUVEC ECM could 

stimulate both osteogenesis and angiogenesis and consequently represent  a new strategy for enhanced 

bone healing and accelerated vascularization of the defect site.  
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V.2. Materials & Methods 
 

V.2.1. Cell culture 
 

Human bone marrow (BM) MSC used are part of the cell bank available at the Stem Cell Engineering 

Research Group (SCERG), Institute for Bioengineering and Biosciences (iBB) at Instituto Superior Técnico 

(IST). MSC were previously isolated/expanded according to protocols previously established at iBB-IST. Bone 

marrow samples were obtained from Instituto Português de Oncologia Francisco Gentil, Lisboa, under 

collaboration agreements with iBB-IST. All human samples were obtained from healthy donors after written 

informed consent according to the Directive 2004/23/EC of the European Parliament and of the Council of 31 

March 2004 on setting standards of quality and safety for the donation, procurement, testing, processing, 

preservation, storage and distribution of human tissues and cells (Portuguese Law 22/2007, June 29), with the 

approval of the Ethics Committee of the respective clinical institution. Isolated cells were kept frozen in 

liquid/vapour nitrogen tanks until further use.  

BM MSC were thawed and plated on T-75 flasks using low-glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM: Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS MSC qualified: Gibco) 

and 1% antibiotic-antimycotic (Gibco) and kept at 37ºC, 5% CO2 and 21% O2 in a humidified atmosphere. 

Medium renewal was performed every 3-4 days. Cells between passages 3 and 6 were used. Three 

independent donors were used in all experiments. Cells were tested for the expression of cell surface markers 

used to attest MSC identity according to standardized criteria (Dominici et al. 2006) (i.e., CD73+, CD90+, 

CD105+, HLA-DR-, CD34-, CD45-), and their ability to differentiate into osteoblasts, adipocytes, and 

chondrocytes. HUVEC were purchased from Lonza (Basel, Switzerland) and maintained in commercial 

Endothelial Growth Medium-2 (EGM-2: Lonza). 

 

 

V.2.2. Decellularized cultured cell-derived ECM preparation 
 

MSC and HUVEC cultures as well as the co-culture of three different ratios of MSC:HUVEC (1:1, 1:3, 3:1) 

were initiated with a seeding density of 5000 cells/cm2 using tissue-culture polystyrene (TCP) wells. MSC 

culture was maintained with DMEM+10% FBS, HUVEC culture with EGM-2 growth medium and the co-culture 

of MSC:HUVEC was kept with a mixture between DMEM+10%FBS and EGM-2 (1:1). Cells were expanded in 

the same conditions described above and medium was renewed every 3-4 days. After reaching confluency, 

between day 7 and 10, medium was discarded and cells were washed with phosphate buffer saline (PBS: 

Gibco). Monolayers of cells were then stripped of from the wells using a solution of 0.5% Triton X-100 (Sigma-

Aldrich, St. Louis, MO) containing 20 mM NH4OH (Sigma-Aldrich) in PBS for 5 min, according to previously 

reported methods (Yang et al. 2018, Gong et al. 2017, Kusuma et al. 2017, Kang et al. 2012), expecting to 

leave structurally-intact ECM exposed and uniformly attached on the surface of the wells. Finally, for all 

conditions, cultured cell-derived ECM were gently washed five times using PBS and air-dried under the 

laminar flow hood. 
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V.2.3. Immunofluorescent staining of cultured cell-derived ECM 
 
 

To investigate the protein components and distribution pattern of the different decellularized cultured cell-

derived ECM, immunofluorescent staining was performed. Five ECM proteins, collagen I, collagen IV, 

fibronectin, laminin and osteocalcin were immunofluorescently stained. After decellularization, dECM were 

washed with PBS and fixed with 4% paraformaldehyde (PFA; Santa Cruz Biotechnology, Dallas, TX) for 20 

min at room temperature. Then, cell-derived ECM were washed three times with 1% bovine serum albumin 

(BSA) in PBS for 5 min. Samples were blocked with a solution of 0.3%Triton X-100, 1% BSA and 10% donkey 

serum in PBS at room temperature for 45 min. Primary antibodies including mouse anti-human collagen I, 

collagen IV, laminin, fibronectin and osteocalcin (10 μg/ml in 0.3%Trinton X-100, 1% BSA, 10% donkey 

serum) (R&D systems, Minneapolis, MN) were added into the samples followed by incubation overnight at 

4ºC. After washing with 1% BSA in PBS, a NorthernLightsTM 557-conjugated anti-mouse IgG secondary 

antibody (dilution 1:200 in 1% BSA PBS) (R&D systems) was added into the samples and incubated in the 

dark for 1 h at room temperature. Finally, the cell nuclei were counterstained with DAPI (Invitrogen, Carlsbad, 

CA) (1.5 μg/ml) for 5 min and then washed with PBS. The fluorescent staining was imaged by fluorescence 

microscope (Olympus IX51 Inverted Microscope: Olympus America Inc., Melville, NY) and recorded by an 

attached digital camera, at a magnification of 10x.  
 

 

V.2.4. Cell proliferation and osteogenic differentiation assays 
 

BM MSC were seeded on dECM at a density of 3000 cells/cm2 using expansion medium (DMEM+10% 

FBS). Medium renewal was performed every 3-4 days. The metabolic activity of MSC was evaluated using 

AlamarBlueÒ cell viability reagent (Molecular Probes, Eugene, OR), on days 1, 4 and 7. AlamarBlueÒ cell 

viability reagent was added to the cells and incubated at 37ºC in 5% CO2 chamber for 2.5h. Fluorescence was 

quantified (560nm – 590nm) and compared to a calibration curve to access the equivalent number of viable 

cells under each condition. Cell proliferation was measured in triplicates in all groups. 

After reaching confluency, osteogenic medium composed by low glucose DMEM supplemented with 10% 

FBS, 10 mM β-glycerophosphate (Sigma-Aldrich), 10 nM dexamethasone (Sigma-Aldrich) and 50 μg/ml 

ascorbic acid (Sigma-Aldrich) was added to the culture. Medium renewal was performed every 3-4 days. After 

21 days of osteogenic differentiation, total calcium content and Alkaline phosphatase (ALP) activity assays 

were performed. For determination of total calcium content, samples (n=3) were washed twice with PBS and 

extracted off using a 0.5 M HCl solution (Sigma-Aldrich, St Louis, MO). Accumulated calcium was removed 

from the cellular component by shaking overnight at 4ºC. The supernatant was used for calcium determination 

according to the manufacturer’s instructions contained in the calcium colorimetric assay kit (Stanbio 

Laboratory, Boerne, TX). Absorbance at 550 nm was measured for each condition and normalized to the total 

number of cells after 21 days and determined by AlamarBlueÒ cell viability assay. Total calcium was 

calculated from calcium standard solution prepared in parallel.  

ALP activity was detected using a colorimetric ALP kit (BioAssays Systems, Hayward, CA) according to 

the manufacturer’s protocol. Samples (n=3) were washed with PBS and were incubated in the lysis buffer 

(0.1% Triton X-100 in PBS) by shaking for 30 min at room temperature. The lysate was added to p-nitrophenyl 
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phosphate solution (10 mM) provided with the ALP kit. The absorbance was measured at 405 nm and 

normalized to the total number of cells in each sample, after 21 days, determined by AlamarBlueÒ cell 

viability assay. 

After 21 days of osteogenic differentiation, samples were stained with ALP staining and Von Kossa 

staining. Cells that were not cultured with osteogenic medium and maintained in expansion medium for 21 

days were also stained and used as negative controls. Culture medium was removed and cells were washed 

with PBS. Cells were fixed with 4% PFA for 20 min. Then, cells were rinsed in miliQ water during 15 min and 

then incubated with a Fast Violet solution (Sigma-Aldrich) and Naphthol AS-MX Phosphate Alkaline solution 

(Sigma-Aldrich) in a final concentration of 4% for 45 min, at room temperature in the dark. Cells were then 

washed three times with miliQ water and once with PBS. Von Kossa staining was performed by incubating the 

cells with a 2.5% silver nitrate solution (Sigma-Aldrich) during 30 min at room temperature in the dark. Cells 

were washed three times with miliQ water and visualized using an inverted microscope (Olympus IX51 

Inverted Microscope: Olympus America Inc., Melville, NY) at a magnification of 10x, and recorded by an 

attached digital camera.  

 

V.2.5. Cell morphology assay 
 

BM MSC were seeded on dECM at a density of 3000 cells/cm2 and cell morphology was assessed. After 7 

days of culture under expansion conditions, cells were washed twice with PBS, fixed with 4% PFA for 20 min 

and then permeabilized with 0.1% Triton X-100 for 10 min. After permeabilization, cells were incubated with 

phalloidin-TRITC (Invitrogen) (dilution 1:250, 2 μg/ml) for 45 min in the dark. Then, cells were washed twice 

with PBS and counterstained with DAPI (Invitrogen) (1.5 μg/ml) for 5 min and then washed with PBS. The 

fluorescent staining was imaged by fluorescence microscope (Olympus IX51 Inverted Microscope: Olympus 

America Inc., Melville, NY) and recorded by an attached digital camera, at a magnification of 10x.  

DAPI/phalloidin staining was performed also after 21 days of culture of BM MSC under osteogenic 

differentiation conditions upon seeding on different dECM. 

 

V.2.6. qRT-PCR analysis 
 

Total RNA was extracted with a RNeasy Mini Kit (QIAGEN, Hilden, Germany). cDNA was synthesized 

from the purified RNA using iScriptTM Reverse Transcription Supermix (Bio-Rad, Hercules, CA). Reaction 

mixtures (20 μl) were incubated in a thermal cycler (Veriti 96-well thermal cycler: Applied Biosystems, Foster 

City, CA) for 5 min at 25ºC, 30 min at 42ºC and 5 min at 85ºC and then were maintained at 4ºC. The 

sequences of the specific primer sets used are given in Table V.1.  

The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using SYBRâ 

Green PCR Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system (Applied Biosystems). 

All reactions were carried out at 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 sec and 60ºC for 1 min; 

all were performed in triplicate. Glyceraldehyde 3-phosphate dehydrogenase was used as internal control to 

normalize differences in total RNA levels in each sample. A threshold cycle (Ct) was observed in the 

exponential phase of amplification, and quantification of relative expression levels was performed with the use 
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of standard curves for target genes and endogenous control. Geometric means were used to calculate the 

DDCt values and are expressed as 2 -DDCt. The mean values from triplicate analysis were compared. The 

values obtained for TCP group were set as 1 and were used to calculate the fold difference in the target gene. 

 

 

Table V.1. Sequences of primers used for qRT-PCR analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V.2.7. In vitro endothelial cell tube formation assay 
 

In order to study the effect of dECM on angiogenesis, a three-dimensional capillary in vitro tube formation 

assay was performed.  Conditioned medium from BM MSC cultured for 72 h on all the different substrates 

(dECM and TCP) (without FBS) were collected. HUVEC (2x104 cells) were cultured on a Matrigel substrate 

(50 µl/well) (Corning, Corning, NY) in a 96-well plate with the different conditioned media collected as 

mentioned above. After incubation for 8h at 37ºC, cells were labeled by adding calcein AM (Corning) (8 µg/ml) 

and incubated for 30 min at 37ºC. Three photomicrographs per well were taken under fluorescence 

microscope and the number of tubular-like structures formed were counted with the use of ImageJ (NIH) 

software. Endothelial growth medium supplemented with angiogenic growth factors (EGM-2) and endothelial 

basal medium, without growth factors, were served as positive and negative controls, respectively 

 

 

V.2.8. Scanning electron microscope evaluation  
 
The surface morphology of the different dECM obtained was examined using scanning electron 

microscopy (SEM) (FEI Versa 3D Dual Beam). dECM were rinsed with PBS and then fixed with 4% PFA for 

20 min, after which these were dehydrated in a graded series of ethanol (20%, 40%, 60%, 80%, 100%), and 

dried. The dECM were sputter-coated with a thin layer of 60% gold-40% palladium before imaging. Samples 

were imaged at different magnifications with an operating voltage between 2-3 kV. 

 
Genes 

 
Sequences 

 
 

GAPDH 
 
 

Col I 
 
 

Runx2 
 

 
ALP 

 
 

OPN 
 
 

OC 
 

 
For: 5’ AAC AGC GAC ACC CAC TCC TC 
Rev: 5’ CAT ACC AGG AAA TGA GCT TGA CAA 
 
For: 5’ CAT CTC CCC TTC GTT TTT GA 
Rev: 5’ CCA AAT CCG ATG TTT CTG CT 
 
For: 5’ AGA TGA TGA CAC TGC CAC CTC TG 
Rev: 5’ GGG ATG AAA TGC TTG GGA ACT 
 
For: 5’ ACC ATT CCC ACG TCT TCA CAT TT 
Rev: 5’ AGA CAT TCT CTC GTT CAC CGC C 
 
For: 5’ ATG AGA TTG GCA GTG ATT 
Rev: 5’ TTC AAT CAG AAA CCT GGA A 
 
For: 5’ TGT GAG CTC AAT CCG GCA TGT 
Rev: 5’ CCG ATA GGC CTC CTG AAG C 
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V.2.9. Statistical analysis 
 

Each experiment was conducted in triplicate. Shapiro-Wilk test was performed to test for the normality of 

data. Statistical analysis of the data was performed using Student’s t-test, comparing each condition with the 

control condition (TCP) at the same timepoint, using GraphPad Prism version 7. The statistical significance of 

results is reported at 95% confidence intervals (P<0.05). Throughout this chapter, results are presented as 

mean ± standard deviation (SD). 

 

 

V.3. Results 
 
 
V.3.1. Characterization of decellularized extracellular matrix produced from MSC, HUVEC and co-

culture of MSC:HUVEC 
 

Decellularized cultured cell-derived extracellular matrices (dECM) were obtained from different cell types: 

BM MSC, HUVEC and three different ratios of MSC:HUVEC co-culture (1:1, 1:3, 3:1), in order to produce 

substrates (in this case TCP) coated with the respective ECM (Figure V.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure V.1. Schematics of decellularization of cultured cell-derived ECM (dECM) derived from BM MSC and HUVEC 
cultures and co-cultures of BM MSC:HUVEC at different ratios (1:1; 3:1; 1:3). After decellularization, BM MSC were 
reseeded onto the various dECM and cell proliferation, osteogenic differentiation and angiogenic properties were 
evaluated. 
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Confluent cultures of MSC, HUVEC, MSC:HUVEC (1:1), MSC:HUVEC (1:3) and MSC:HUVEC (3:1) were 

decellularized according to previously published procedures (Yang et al. 2018, Gong et al. 2017, Kusuma et 

al.  2017, Kang et al.2012). Figure V.2 reveals that cell cultures were completely confluent before 

decellularization and fluorescent micrographs of DAPI/phalloidin stained cultures showed well-defined cell 

nuclei before decellularization.  After treatment with a solution of 0.5% Triton X-100 containing 20mM NH4OH 

in PBS, the ECM produced by cells remained and DAPI staining demonstrated a residual amount of cellular 

nuclei, indicating that most of the cellular nuclei were disrupted after the decellularization process (Figure V.2 

and V.3).  

Red fluorescent protein (RFP)-expressing HUVEC were used to evaluate HUVEC distribution during co-

culture with BM MSC at three different ratios Interestingly, HUVEC presented a different organization when 

co-cultured with MSC at a ratio of MSC:HUVEC 1:3, creating a more interconnected network. HUVEC alone 

did not create such an interconnected network, instead a confluent cell monolayer was observed (Figure V.4), 

indicating that MSC are important to support the formation of this capillary structure.  

In order to verify that the remaining material on the culture substrates was composed by ECM elements, 

following decellularization, different substrates were stained for common ECM proteins such as collagen type 

I, collagen type IV, laminin and fibronectin. The results demonstrated that, after the decellularization 

procedure, the substrates were coated with a biological network of extracellular matrix. Figure V.3 shows that 

there were some differences among the components of the different dECM. All dECM stained positive for 

collagen type I. Interestingly, collagen IV, laminin and fibronectin produced by BM MSC and HUVEC showed 

different relative abundance throughout the different dECM obtained. HUVEC-derived ECM expressed 

relatively low level of collagen IV, laminin and fibronectin in the form of a sparse dot-like morphology (Figure 

V.3). Notably, osteocalcin, a non-collagenous protein found in bone ECM, showed higher relative abundance 

throughout the dECM produced by the co-culture of MSC:HUVEC (all ratios). Immunostaining of osteocalcin 

showed that its expression was strongly detected in the ECM obtained from MSC:HUVEC co-culture, 

regardless the cell ratio, but not well detected in the others dECM. Therefore, consistent with our proposed 

strategy, the composition of the dECM could be modulated with various combinations of cultured cell types. 

Scanning electron microscopy (SEM) revealed differences in the architecture of dECM derived from 

different cell types after the decellularization protocol (Figure V.5). SEM images confirmed that BM MSC-

derived ECM presented a fibrillar architecture. Notably, HUVEC-derived ECM and ECM obtained from 

MSC:HUVEC co-cultures (1:1 and 1:3) ECM demonstrated a globular structure, presenting a similar pattern 

between these. Moreover, ECM derived from BM MSC:HUVEC co-cultures at a 3:1 ratio showed a more 

fibrillar structure, like BM MSC ECM, possibly due to the higher ratio of this cell type in this particular 

condition.  
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Figure V.2. Characterization of dECM derived from BM MSC and HUVEC cultures and co-cultures of BM MSC:HUVEC at 
different ratios (1:1; 3:1; 1:3). Phase contrast microscopy images and DAPI/phalloidin stainings taken before and after 
decellularization with 20 mM NH4OH + 0.5% Triton solution confirmed the decellularization process. Red: Alexa Fluor® 594 
phalloidin; Blue: DAPI. Scale bars, 100 μm.   
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Figure V.3. Comparison of dECM derived from MSC, HUVEC, MSC:HUVEC 1:1, MSC:HUVEC 3:1 and MSC:HUVEC 
1:3. Immunofluorescent staining images of collagen I, collagen IV, laminin, fibronectin and osteocalcin showed different 
distribution of the ECM proteins after the decellularization protocol. Red: NothernLightsTM 557 donkey anti-mouse 
antibody; Blue: DAPI.  Scale bars, 100 μm. 
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Figure V.4. Morphology and cell distribution of HUVEC when co-cultured with BM MSC at different ratios, before the 
decellularization protocol.  When HUVEC were co-cultured with MSC at ratio 1:3 (MSC:HUVEC 1:3), HUVEC rearranged 
as a capillary-like structure. Scale bars, 200 μm. 



 220 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure V.5. Scanning electron microscopy (SEM) images of dECM derived from BM MSC and HUVEC cultures and co-
cultures of BM MSC:HUVEC at different ratios (1:1; 3:1; 1:3) after the decellularization protocol. Scale bars, 1 μm. 
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V.3.2. Decellularized cultured cell-derived extracellular matrix promotes the proliferation of BM 
MSC in vitro  
 

To determine whether dECM derived from BM MSC, HUVEC and MSC:HUVEC cultures promoted the 

proliferation of MSC in vitro, cellular metabolic activity of BM MSC cultured on different dECM was measured 

by Alamar blue assay after 1, 4 and 7 days of culture. Comparison of cell proliferation between BM MSC 

cultured on different dECM and on tissue culture polystyrene (TCP – no ECM) is shown in Figure V.6. After 4 

days, BM MSC cultured on ECM coatings obtained from BM MSC, HUVEC and MSC:HUVEC (1:1) cultures 

showed a statistically significant  increase in cell numbers compared with cells cultured on TCP without an 

ECM substrate (control). Interestingly, after 7 days of cell culture, results showed that cells seeded on all 

dECM proliferated faster than those on TCP, reaching higher cell number.  In particular, BM MSC cultured on 

MSC:HUVEC (1:1)-derived ECM reached a cell number of 7.22 x 104 compared to 5.19 x 104 cells obtained 

when BM MSC were cultured on TCP (no ECM, control). These results indicate that ECM derived from both 

cell types, BM MSC and HUVEC, can enhance the proliferation of BM MSC in vitro. Furthermore, BM MSC 

seeded onto all different substrates showed the same cell morphology, after 7 days of cell culture (Figure 

V.6b). 
 

 

 

 
V.3.3. Decellularized cultured cell-derived extracellular matrix promotes the osteogenic 

differentiation of BM MSC in vitro 

 

To investigate the effect of the different dECM obtained on the osteogenic differentiation of BM MSC, we 

evaluated ALP activity, calcium deposition, as well as osteogenic gene expression of MSC after 21 days of 

cultivation under osteogenic culture conditions.  

ALP activity of BM MSC was quantified after 21 days of osteogenic differentiation on all different 

substrates, as well as observed by histochemical stainings. The ALP activity of BM MSC seeded on HUVEC-

derived ECM, and ECM derived from BM MSC:HUVEC co-cultures  (1:1 and 1:3 ratios) demonstrated a 

statistically significant increase compared with BM MSC seeded on TCP (control). Interestingly, ALP activity of 
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Figure V.6. In vitro proliferation and morphology of BM MSC cultured on different substrates produced by cell-derived 
ECM. a) Numbers of BM MSC cultured on dECM obtained from different cell types and on TCP (No ECM-control). b) 
Representative photomicrographs showing the morphology of BM MSC seeded on dECM and on TCP on day 7. Red: 
phalloidin; blue: DAPI. Scale bars, 100 μm. Data are expressed as mean ± SD, **p<0.01; *p<0.05 (n=3). 
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BM MSC differentiated on BM MSC-derived ECM did not show any improvement compared with the TCP 

substrate. Histochemical staining confirmed the quantitative results obtained herein (Figure V.7a,b). 
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Figure V.7. Osteogenic differentiation of BM MSC on the different dECM substrates obtained. a) Representative images of 
BM MSC stained with alkaline phosphatase (ALP) and Von Kossa (VK) dyes after 21 days of osteogenic induction. b) ALP 
activity of BM MSC differentiated on dECM and TCP (No ECM) after 21 days of osteogenic differentiation. c) Calcium 
quantification of BM MSC differentiated after 21 days on dECM and TCP. d) qRT-PCR analysis for determination of the 
expression of osteogenic genes after 21 days of culture under osteogenic conditions. e) Cell morphology of BM MSC 
differentiated under osteogenic culture medium on different dECM and TCP after 21 days of differentiation. Red: phalloidin; 
blue: DAPI. Scale bars, 100 μm. Data are expressed as mean ± SD, **p<0.01; *p<0.05 (n=3). 
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After 21 days of osteogenic induction, Von Kossa staining revealed mineralized deposits on all groups, 

which shows that BM MSC cultured on all surfaces (ECM coatings and TCP-control) maintained their 

osteogenic differentiation potential. However, enhanced mineralization, demonstrated by the darker regions 

stained with Von Kossa, was observed when BM MSC were differentiated on ECM derived from BM 

MSC:HUVEC  co-cultures (all ratios) (Figure V.7a).  Calcium quantification was also assessed with a 

colorimetric assay after 21 days of differentiation. A slight increase on calcium deposition was observed when 

BM MSC were cultured on HUVEC-derived ECM, however, a statistically significant improvement on calcium 

deposition occurred when cells were differentiated on MSC:HUVEC-derived ECM. Interestingly, the 

mineralization enhancement was observed for all the MSC:HUVEC-derived ECM produced with the three 

different cell ratios. On the other hand, when BM MSC were differentiated on MSC-derived ECM, no 

statistically significant increase on calcium levels quantification was observed, compared to TCP (control) 

(Figure V.7c). 

The expression levels of Col I, ALP, Runx2, OC and OPN genes were measured by real-time PCR 

analysis after BM MSC were cultured under osteogenic differentiating conditions on all different dECM and 

TCP (no ECM, control) for 21 days (Figure V.7d). BM MSC cultured on all ratios of MSC:HUVEC-derived 

ECM exhibited the greatest degree of osteogenic differentiation, especially in what concerns mRNA 

expression levels of late osteogenic markers (OPN and OC). Col I and ALP are osteogenic markers 

associated with early osteogenic differentiation, while OPN and OC are osteogenic-specific ECM proteins. 

Therefore, the expression levels of OPN and OC were evaluated as indicators of late osteoblastic 

differentiation. 

All dECM substrates resulted in an increase of the expression levels of osteogenic genes by BM MSC. 

ECM derived from MSC:HUVEC co-culture (1:1) presented significantly higher levels of osteogenic gene 

expression compared with TCP (no ECM coating). We found that MSC cultured on MSC:HUVEC-derived 

ECM (all ratios) upregulated the expression of late osteogenic genes, such as OPN and OC. 

These data illustrate that ECM derived from BM MSC and HUVEC cultures can improve the osteogenic 

differentiation capacity of BM MSC, compared to cells differentiated on TCP, since cells grown on dECM were 

able to maintain a better osteogenic phenotype as indicated by the higher mRNA expression levels of Col I, 

Runx2, ALP, OPN and OC (Figure V.7d). 

 

 
 

V.3.4. Decellularized cultured cell-derived extracellular matrix enhances angiogenic properties  
 

The angiogenic promoting effects of the different dECM obtained were investigated by evaluating HUVEC 

response to conditioned medium from BM MSC cultured on the different substrates. To this end, an in vitro 

functional tube formation assay was performed where HUVEC were cultured on Matrigel using the 

conditioned media collected from cultures of BM MSC cultivated for 72 hours on the different substrates 

(dECM and TCP), according to the previously described in Materials & Methods section. Endothelial cell 

growth medium, with or without VEGF, served as positive and negative controls, respectively. The results 

obtained are presented in Figure V.8. 
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After 8h post seeding, tubular-like structures were found on Matrigel seeded with HUVEC using the 

conditioned medium retrieved from cultures of BM MSC on all substrates (Figure V.8a). Our data indicate that 

conditioned medium collected from MSC cultured in all groups for 72 hours can promote endothelial cell tube 

formation. However, complex web-like structures were only detected when HUVEC were cultured with 

conditioned medium from MSC:HUVEC (1:3) ECM culture, indicating that MSC:HUVEC (1:3) ECM enhanced 

the pro-angiogenic capacity of BM MSC. Quantitative analysis showed significantly higher number of tubes 

formed by HUVEC cultured with conditioned medium obtained from MSC:HUVEC (1:3) ECM culture 

compared with conditioned medium from cells cultured on TCP (Figure V.8b). We believe that there is a 

difference in amount and composition of angiogenic factors that are secreted from MSC cultured on different 

dECM and TCP. Moreover, we hypothesize that some ECM proteins and growth factors responsible for 

angiogenesis may be retained in the dECM, allowing a slow release of these factors to the medium, 

enhancing the angiogenic potential of these cells. 

 

 

 

 
 
 
 

Figure V.8. The angiogenic promoting effects of the different dECM were investigated by evaluating HUVEC response to 
conditioned medium from BM MSC cultured on the different substrates: MSC ECM, HUVEC ECM, MSC:HUVEC (1:1) 
ECM, MSC:HUVEC (3:1) ECM, MSC:HUVEC (1:3) ECM. a) Tube formation assay of HUVEC cultured on Matrigel with 
conditioned medium produced from BM MSC seeded on different dECM and TCP (No ECM, control) after 8h. HUVEC 
were cultured with VEGF-supplemented EGM on Matrigel as a positive control. b) Quantification of number of tubes 
formed by HUVEC on Matrigel cultured with conditioned medium derived from BM MSC cultured on different dECM and 
TCP after 8h. Scale bars, 100 μm. Data are expressed as mean ± SD, *p<0.05 compared to no ECM group. 
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V.4.Discussion 
 

ECM in bone is composed by a complex network of proteins, glycoproteins, proteoglycans and 

polysaccharides. It influences cell behavior through interactions with the cell surface receptors and with other 

proteins. In fact, ECM can interact and/or store several growth factors and cytokines, modulating the cellular 

functions (Hynes 2009), providing signals for cell growth and influencing cell adhesion, migration and 

differentiation, as well as the regulation of gene expression (Lai et al. 2010, Sun et al. 2011). Therefore, 

biomimetics of the native ECM could provide an effective strategy for biomaterials, used for tissue engineering 

applications, to provide the necessary biological and physical cues to the cells, recapitulating the different 

ECM functions (Fitzpatrick et al. 2015). Consequently, different approaches have been used to culture cells in 

the presence of ECM proteins to stimulate the interactions between cells and ECM, mimicking the natural 

microenvironment. For example, ECM proteins have been used as coatings in tissue culture to modify cell 

behavior (Ragetly et al. 2010, Vleggeert-Lankamp et al. 2004). However, this approach has some limitations, 

because the surface coating process is difficult to control and adsorption may lead to denaturation of the 

proteins resulting in reduced functionality. Furthermore, instead of the complex assembly of proteins present 

in the native ECM, coating approaches, utilize only few selected proteins and, therefore, offer limited 

functionality. In fact, synthetic materials formed from isolated biological materials, such as collagen, 

fibronectin or hyaluronan, fail to achieve the molecular complexity and organization of native tissue matrices 

(Ravindran et al. 2012). Therefore, there is a high demand for developing surfaces for in vitro cell growth and 

differentiation that represents, more accurately, the biological microenvironment.  

To address the above limitations, decellularized ECM has emerged as a new strategy to create a natural 

bioactive material that could be used for tissue engineering applications (Zhang et al. 2016). Based on the 

ECM source, different approaches to produce dECM have been described, including the tissue-derived ECM 

or cell-derived ECM. Tissue-derived matrices, harvested from cadaveric sources, suffer from inherent 

heterogeneity and have limited ability for customization (Fitzpatrick et al. 2015). These matrices have 

demonstrated several disadvantages, such as potential pathogen transfer and inflammatory or anti-host 

immune responses (Badylak et al. 2009, Skora et al. 2012, Liao et al. 2010, Cheng et al. 2009). In contrast, 

cell-derived ECM are considered to be a safer alternative ECM source, since they offer the possibility to use 

autologous cells, thereby minimizing any potential risk of immune responses and pathogen transmission 

(Yang et al. 2018). Furthermore, cell source is a determinant for the resulting cell-derived ECM composition. 

Indeed, cells derived from different tissues typically yield matrices that mimic the relative composition of the 

natural tissue matrix (Fitzpatrick et al. 2015). 

MSC are a common source of cell-derived ECM due to their ability to deposit ECM that mimics various 

tissues depending on culture conditions, such as bone, cartilage, adipose. MSC-derived ECM has been 

shown to have good biocompatibility and bioactivity and has been used as a culture substrate to rejuvenate 

aged mouse stem cells and enhance their lineage differentiation ability (Li et al. 2014). It has been shown that 

dECM from human MSC cultures could drastically promote MSC proliferation compared with TCP (Lai et al. 

2010). In fact, previous studies demonstrated that coating of an urea-extracted fraction of human MSC ECM 

improves MSC proliferation compared to coating consisting of single proteins, such as collagen type I, 

suggesting an important role for the synergistic effect of multiple proteins in the ECM (Lin et al. 2012). 

Moreover, Yang and colleagues have shown that MSC ECM from human BM also functions as a robust 
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substrate for chondrocyte proliferation and maintenance of chondrocytic phenotype (Yang et al. 2018). A 

different study from Lu and co-workers showed that MSC ECM incorporated into scaffolds supported cell 

adhesion and proliferation, promoting the production of ECM and demonstrating a stronger stimulatory effect 

on the chondrogenesis of MSC (Lu et al. 2011). Mikos and colleagues have already reported that ECM 

derived from rat marrow stromal cells increases bone matrix deposition, enhancing osteogenic properties 

(Pham et al. 2008, Datta et al. 2005, Datta et al. 2006). 

The properties of HUVEC ECM have also been investigated. Enhanced osteogenic differentiation of 

human BM MSC was observed in a beta-tricalcium phosphate scaffold incorporated with HUVEC ECM (Kang 

et al. 2012). Another study from Gong and co-workers demonstrated that HUVEC ECM enhanced adhesion, 

proliferation and endothelial differentiation of stem cells from exfoliated deciduous teeth (Gong et al. 2017). 

In this study we evaluated the effect of different compositions of decellularized cultured cell-derived ECM 

produced from MSC, HUVEC and co-culture of MSC:HUVEC (MSC:HUVEC 1:1, 1:3, 3:1) on cell proliferation, 

osteogenic differentiation and angiogenic properties of human BM MSC and we hypothesized that a 

MSC:HUVEC ECM could stimulate both osteogenesis and angiogenic properties and, consequently, 

represent  a new strategy for enhanced bone healing and accelerated vascularization of the defect site.  

Here we demonstrate that the decellularized ECM deposited by co-culture of BM MSC and HUVEC 

(MSC:HUVEC ECM) is able to mimic the native bone niche and this new strategy achieves synergistic effects 

on promoting the angiogenic features and osteogenic differentiation of BM MSC.  Our results are consistent 

with recent suggestions that co-culture systems of MSC and EC can, indeed, incite a cellular crosstalk 

through the paracrine and juxtacrine cellular interaction or vesicle trafficking between MSC and EC, leading to 

the modulation of the angiogenic response (Aguirre et al. 2010, Nassiri et al. 2014). Furthermore, it has been 

demonstrated that co-culture of MSC and HUVEC can form a vascular tissue-like network in vitro through the 

induction of VEGF production (Greillier et al. 2009).  Conceptually, our findings are consistent with the 

observation that, during osteogenic differentiation, osteoblasts secrete VEGF, which can be used by EC, while 

EC secrete BMP, which in turn can be used by osteoblasts (Zhao et al.  2012). Moreover, HUVEC are also 

known to enhance the osteogenic differentiation of BM MSC (Lee et al. 2017). Therefore, the co-culture of 

both cell types hold the promise of activating multiple signaling pathways to enhance the biological effects of 

MSC, namely in the context of bone regeneration. We hypothesized that decellularized ECM deposited by co-

culture of MSC and HUVEC (MSC:HUVEC ECM) would mimic, in a more reliable way, the native bone niche 

and this strategy would achieve synergistic effects on angiogenesis and tissue regeneration by osteogenic 

differentiation of MSC. 

The optimal cell ratio in co-cultures of human MSC and EC is still under investigation, although for some of 

the co-cultures (e.g. BM MSC/HUVEC) a 1:1 ratio was reported to be optimal for both osteogenesis and 

angiogenesis (Ma et al. 2011). Therefore, we decided to investigate if ECM produced by a co-culture of BM 

MSC with HUVEC at different ratios would influence the biological response of MSC. The MSC:HUVEC ratios 

1:1, 1:3 and 3:1 were used to produce the respective cell-derived ECM. The results presented here show that 

decellularized cultured cell-derived ECM, as a culture substrate, promoted cell proliferation, osteogenic 

differentiation and enhanced the angiogenic properties of BM MSC, compared to TCP. 

The comparison of BM MSC growing on different cultured cell-derived ECM substrates demonstrated that 

cells reached similar cell numbers for all dECM, although higher number of cells was obtained on dECM 
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substrates compared with TCP (no ECM, negative control) (Figure V.6). All groups of dECM substrates 

supported the in vitro proliferation of BM MSC.  The underlying mechanism responsible for the proliferation 

supportive activity of the ECM derived from stem cells is not known. However, we consider that ECM can 

provide anchorage to growth factors and cytokines, which can be presented to cells in a physiological way, 

stimulating cell proliferation. Moreover, ECM elements derived from key cellular sources can slowly release 

bioactive factors into the microenvironment. We, therefore, hypothesize that cultured cell-derived ECM 

proteins retained after a decellularization process, as well as sequestered growth factors, will contribute to the 

enhancement of the proliferation of BM MSC, although the exact underlying mechanism requires further 

study. 

Moreover, for all conditions tested, the obtained dECM enhanced the osteogenic differentiation of BM 

MSC, characterized by the increase of alkaline phosphatase activity and calcium levels in comparison with 

cells cultured on TCP.  In particular, MSC:HUVEC-derived ECM improved the osteogenic potential of BM 

MSC, suggested by the enhancement of mineralization and ALP activity levels. BM MSC cultured on dECM 

significantly increased the expression of osteogenic genes, such as Col I, Runx2 and ALP (Figure V.7d). 

Interestingly, MSC cultured on all MSC:HUVEC ECM upregulated expression of late osteogenic genes, such 

as OPN and OC, suggesting that, regardless of the cell ratio, cells differentiated on MSC:HUVEC-derived 

ECM were producing a more mature matrix and, likely, accelerating the mechanism of differentiation. These 

results were also confirmed by histochemical staining: Von Kossa staining was enhanced with BM MSC 

differentiated on MSC:HUVEC-derived ECM (all ratios) compared with other ECM substrates (Figure V.7a). 

Furthermore, calcium levels were also higher for MSC:HUVEC-derived ECM (Figure V.7c).  These results 

suggest that MSC:HUVEC ECM enhanced mineralization when used as a substrate for BM MSC adhesion 

and spreading. In terms of osteogenesis, no clear differences were observed between ECM obtained from co-

cultures of MSC:HUVEC at different ratios. 

In this study, the dECM obtained were characterized by immunostaining and SEM. Immunostaining of 

ECM proteins revealed the fibrillar organization and web-like structure of some ECM proteins, such as 

collagen I, collagen IV, fibronectin and laminin (Figure V.3). Interestingly, immunostaining of osteocalcin was 

more abundant in cultures where MSC:HUVEC-derived ECM (all ratios) compared with the other dECM. We 

thus hypothesized that some possible osteocalcin, a late marker of osteogenesis (Zoch et al. 2016), present in 

the MSC:HUVEC ECM facilitated the enhancement of osteogenic differentiation of BM MSC observed when 

cells were cultured on MSC:HUVEC-derived ECM substrates, inducing the production of a more mature 

mineralized matrix. However, further quantitative studies are needed to determine the amount of osteocalcin 

present in those dECM. SEM images revealed that dECM from different cell types present a different structure 

(Figure V.5). BM MSC-derived ECM presented a more fibrillar structure compared with HUVEC-derived ECM 

where a globular pattern was observed. Notably, only MSC:HUVEC (3:1)-derived ECM demonstrated a 

fibrillar architecture, similar to MSC-derived ECM. We believe that the higher amount of BM MSC available in 

the condition MSC:HUVEC (3:1) contributed to the fibrillar structure of this dECM. On the other hand, 

MSC:HUVEC (1:1) and MSC:HUVEC (1:3)-derived ECM presented a more globular morphology with only few 

fibrillar structures observed.  

Angiogenesis is the process of formation of new blood vessels from pre-existing vasculature and plays an 

important in bone healing (Mongiat et al. 2016). BM MSC secrete angiogenic factors that improve the 
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formation of a capillary-like structure from HUVEC (Wang et al. 2012). Our results demonstrate that 

conditioned medium obtained from cultures where a MSC:HUVEC (1:3)-derived ECM is used allowed the 

formation of a robust network of HUVEC, compared with conditioned medium from cells cultured on all the 

others dECM and on substrates without ECM coating (TCP, control) (Figure V.8a).  These results indicate that 

MSC:HUVEC (1:3)-derived ECM is able to enhance the pro-angiogenic capacity of BM MSC. Different studies 

have shown that the deposition of fibronectin in a 3D cell-derived ECM appears to be imperative for matrix 

assembly and vascular morphogenesis (Mongiat et al. 2016). Consistent with the study by Mongiat and 

collaborators, immunostaining for fibronectin in our study confirmed and this protein was strongly detected in 

the MSC:HUVEC-derived ECM (all ratios), compared with the other dECM (Figure V.3).  MSC:HUVEC (1:3)-

derived ECM promoted better formation of tubular-like structures by HUVEC than TCP, likely due to some 

pro-angiogenic molecules embedded with the dECM, such as VEGF (Martino et al. 2015). Further studies 

should analyze the differences in what concerns ECM proteins, growth factors and glycosaminoglycans 

composition for the different proportions of proteins in dECM.  

Overall, our findings demonstrate that MSC:HUVEC-derived ECM enhances the osteogenic and 

angiogenic potential of BM MSC suggesting the use of MSC:HUVEC ECM as a new strategy to improve 

clinical outcomes of bone regeneration by improving the biological activity of tissue engineered constructs. 

Moreover, the ECM obtained from co-cultures at a ratio MSC:HUVEC (1:3) resulted in the best angiogenic 

response. To the best of our knowledge, this is the first study that demonstrates that dECM derived form a co-

culture of MSC:HUVEC influenced the osteogenic and angiogenic capabilities of BM MSC. Herein, we 

showed that all the dECM enhanced cell proliferation, however mineralization and angiogenic potential were 

only enhanced when cells were cultured on MSC:HUVEC ECM. 

Cultured cell-derived ECM appears to be a successful technology to enhance osteogenesis and 

angiogenesis, however some limitations remain. In order to prepare the cell-derived ECM, cells have to be 

isolated and cultured ex-vivo with additional costs. Moreover, the exact mechanism by which cultured cell-

derived ECM enhances the proliferation and osteogenic differentiation of BM MSC is not fully understood.  

Although this work did not quantify the relative amounts of ECM proteins, it demonstrates the impact of the 

cell type used on matrix composition. Future research should focus on identifying and quantifying the key 

extracellular proteins present in the different cell-derived ECM through proteomics approaches, as well as 

analyzing the activation of intracellular signaling pathways. However, despite these limitations, our findings, 

together with other results in the literature, strongly suggest that BM MSC are highly responsive to their ECM 

environment, which may be manipulated for their optimal application in bone repair and regeneration. 

Additionally, in contrast to TCP, dECM is able to more closely mimic the bone niche where MSC reside in 

vivo, reproducing, in a more robust way, the architecture of native ECM and providing a more beneficial 

microenvironment for osteogenic differentiation.  

In summary, our data demonstrate that an ECM derived from a co-culture of MSC:HUVEC produces an 

osteogenic and angiogenic response from BM MSC, suggesting the potential use of this matrix as a 

therapeutic product to be used for bone regeneration applications and as a new strategy to enhance bone 

healing while accelerating the vascularization of the defect site. In this context, in vivo studies are needed to 

further validate the translational application of these findings. 
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CHAPTER VI – Cell-derived extracellular matrix electrospun fibers for bone tissue 
engineering applications 

 
 
 
 
Outline 
 
 
 

Extracellular matrix (ECM) is composed by a complex and highly organized assembly of fibrillar proteins, 

matrix macromolecules and associated growth factors. Cell-derived ECM has been employed as scaffold for 

tissue engineering, creating a biomimetic microenvironment that provides physical, chemical and mechanical 

cues for cells and supports cell adhesion, proliferation, migration and differentiation by mimicking its in vivo 

microenvironment. 

Despite the enhanced bioactivity of cell-derived ECM, its application as a scaffold to regenerate hard tissues 

such as bone is still hampered by its insufficient mechanical properties. The combination of cell-derived ECM 

with synthetic biomaterials might result in an effective strategy to enhance scaffold mechanical properties and 

structural support. 

Electrospinning has been used in bone tissue engineering to fabricate fibrous and porous scaffolds, 

mimicking the hierarchical organized fibrillar structure and architecture found in the bone ECM. However, 

although the structure of the scaffold might be similar to the ECM architecture, most of these electrospun 

scaffolds failed to achieve functionality due to the lack of bioactivity and osteoinductive factors. 

In this study, we fabricate cell-derived ECM electrospun poly(ε-caprolactone) (PCL) scaffolds produced 

from ECM derived from mesenchymal stem/stromal cells (MSC), human umbilical vein endothelial cells 

(HUVEC) and their co-culture (MSC:HUVEC). We hypothesize that the cell-derived ECM incorporated into the 

PCL fibers will enhance biofunctionality of the scaffold. Therefore, the aims of this study were to fabricate and 

characterize cell-derived ECM electrospun PCL scaffolds and assess their ability to enhance osteogenic 

differentiation of MSC, envisaging bone tissue engineering applications. In particular, we investigate different 

compositions of ECM produced from different cell sources and evaluate their biological effect. Our findings 

demonstrate that all cell-derived ECM electrospun scaffolds promoted significant cell proliferation compared to 

PCL alone, while presenting similar physical/mechanical properties. Additionally, MSC:HUVEC ECM 

electrospun scaffolds significantly enhanced osteogenic differentiation of MSC as verified by increased ALP 

activity and osteogenic gene expression levels. To our knowledge, these results describe the first study 

suggesting that MSC:HUVEC ECM might be developed as a biomimetic electrospun scaffold for bone tissue 

engineering applications. 
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VI.1. Introduction 
 
 

The extracellular matrix (ECM) is composed of a complex and highly organized assembly of molecules, 

such as fibrillar proteins (e.g. collagens, fibronectin, laminin), glycosaminoglycans (e.g. heparin sulfate, 

chondroitin sulfate, hyaluronan), proteoglycans (e.g. decorin, versican, aggrecan) and matricellular proteins 

(e.g. osteopontin, thrombospondin) (Badylak et al. 2009, Kleinman et al. 1987).  Although being composed 

mainly by the above-mentioned components, ECM composition and distribution of the matrix molecules vary 

considerably with the type of tissue and can be altered during the stages of tissue development and due to 

some pathological conditions (Badylak et al.  2009). 

Currently, tissue engineering and regenerative medicine is focused on developing biomaterials that can 

mimic the native ECM by incorporating features that recapitulate its architecture, structure, composition and 

functionality, recreating the in vivo microenvironment. In fact, some isolated ECM proteins, such as collagen, 

fibronectin, vitronectin (Mistry et al. 2005, Khademhosseini  et al.  2009, Kundu et al. 2006, Ku et al. 2005), 

have been used in the design of new biomaterials. However, these materials fail to achieve the molecular 

complexity of the native ECM. Moreover, most of the secreted factors and ECM molecules are still unknown or 

have an unknown biological concentration thus hindering the development of optimized cell culture media. 

Therefore, cell-derived ECM appears a promising alternative approach to better mimic the in vivo 

microenvironment of cells. Cell-derived ECM serves as a reservoir of multiple cytokines and growth factors, 

such as factors involved in inflammation (i.e. MCP-1, M-CSF, IL-8), angiogenesis (i.e. VEGF-alpha) and 

remodeling (i.e. MMP-13, OPG) (Bourgine et al. 2014, Hynes et al. 2009). 

Cell type is essential to determine the resulting composition of the ECM, since cells derived from different 

tissues typically yield matrices that mimic the composition of its natural tissue matrix (Fitzpatrick et al.  2015). 

In fact, mesenchymal stem/stromal cells (MSC) are a common material to obtain cell-derived ECM due to their 

ability to deposit ECM that can mimic different tissues depending on culture conditions, such as bone, cartilage 

and adipose tissue.  Moreover, MSC-derived ECM has been shown to rejuvenate aged mouse stem cells and 

enhance their lineage differentiation ability (Li et al. 2014). Decellularized ECM from human MSC cultures have 

been shown to promote MSC proliferation (Lai et al. 2010). Human umbilical vein endothelial cells (HUVEC) 

have also been investigated to enhance osteogenic differentiation of MSC. Kang and colleagues have fabricated 

a β-TCP scaffold incorporated with HUVEC ECM, improving the osteogenic capacity of these scaffolds (Kang 

et al. 2012). Moreover, recent research has focused on the use of co-culture systems and co-cultured MSC and 

HUVEC were shown to enhance osteogenic differentiation of MSC. For instance, endothelial cells secrete 

factors, such as bone morphogenetic proteins (BMP) (Zhao et al. 2012) that are beneficial for osteogenic 

differentiation of MSC. To cope with this and with the advantage of affording a more reliable bone marrow niche 

in vivo, we produced ECM derived from co-cultured MSC and HUVEC, expecting to enhance the proliferation 

and osteogenic differentiation of MSC. In fact, our previous results showed that MSC:HUVEC ECM could 

stimulate osteogenic response of MSC, being an ideal material to be used for bone regeneration applications. 

Although cell-derived ECM have shown improvements on biological activity, their mechanical properties are 

still insufficient to support and regenerate hard tissues such as bone (Hong et al. 2011, Bracaglia et al. 2015). 

Therefore, cell-derived ECM can be combined with synthetic biomaterials to improve the mechanical properties 

and enhance cell-material interactions. In particular, electrospinning has been often used to fabricate fibrous 
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and porous scaffolds from a variety of natural and synthetic materials for a broad range of tissue engineering 

applications (Li et al. 2002, Sill et al. 2008, Yoshimoto et al. 2003).  Moreover, the high surface area, porosity 

and interconnectivity of the electrospun fibers are favorable for cell attachment and proliferation and also enable 

nutrient and waste exchange (Li et al. 2002, Bhardwaj et al. 2010). Electrospun fibers are highly relevant for 

bone tissue engineering due to the fact that their architecture mimics the hierarchical organized micro/nano 

scale fibrous structure found in the native bone ECM (Reznikov et al. 2014).  

Poly (ε-caprolactone) (PCL) is a FDA-approved, biodegradable and biocompatible synthetic material that 

has been extensively used in biomedical applications (Cipitria et al. 2011).  Due to its semi-crystalline and 

hydrophobic nature, PCL has a slow degradation rate and mechanical properties suitable for different tissue 

engineering settings, with special relevance in repairing defects in hard and slow regenerating tissue like bone 

(Engelberg & Kohn 1991, Middleton & Tripton 2000, Nair & Laurencin 2007). Accordingly, PCL electrospun 

fibrous scaffolds were previously used in bone repair either in their pristine form or in different coupled strategies 

to improve scaffold osteoinductive capacity. Such coupled strategies include fiber surface modification with 

bioactive coatings or immobilized biomolecules, or blending with other copolymers (Yoshimoto et al. 2003, 

Mattanavee et al. 2009, Kim et al.  2014, Yao et al.  2017). 

Cell-derived ECM has been used in combination with electrospinning techniques to develop scaffolds that 

mimic not only the architecture and structure of ECM, but also its composition (Shtrichman et al. 2014, Jeon et 

al. 2016, Fu et al. 2018, Thakkar et al. 2013). Most of the studies reported in the literature developed strategies 

to decorate electrospun nanofibers with ECM by seeding cells onto the fibers, allowing them to grow followed 

by decellularization to obtain the ECM-decorated electrospun fibers. A different approach has also emerged in 

which the cell-derived ECM is produced in regular in vitro cell culture dishes, collected and lyophilized to 

generate ECM powder that can be added to the polymer solution and electrospun to generate fibers with 

incorporated cell-derived ECM particles (Thakkar et al. 2013). Accordingly, we expected that by directly 

incorporating cell-derived ECM into PCL electrospun fibers, we could develop hybrid bioactive scaffolds with 

the appropriate structural and mechanical support using a synthetic material and ECM-mediated signaling to 

target different cellular processes, such as proliferation, osteogenic differentiation and angiogenesis. 

The aim of this study was to develop cell-derived ECM PCL electrospun scaffolds derived from different cell 

sources: MSC, HUVEC and co-culture of MSC:HUVEC  and test their potential in  bone regeneration. The 

scaffolds were characterized in terms of their structural, thermal and mechanical properties. Their ability to 

support MSC osteogenic differentiation was evaluated by assessing cell proliferation, biochemical activity and 

gene expression. To our knowledge, this is the first study in which ECM derived from a co-culture of MSC and 

HUVEC was incorporated into PCL electrospun fibers to develop a bioactive scaffold targeting bone repair 

applications.  
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VI.2. Materials & Methods 
 
 
VI.2.1. Cell culture 

 
Human bone marrow MSC were obtained from Lonza (Basel, Switzerland). Human bone marrow MSC were 

thawed and plated on T-75 cm2 flasks using low-glucose Dulbecco’s Modified Eagle Medium (DMEM:Gibco, 

Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin 

(Pen-Strep, Gibco)  and kept at 37ºC, 5% CO2 and 21% O2 in a humidified atmosphere.  HUVEC were 

purchased from Lonza and maintained in commercial endothelial growth medium-2 (EGM-2, Lonza) and kept 

at 37ºC, 5% CO2 and 21% O2 in a humidified atmosphere. Medium renewal was performed every 3-4 days. All 

the experiments were performed using cells between passages 3 and 5. 

 
 
 

VI.2.2. Decellularized cell-derived ECM preparation 
 
 
MSC, HUVEC and co-culture of MSC:HUVEC (1:1) were seeded at 5000 cells/cm2. MSC were incubated 

with DMEM+10% FBS, HUVEC with EGM-2 growth medium and co-culture of MSC:HUVEC was cultured in a 

combination of DMEM+10% FBS and EGM-2 (1:1). Cells were expanded for 7-10 days and medium was 

changed every 3-4 days. After reaching confluency, medium was discarded and cells were washed in 

Phosphate buffered saline (PBS, Gibco). ECM isolation was performed by decellularization techniques using a 

20 mM ammonium hydroxide (NH4OH) + 0.5% Triton X-100 (Sigma-Aldrich, St.Louis, MO) solution, based on 

previously reported methods (Kang et al. 2012, Gibson et al. 2014). The solution was added to the culture and 

incubated for 5 min at room temperature. After microscopic confirmation of complete cell lysis and presence of 

intact ECM on the surface of the wells, ECM was gently washed 3 times with distilled water. After that, ECM 

layer was detached from the well using a cell scrapper and collected in falcon tubes. The different cell-derived 

ECM powders to be further used in electrospinning procedure were obtained after freeze-drying.  
 

 
VI.2.3. Fabrication of cell-derived ECM electrospun PCL fibers  
 

 
Poly (ε-caprolactone) (PCL, Mn=80000 Da, Sigma-Aldrich) was dissolved at 11% wt/v in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP, Sigma-Aldrich) under agitation overnight at room temperature. Lyophilized cell-

derived ECM was incorporated into the PCL solution (0.25 mg/ml) followed by agitation overnight producing a 

final homogeneous solutions of PCL 11% wt/v-0.025%wt/v ECM (in HFIP). The fibrous scaffolds were fabricated 

by electrospinning. Therefore, 5 ml of PCL-ECM solution was loaded into a syringe placed in a pump and 

connected to a PTFE tube, which was attached on the other end to a 21G metallic needle (0.8 mm diameter). 

A controlled flow rate of 3 ml/h and an applied voltage of 20 kV were used, creating a potential difference 

between the needle and a grounded aluminum foil collector placed at a distance of 21 cm from the needle tip. 

The different PCL-ECM electrospun fiber mats were produced under the same process parameters and ambient 

conditions (temperature and relative humidity varied between 19-21°C and 20-25%, respectively) for 



 237 

approximately 60 min to ensure scaffold thickness. An overview of the procedure to fabricate cell-derived ECM 

microfibrous scaffolds is presented in Figure VI. 1. 

 
Figure VI.1. The schemata of the experimental procedure for the fabrication of cell-derived ECM microfibrous 
scaffolds. 

 
 
 
VI.2.4. Characterization of cell-derived ECM electrospun scaffolds 
 
VI.2.4.1. Scanning electron microscopy analysis 

 
The morphological and structural characterization of the PCL-ECM electrospun fibers was performed using 

a field emission scanning electron microscope (FE-SEM, FEI-Versa 3D Dual Beam, Hillsboro). Prior to imaging, 

samples were mounted on a holder and sputter-coated with a thin layer of 60% gold-40% palladium (Au-Pd). 

Samples were imaged at several magnifications using an accelerating voltage of 2-3 kV. The average fiber 

diameters and subsequent distributions of PCL-ECM electrospun scaffolds were determined by measuring 100 

individual fibers per condition from at least five different SEM images using ImageJ software (NIH). 

 
VI.2.4.2. Picro-sirius red staining 

 
Picro-sirius red stain kit (Abcam, Cambridge, MA) was used to identify collagen components on the PCL-

ECM electrospun scaffolds, following the manufacturer’s guidelines. Briefly, scaffolds were washed with PBS 

and incubated with Picro-sirius red solution for 60 min. The samples were rinsed twice with acetic acid solution, 

once with absolute ethanol and washed three times with PBS. Scaffolds were imaged using a bright field 

microscope (Olympus IX51 Inverted Microscope, NY USA). 
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VI.2.4.3. FTIR analysis 

 
Fourier transform infrared (FTIR) (Perkin Elmer Spectrum One FT-IR Spectrometer, USA) was used to 

identify the functional groups of the different lyophilized cell-derived ECM powder and fibrous scaffolds. Powder 

cell-derived ECM samples were mixed with potassium bromide (KBr) in pellets before the analysis in 

transmission mode in the spectral region of 4000-450 cm-1 and a resolution of 4 cm-1. Attenuated total 

reflectance (ATR-FTIR) mode was used to obtain the spectra of the different cell-derived ECM electrospun 

scaffolds. All spectra were collected between 4000-650 cm-1 with a resolution of 4 cm-1. 

 
VI.2.4.4. Differential scanning calorimetry analysis 

 
Pre-weighed samples were hermetically sealed in aluminium pans and subjected to a heating and cooling 

cycles between -50°C and 100 °C at a constant heating rate of 5 °C/min using a TA Instruments DSC-Q100 

apparatus (New Castle, Delaware, USA). Universal Analysis software V4.7A (TA Instruments) was used for 

data analysis to determine melting and crystallization temperatures. 

 

VI.2.4.5. Mechanical tensile testing 

 
Mechanical properties of cell-derived ECM electrospun scaffolds were tested under uniaxial tensile testing 

using a mechanical tester (Instron® Model 5843) with a 10 N load cell and a constant displacement rate of 10 

mm/min. Five different test specimens (n=5) for each condition were prepared in a rectangular shape with a 

length of 15 mm, width of 10 mm and a thickness of 0.1 mm. Experimental data was collected and processed 

using the Bluehill® 2 software. The Young’s modulus was determined from the slope of the initial linear strain 

region (0-15%) of the stress-strain curve. Ultimate tensile strength (UTS) and ultimate elongation were also 

obtained from the stress-strain curves. 

 
VI.2.5. Cell culture on cell-derived ECM electrospun scaffolds 
 
Prior to cell culture, cell-derived ECM electrospun scaffolds were sterilized by UV exposure for 4 h, placed 

in ultra-low cell attachment 24-well plates and washed three times with PBS+1% Pen-Strep solution. Then, 

scaffolds were soaked in culture medium and incubated at 37ºC for 1 h. 

Human bone marrow MSC were seeded on cell-derived ECM electrospun PCL scaffolds at a density of 

50000 cells per scaffold and incubated for 2 h at 37ºC, 5% CO2 and 21% O2 to allow cell attachment. Osteogenic 

medium composed by DMEM supplemented with 10% FBS, 10 mM β-glycerophosphate (Sigma-Aldrich), 10 

nM dexamethasone (Sigma-Aldrich), 50 µg/mL ascorbic acid (Sigma-Aldrich) and 1% penicillin-streptomycin 

was added to the scaffolds. The metabolic activity of MSC was evaluated using AlamarBlue® cell viability 

reagent (ThermoFischer Scientific, USA) on days 3, 7, 14 and 21 following the manufacturer’s guidelines. 

Briefly, a 10% AlamarBlue® solution in culture medium was added to the scaffolds and incubated at 37ºC in 5% 

CO2 chamber for 3 h. Fluorescence intensity was measured in a microplate reader (SpectraMax M5, Molecular 

Devices, USA) at an excitation/emission wavelength of 560/590 nm and compared to a calibration curve to 
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access the number of cells in each scaffold. Four scaffolds were used for each condition and fluorescence was 

measured in triplicates. 

To assess cell morphology, cells were washed twice with PBS, fixed with 4% paraformaldehyde (PFA: 

Santa Cruz Biotechnology, Dallas, TX, USA) for 20 min and then permeabilized with 0.1% Triton X-100 for 10 

min. After permeabilization, cells were incubated with phalloidin-TRITC (Sigma-Aldrich) (dilution 1:250, 2 

μg/mL) for 45 min in the dark. Then, cells were washed twice with PBS and counterstained with DAPI 

(Invitrogen) (1.5 μg/mL) for 5 min and washed with PBS. The fluorescent staining was imaged using a 

fluorescence confocal microscope (Leica STED TCS SP8 3x, Wetzlar, Germany). Cell morphology along the 

culture (days 7,14 and 21) was also analyzed by SEM (see Section VI.2.4.1). Fixed cells were stained with 1% 

(v/v) osmium tetroxide (Sigma-Aldrich) solution for 30 min and washed twice with PBS. After, samples were 

dehydrated using ethanol gradient solutions (20%, 40%, 60%, 80%, 95% and 100% (v/v)) and finally dried in a 

critical point dryer (supercritical Automegasamdri 915B, Tousimis, USA) in 100% isopropanol.  

 
VI.2.6. Assessment of MSC osteogenic differentiation on cell-derived ECM electrospun scaffolds 

 

VI.2.6.1. ALP activity assay 

 
After 14 and 21 days of osteogenic differentiation, alkaline phosphate (ALP) activity was detected using a 

colorimetric ALP kit (BioAssays Systems, Hayward, CA) according to the manufacturer’s protocol. Samples 

were washed with PBS and were incubated in the lysis buffer (0.1% Triton X-100 in PBS) overnight at room 

temperature. The lysate was added to p-nitrophenyl phosphate solution (10mM) provided with the ALP kit. The 

absorbance was measured on a plate reader (SpectraMax M5, Molecular Devices, USA) at 405 nm and 

normalized to the total number of cells in each scaffold. Three different scaffolds were used for each condition 

and absorbance was measured in triplicates. 

 

VI.2.6.2. Calcium assay 

 

Calcium content quantification was determined after 14 and 21 days of MSC osteogenic differentiation on 

cell-derived ECM electrospun scaffolds. Samples were washed with PBS and incubated with a 0.5 M HCl 

solution (Sigma-Aldrich) with agitation overnight at 4ºC. The supernatant was used for calcium determination 

according to the manufacturer’s instructions in the calcium colorimetric assay kit (Sigma-Aldrich). Total calcium 

was calculated from calcium standard solution prepared in parallel. Absorbance at 575 nm was measured for 

each condition on a plate reader (SpectraMax M5, Molecular Devices, USA) and normalized to the total number 

of cells. Three scaffolds were used for each condition and absorbance values were measured in triplicates. 

 

VI.2.6.3. Osteogenic staining 

 
After 21 days of osteogenic differentiation, samples were assessed using ALP and Von Kossa stainings 

and Alizarin Red staining. Cell culture medium was removed and samples were washed once with PBS, and 

fixed with 4% PFA for 20 min. Afterwards, samples were rinsed in miliQ water during 5 min and incubated with 



 240 

Fast Violet solution (Sigma-Aldrich) and Naphthol AS-MX Phosphate Alkaline solution (Sigma-Aldrich) in a final 

concentration of 4% (v/v) for 45 min at room temperature in the dark. In the case of Von Kossa staining, the 

scaffolds were washed twice with miliQ water and incubated with 2.5% silver nitrate solution (Sigma-Aldrich) for 

30 min at room temperature protected from light. Finally, samples were washed three times with miliQ water 

and imaged using an inverted microscope (Olympus IX51 Inverted Microscope, NY USA). Different scaffold 

samples were stained with a 2% Alizarin red solution (Sigma-Aldrich) by incubation for 1h at room temperature. 

After, the scaffolds were washed three times with miliQ water and imaged (Olympus IX51 Inverted Microscope, 

NY USA). To further confirm the presence of mineral deposits formed after MSC osteogenic differentiation on 

cell-derived ECM electrospun scaffolds, a 20 mM Xylenol orange solution (Sigma-Aldrich) was added to 

previously fixed samples and incubated for 1 h at room temperature in the dark. After that, scaffolds were 

washed with miliQ water, counterstained with DAPI (Invitrogen) (1.5 μg/ml) for 5 min and washed with PBS. 

The fluorescent staining of the produced minerals was observed by fluorescence microscopy (Olympus IX51 

Inverted Microscope, NY USA).  

 

VI.2.6.4. Energy dispersive X-ray (EDX) analysis 

 

Carl Zeiss Supra field emission scanning electron microscope (FESEM, Hillsboro, USA) was used to 

conduct energy dispersive x-ray spectroscopic (EDX) analysis on the scaffolds after 21 days of MSC 

osteogenic differentiation. Analysis was performed with an accelerating voltage of 10 kV and a spot size of 

120 μm. The presence of mineral elements on the EDX spectra of each sample was analyzed using INCA 

Microanalysis Suite software.  

 
VI.2.6.5. Quantitative real-time PCR analysis 

 
Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, Hilden, Germany). Briefly, the scaffolds were 

first incubated in lysis buffer with 200 rpm agitation for 1h at 4ºC. Afterwards, total RNA was isolated according 

to the manufacturer’s protocol and quantified using a Nanodrop (ND-1000 Spectrophotometer, Nanodrop 

Technologies). cDNA was synthesized from the purified RNA using iScript™ Reverse Transcription Supermix 

(Bio-Rad, Hercules, CA USA) according to manufacturer’s guidelines. Reaction mixtures (20 µl) were incubated 

in a thermal cycler (Veriti Thermal Cycler, Applied Biosystems, CA USA) for 5 min at 25ºC, 20 min at 46ºC and 

1 min at 95ºC and then were maintained at 4ºC. The sequences of the specific primers used are given in table 

VI.1. 

The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using 

PowerUp SYBR® Green Master Mix (Applied Biosystems) and StepOnePlus real-time PCR system (Applied 

Biosystems). All reactions were carried out at 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 sec and 

60ºC for 1min. All samples were analyzed in triplicate. Results were analyzed using the 2-∆∆Ct method to 

determine relative changes in target osteogenic marker gene expression as compared to untreated controls.  

Target gene expression was primarily normalized to the housekeeping gene glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and then determined as a fold change relative to the baseline expression of that 
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target gene measured in MSC at day 0 (prior to scaffold seeding). Primer sequences used in the qRT-PCR 

analysis are presented in Table VI.1. 

 

 
Table VI.1. Sequences of primers used for qRT-PCR analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
VI.2.7. Statistical analysis 
 
 
Each experiment was conducted in triplicate. Statistical analysis of the data was performed using Student’s 

t-test, comparing each condition with the control condition (PCL scaffold) at the same timepoint, using GraphPad 

Prism version 7. The statistical significance of results is reported at 95% confidence intervals (P<0.05).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Genes 

 
Sequences 

 
 

GAPDH 
 

 
           Runx2 

 
 

ALP 
 
 

OPN 
 

 
        VEGF 

 
For: 5’ AAC AGC GAC ACC CAC TCC TC 
Rev: 5’ CAT ACC AGG AAA TGA GCT TGA CAA 

 
For: 5’ AGA TGA TGA CAC TGC CAC CTC TG 
Rev: 5’ GGG ATG AAA TGC TTG GGA ACT 

 
For: 5’ ACC ATT CCC ACG TCT TCA CAT TT 
Rev: 5’ AGA CAT TCT CTC GTT CAC CGC C 

 
For: 5’ TGT GAG GTG ATG TCC TCG TCT GTA G 
Rev: 5’ ACA CAT ATG ATG GCC GAG GTG A 
 
For: 5’ TGC CTC AGA AGA GCT GAA AAC 
Rev: 5’ CAC AGA CTC CCT GCT TTT GCT 
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VI.3. Results 
 
 

VI.3.1. Lyophilized cell-derived ECM structural characterization 
 

Different cell types (MSC, HUVEC and co-culture of MSC and HUVEC) were cultured to obtain cell-derived 

ECM. After decellularization treatment, ECM was collected from the flasks and freeze-dried. Microstructural 

features were observed under SEM microscopy from lyophilized cell-derived ECM powders of different cell 

types including MSC, HUVEC and co-culture of MSC and HUVEC (Figure VI.2). All the lyophilized ECM 

produced from different cell types demonstrated similar patterns with a rugged surface.  FTIR spectra of 

lyophilized ECM derived from different cell types, such as MSC, HUVEC and MSC:HUVEC showed different 

infrared peaks (Figure VI.2). Notably, FTIR spectra of lyophilized MSC:HUVEC ECM demonstrated infrared 

peaks corresponding to peaks present only in MSC ECM and HUVEC ECM spectra exclusively, indicating the 

presence of components from both types of ECM. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

Figure VI.2. SEM images (a) and FTIR spectra (b) of the different cell-derived ECM powders. Asterisks and pound symbols are 
used to indicate the unique peaks in the MSC and HUVEC spectra respectively. All four of these unique peaks can also be seen 
in the IR spectrum of MSC-HUVEC ECM mixture. Scale bars, 10 μm. 
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VI.3.2. Cell-derived ECM electrospun scaffold characterization 
 
Lyophilized ECM derived from different cell types were incorporated in PCL solution and electrospun to 

form a fibrous mesh. MSC ECM, HUVEC ECM and MSC:HUVEC ECM  PCL electrospun fibers were fabricated 

and PCL scaffold without ECM was used as a control. SEM micrographs of MSC ECM, HUVEC ECM and 

MSC:HUVEC ECM  PCL electrospun fibers and PCL scaffold without ECM (used as a control) showed that all 

the scaffolds were highly porous with high interconnectivity and micro/nanoscale structural features.  

Interestingly, ECM particles were clearly detectable in all the cell-derived ECM electrospun fibers as verified 

under SEM microscopy analysis (Figure VI.3a).  Furthermore, all the fabricated scaffolds were composed mainly 

of microfibers. The average fiber diameter of electrospun PCL without ECM was 1.86 ± 0.19 µm whereas MSC 

ECM, HUVEC ECM, MSC:HUVEC ECM PCL electrospun scaffolds demonstrated an average fiber diameter of 

1.80 ± 0.29 µm, 1.59 ± 0.27 µm and 1.56 ± 0.42 µm, respectively. Therefore, all the electrospun fibers presented 

similar diameters at the microscale, indicating that the incorporation of cell-derived ECM into the PCL casting 

solution did not affect considerably the electrospinning process and the average fiber diameter of scaffolds 

(Figure VI.3b).  Further, to validate the presence of ECM in the electrospun fibers, we stained the fibers with 

picro-sirius red. Cell-derived ECM scaffolds stained positive with picro-sirius red, validating the presence of 

collagen. On the other hand, no collagen was observed in the PCL scaffolds without ECM incorporated (Figure 

VI.3c). 

Analysis of mechanical properties of cell-derived ECM PCL scaffolds demonstrated that the incorporation 

of ECM into the PCL solution did not considerably affect the mechanical properties of the PCL scaffolds, as it 

shown by the representative stress-strain curves (Figure VI.4a) and by the elastic modulus, UTS and elongation 

values (Figure VI.4b,c,d and Table VI.2). PCL alone, MSC ECM, HUVEC ECM and MSC:HUVEC ECM  PCL 

electrospun fibers presented values for elastic modulus of 11.99 ± 1.26 MPa, 8.65 ± 1.49 MPa, 11.50 ± 1.15 

MPa and 11.98 ± 0.92 MPa, respectively. Average values for UTS and elongation are also summarized in the 

Table VI.2  

ATR-FTIR spectrum of PCL electrospun scaffold showed all the major characteristic IR peaks of PCL at 

approximately 1724 and 1160 cm-1 that correspond to ester carbonyl bond stretching and carbon-oxygen bond 

stretching, respectively. The IR spectra of the cell-derived ECM PCL electrospun scaffolds appeared to have 

an identical pattern to PCL but did not show any major peaks that correspond to ECM (Figure VI.5). This is 

probably due to the low amount of ECM present in the PCL-ECM scaffolds compared to the large amount of 

PCL. 

Thermal analysis of cell-derived ECM electrospun scaffolds was performed using differential scanning 

calorimetry (DSC). DSC thermograms of cell-derived ECM electrospun scaffolds are shown in Figure VI.6. PCL 

fibers showed characteristic endothermic (melting) and exothermic (crystallization) transformation points at 

around 57.7°C (Figure VI.6a) and 36.2°C (Figure VI.6.b), respectively. Thermograms of all the other samples 

containing the different cell-derived ECM are similar to the neat PCL fibers. The presence of ECM has no 

significant effect on the average phase transition temperatures of the composite fibers. There are slight 

decrements in the melting and crystallization points that can be accounted to experimental and instrumental 

variability. 
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b 

 
Figure VI.3. Characterization of cell-derived ECM PCL electrospun scaffolds. a) SEM images show the presence of ECM 
on PCL scaffolds. Scale bars, 5 µm. b) Fiber diameter distribution of cell-derived ECM PCL electrospun scaffolds. c) 
Picrosirius red staining confirms the presence of collagens in the cell-derived ECM PCL scaffolds, validating the presence 
of ECM. Scale bars, 50 µm.  
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Figure VI.4. Mechanical properties of cell-derived ECM PCL scaffolds, obtained after tensile testing.  a) Representative 

stress-strain curves. b) Elastic modulus (MPa). c) Ultimate tensile strength (UTS) (MPa). d) Elongation. Five different 

samples (n=5) were used in the analysis. Values are mean ± SD. 
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Figure VI.5. FTIR spectra of the different cell-derived ECM PCL electrospun scaffolds and PCL control scaffolds. 
 

Figure VI.6. DSC thermograms respective to the heating cycle (a) and cooling cycle (b) of the different cell derived-ECM 
electrospun scaffolds. Obtained melting (a) and crystallization temperatures (b) for the different cell derived-ECM 
electrospun scaffolds are indicated in the respective thermograms. 
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Table VI.2. Summary of elastic modulus, ultimate tensile strength and ultimate elongation values obtained for the different 
cell-derived ECM electrospun scaffolds after mechanical tensile testing. Values are expressed as mean ± SD of five 
independent samples analyzed. 

 

 

 

 

 

 

 

 

 

 

 
VI.3.3. Effects of cell-derived ECM electrospun PCL fibers on cell proliferation 
 

Metabolic activity of MSC was measured by AlamarBlue® assay on days 3, 7, 14 and 21 to assess the 

effect of the different cell-derived ECM electropsun scaffolds on cell proliferation (Figure VI.7a). Notably, after 

7 days, a significant increase in cell number was found on all cell-derived ECM scaffolds compared to PCL 

scaffolds alone, which was also observed in the subsequent time points of the culture (days 14 and 21) (Figure 

VI.7a).  The cell number increase suggests a beneficial MSC response to the presence of ECM in the 

microfibers. Although all cell-derived ECM scaffolds significantly enhanced cell proliferation when compared to 

PCL scaffold, no significant differences were observed between the ECM derived scaffolds generated from 

different cell sources. The morphology of cells cultured in the different cell-derived ECM PCL electrospun 

scaffolds was assessed at the end of the culture by DAPI-Phalloidin staining (Figure VI.7b). Figure VI.7b shows 

MSC morphology, distribution and organization throughout the electrospun scaffolds after 21 days of osteogenic 

differentiation. Cells seeded on all the scaffolds (with and without ECM) presented similar morphology, however 

a higher cell spreading and scaffold population in cell-derived ECM electrospun scaffolds is suggested by the 

observation of Figure VI.7b. SEM analysis throughout the culture at days 7,14 and 21 (Figure VI.8) is consistent 

with the results from cell proliferation assay. Cell-derived ECM PCL microfibrous scaffolds were already highly 

populated with MSC at day 7, which was not observed for the PCL only scaffold. 
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Figure VI.7. Effects of cell-derived ECM PCL scaffolds on MSC proliferation. Cell proliferation assay (a) and cell 
morphology assessment by DAPI/Phalloidin staining at day 21 (b). Values are expressed as mean ± SD; **p<0.01. Scale 
bars, 100 μm. 
 

Figure VI.8. SEM morphological analysis of MSC cultured under osteogenic differentiation induction in the different cell-
derived ECM electrospun scaffolds at days 7, 14 and 21. Scale bars, 50 μm. 
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VI.3.4. Influence of cell-derived ECM electrospun PCL fibers on osteogenic differentiation 
 

Osteogenic differentiation was assessed by culturing MSC on electrospun ECM scaffolds under osteogenic 

differentiation medium for 21 days. At day 14 and 21 of osteogenic differentiation, ALP activity, as well as 

calcium levels were measured. 

MSC cultured on cell-derived ECM scaffolds presented a significantly higher ALP activity after 14 days of 

differentiation, compared to PCL scaffolds.  After 21 days, the ALP activity of MSC cultured on all electrospun 

scaffolds decreased, presenting similar results to the ones verified for PCL alone (Figure VI.9a). 

Regarding mineralization, no drastic differences were observed between the scaffolds. After 21 days of 

osteogenic differentiation, the presence of ECM in the electrospun scaffolds only demonstrated a statistically 

significant enhancement in calcium accumulation when MSC were seeded on PCL-HUVEC ECM scaffold. All 

the remaining scaffolds demonstrated values of calcium deposition similar to PCL scaffold alone (Figure VI.9b). 

The most common methods to visualize in vitro mineralization are the von Kossa, the Alizarin red and the 

Xylenol orange staining. Alizarin red staining confirmed the presence of calcium deposits in all scaffolds after 

21 days of osteogenic differentiation, validating the results obtained with calcium deposition quantification. 

Moreover, ALP and Von Kossa stainings also confirmed ALP activity in all scaffolds (reddish areas), as well as, 

indirectly, the presence of calcium deposits by Von Kossa staining (darker regions) (Figure VI.9c), 
demonstrating the successful differentiation of MSC into osteoblasts in all PCL scaffolds. Xylenol orange 

fluorescent staining further confirmed the presence of calcium deposits on MSC cultured on all cell-derived 

ECM PCL electrospun scaffolds and PCL fibers after 21 days of osteogenic differentiation (Figure VI.10). 
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Figure VI.9. Osteogenic differentiation of MSC cultured on cell-derived ECM electrospun fibers. a) ALP activity of MSC 
cultured on cell-derived ECM PCL scaffolds after 14 and 21 days of osteogenic differentiation. b) Calcium deposition 
quantification of MSC seeded on cell-derived ECM PCL scaffolds after 14 and 21 days of osteogenic differentiation. c) 
Alizarin red, ALP and Von Kossa stainings of MSC differentiated on cell-derived ECM scaffolds after 21 days. Alizarin red 
and Von Kossa confirmed the presence of calcium deposits (reddish and darker areas, respectively). ALP staining 
demonstrated ALP activity of MSC cultured on all PCL scaffolds. Scale bars, 200 µm. Values are expressed as mean ± 
SD, **p<0.01; *p<0.05. 
 

PCL PCL – HUVEC ECM PCL – MSC:HUVEC ECMPCL – MSC ECM

Figure VI.10. Xylenol orange staining demonstrated calcium deposits after 21 days of osteogenic differentiation. Xylenol 
orange (red) and DAPI (blue). Scale bars, 100 µm. 
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SEM micrographs showed MSC attached to the fibers and detected some ECM produced and deposited 

by cells surrounding the fibers (Figure VI.11a). Additionally, elemental analysis of MSC differentiated for 21 

days on cell-derived ECM scaffolds further confirmed the presence of calcium and phosphorous (Figure VI.11b). 

 
 

 

 
 
 
 
 
 

 
VI.3.5. Gene expression analysis 

 
qRT PCR was performed after 21 days of osteogenic differentiation on MSC cultured on PCL scaffolds and 

cell-derived ECM PCL electrospun scaffolds. Different osteogenic markers were analyzed (Runx2, ALP and 

OPN, a late osteogenic marker), as well as  the angiogenic marker gene VEGF. Interestingly, all the scaffolds 

(with and without ECM) upregulated the expression of Runx2 and OPN compared to the control (cells at day 0). 

Regarding Runx2, OPN and ALP gene expression, only cells cultured on PCL-MSC:HUVEC ECM demonstrated 

a statistically significant increase compared to PCL scaffold, presenting the highest osteogenic gene expression 

levels. In contrast, VEGF gene expression levels were only significantly enhanced when cells were cultured on 

PCL-HUVEC ECM (Figure VI.12). Although a slight increase in VEGF expression was also observed in PCL-

MSC ECM and PCL-MSC:HUVEC ECM group,  this was not considered statistically significant. 

 

 

Figure VI.11. Morphology and elemental composition analysis of MSC cultured on cell-derived ECM PCL electrospun 
fibers and PCL electrospun fibers after 21 days of osteogenic differentiation. a) SEM images and respective 
magnification (blank square). b) EDS spectrogram for the different cell-derived ECM electrospun scaffolds. Scale bars, 
10 µm. 
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VI.4. Discussion 

 
 

ECM is a highly complex system of organized assembly of macromolecules and signaling factors, such as 

collagens, fibronectin and proteoglycans (Badylak et al. 2009). Moreover, ECM not only provides structural and 

mechanical support for tissue but also regulates cellular functions, such as cell adhesion, migration, survival, 

proliferation and differentiation. Therefore, ECM has been widely exploited as a biological scaffold material to 

be used in a broad range of tissue engineering applications.  

Some synthetic materials have been developed by using isolated ECM components, such as collagen 

elastin, laminin and fibronectin (Mistry et al. 2005, Khademhosseini et al.  2009, Kundu et al. 2006, Ku et al. 

2005), aiming to enhance the bioactivity and functionality of the scaffold. However, these scaffolds do not really 

mimic the in vivo ECM, which is composed by a highly complex mixture of proteins almost impossible to 

reproduce it in vitro, due to its high production cost. Moreover, optimized doses for each component should be 

investigated first, as well as identification of all the molecules present in the ECM. 

Cell-derived ECM can be used as an alternative approach to obtain more complex systems to enhance 

scaffold bioactivity. For this, cells were cultured in vitro until confluence and allowed to secrete ECM. Afterwards, 

a decellularization treatment is used to remove the cellular components, while retaining the ECM structure. 

Different studies have already been reported the effects of cell-derived ECM on cellular activities by combining 

it into scaffolds (Gibson et al. 2014, Jeon et al. 2016). In particular, for bone tissue engineering applications, 

Gibson and colleagues fabricated a PCL electrospun scaffold incorporated with decellularized ECM 

Figure VI.12. Effects of cell-derived ECM-PCL microfibrous scaffolds on the gene expression of ALP, Runx2, OPN and 
VEGF of MSC. *p<0.05, **p<0.01 relative to PCL scaffold expression. 
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nanoparticles from bone, demonstrating upregulation of osteogenic gene expression markers (Gibson et al.  

2014). Moreover, Jeon and colleagues have cultured pre-osteoblasts on electrospun PCL scaffolds and 

decellularize it to obtain decellularized cell-derived ECM scaffolds, improving cell proliferation and osteogenic 

differentiation (Jeon et al. 2016). However, most of these studies use cell-derived ECM as a strategy to decorate 

the scaffold. Thus, cells are cultured and allowed to grow on top of the scaffolds and upon application of the 

decellularization treatment, the ECM components remain attached to the scaffold, conferring bioactivity to the 

scaffold. Notably, in this study, we used a different approach to fabricate cell-derived ECM PCL scaffolds. Here, 

cell-derived ECM, produced from different cell types relevant for bone homeostasis, was obtained after culturing 

them in vitro and collecting the secreted ECM upon application of a previously reported decellularization method 

(Kang et al. 2012). Afterwards the obtained ECM was collected and lyophilized. The lyophilized ECM was then 

directly mixed into the PCL solution and electrospinning technique was used to produce cell-derived ECM PCL 

microfibrous scaffolds. Indeed, it has been previously reported that ECM lyophilization leads to water removal 

and drying of the biologically active component contained in it, making the ECM proteins more stable (Sheridan 

et al. 2013). Therefore, we added the lyophilized ECM to the PCL solution and electrospun the mixture to 

produce cell-derived ECM PCL fibers. 

Cell source is known to be determining factor for the composition of the cell-derived ECM. Indeed, cells 

derived from different tissues typically produce matrices that will recreate the composition of the natural tissue 

matrix (Fitzpatrick et al. 2015). Therefore, in this study we fabricated cell-derived ECM PCL scaffolds, composed 

with ECM derived from MSC, HUVEC and a co-culture of MSC:HUVEC (ratio 1:1). In fact, co-culture of MSC 

and endothelial cells has demonstrated extensive cellular crosstalk, enhancing the angiogenic response of MSC 

(Aguirre et al. 2010, Nassiri et al. 2014), as well as the osteogenic capabilities (Zhao et al.  2012). 

Cell-derived ECM from different cell types may present differences in protein composition. Although it is 

known that the basic molecules that constitute the ECM may be similar in all organisms, their distribution and 

organization varies with tissue type, age of the host and species (Mouw et al. 2014). Therefore, cell-derived 

ECM generated from different cell types may present differences in their composition and these structural 

differences may induce different cellular responses when used as scaffolds for tissue engineering. However, 

we did not evaluate the exact composition of each cell-derived ECM, evaluating only their biological activity. 

Therefore, future studies should focus on identifying the composition of each ECM-type using 

proteomics/glycomics analysis. 

Lyophilized ECM powders derived from different cell types and their co-culture were characterized by SEM 

and FTIR (Figure VI.2). Results showed that morphology of the different cell-derived ECM was similar between 

the different cell types and co-culture and consistent with other lyophilized ECM powders previously reported 

(Figure VI.2a) (Thakkar et al. 2013, Chang et al. 2014). FTIR spectra of each lyophilized ECM demonstrated 

slight differences, presenting different infrared peaks. FTIR spectra of MSC and HUVEC ECM powder samples 

revealed peaks that are unique to each other. Additionally, all four of these unique peaks can also be seen in 

the IR spectrum of MSC-HUVEC ECM mixture, suggesting that a combination of cell types in the selected 

proportion successfully combines components from both types of cell-derived ECM that are known to produce 

a functional bone matrix. IR peaks correspondent to carbon-hydrogen alkyl bond stretching are also present in 

all the IR spectra collected (nC-H-, 2940 - 2860 cm-1) (Figure VI.2b).  
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We used electrospinning to fabricate cell-derived 3-D microfibrous scaffolds with high porosity structure and 

interconnectivity, mimicking the architecture and composition of the natural ECM. Figure VI.3a shows SEM 

images of cell-derived ECM electrospun fibers revealing the presence of micro/nano-scale cell-derived ECM  

fragments attached to the fiber surface. SEM analysis of control PCL scaffolds did not present fragments of 

ECM attached to the fibers. The presence of ECM fragments was further validated using picro-sirius red 

staining, a collagen histological staining (Figure VI.3c). Collagen is the major component of the ECM, therefore 

we confirmed the presence of collagens in the electrospun scaffolds with incorporated ECM. However, 

immunohistochemistry of specific collagens or other ECM biomolecules should be performed to identify and 

distinguish more specifically the ECM produced from different cells. 

Mechanical tensile testing of cell-derived ECM scaffolds demonstrated that the presence of the ECM into 

the PCL scaffolds did not affect the mechanical properties of PCL (Figure VI.4), which are reported as promising 

for bone regeneration applications (Yoshimoto et al. 2003), since MSC can sense the mechanical characteristics 

of the surface of the scaffolds, which promote some cellular activities, such as proliferation and mineralization 

(Hu et al. 2018, Chen et al.  2015).  

MSC are a common material to obtain cell-derived ECM due to their ability to deposit ECM that can mimic 

different tissues depending on culture conditions, such as bone, cartilage and adipose tissue.  Moreover, MSC-

derived ECM has been shown to rejuvenate aged mouse stem cells and enhance their lineage differentiation 

ability (Li et al. 2014). Decellularized ECM from human MSC cultures have been shown to promote MSC 

proliferation (Lai et al. 2010) and can act as a substrate for chondrocyte proliferation and maintenance of 

chondrocytic phenotype (Yang et al. 2018, Lu et al. 2011).  In addition, HUVEC-derived ECM was used with 

success to enhance the biocompatibility of pure titanium surfaces (Xue et al. 2010), whereas Kang and 

colleagues have fabricated a β-TCP scaffold containing HUVEC-ECM and demonstrated the improved 

osteogenic capacity of such scaffolds (Kang et al. 2012). Co-culture of HUVEC and MSC have been shown to 

enhance osteogenic differentiation of MSC, due to the BMP secreted by endothelial cells (Zhao et al. 2012). 

Therefore, it is expected that ECM produced by MSC:HUVEC co-culture will enhance proliferation and 

osteogenic differentiation of MSC, mimicking more accurately the in vivo bone marrow niche. 

In this study, a significant enhancement in proliferation of MSC seeded on cell-derived scaffolds was 

observed after 7 days of culture and was maintained after 21 days (Figure VI.7a). All the cell-derived ECM 

microfibrous scaffolds presented a statistically significant higher cell number when compared to PCL scaffolds 

alone at days 7,14 and 21. However, no dramatic differences between the cell-derived scaffolds (MSC-ECM, 

HUVEC-ECM and MSC:HUVEC-ECM) were observed. We hypothesized that ECM present in these scaffolds 

may have triggered a faster proliferation due to the signaling molecules and growth factors that were embedded 

in the ECM. In fact, our results are in accordance with previous findings that showed that the presence of ECM 

in synthetic scaffolds increased proliferation of MSC and induced their osteogenic differentiation (Kang et al. 

2012, Thakkar et al. 2013, Gibson et al.  2014, Shtrichman et al. 2014, Jeon et al. 2016, Fu et al. 2018).  

Regarding osteogenic differentiation, all the PCL electrospun scaffolds (with and without ECM) promoted 

osteogenic differentiation of MSC. In fact, FDA-approved PCL has been used as electrospun fibers or in other 

scaffold configurations in bone tissue engineering applications for many years, mainly due to its 

biochemical/mechanical properties and biocompatibility. Recently, Xue and colleagues showed that PCL 

electrospun nanofibers were able to enhance osteogenic differentiation potential of MSC derived from different 
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tissues (Xue et al. 2017).  Here we found a significant increase of calcium levels for MSC cultured on PCL-

HUVEC ECM scaffolds, after 21 days of differentiation (Figure VI.9b). However, Alizarin red, Von Kossa and 

Xylenol Orange stainings suggested that all the scaffolds enabled the osteogenic differentiation of MSC after 

21 days. SEM images also suggest the formation of mineralized nodules after 21 days of osteogenic 

differentiation (Figure VI.9, Figure VI.10). This observation is in accordance with work of Fu and colleagues in 

which they observed the formation of mineralized nodules after 14 days of osteogenic differentiation of mouse 

bone marrow MSC in PLLA electrospun scaffolds decorated with ECM generated by mouse osteoblastic 

(MC3T3-E1) cells (Fu et al. 2018). Moreover, elemental analysis indicated the presence of calcium and 

phosphorous after 21 days of culture in the electrospun scaffolds, suggesting a successful differentiation of 

MSC into osteoblasts (Figure VI.11b). 

MSC cultured on cell-derived ECM scaffolds presented a significantly higher ALP activity after 14 days of 

differentiation, compared to PCL scaffolds.  After 21 days, the ALP activity of MSC cultured on all electrospun 

scaffolds decreased, presenting similar results to the ones verified for PCL alone. In fact, during osteogenic 

differentiation of MSC, transcription and protein expression of ALP is enhanced as an early marker of 

osteogenesis (Aubin et al. 2001). After this initial peak of ALP, its level starts to decline, as we also observed 

when cells were cultured on PCL scaffolds. 

Real time quantitative PCR analysis was performed to evaluate the expression of osteogenic marker genes 

and angiogenic marker VEGF in the different scaffolds studied. We decided to evaluate both osteogenic and 

angiogenic markers together due to the known major role of angiogenesis and vascularization in successful 

bone regeneration (Stegen et al. 2015, Curry et al. 2016). Our results showed increased ALP, Runx2 and OPN 

expression in all the scaffolds after 21 days of osteogenic differentiation (Figure VI.12). However, a statistically 

significant increase (relative to the PCL alone scaffold) in ALP, Runx2 and OPN gene expression was only 

observed when MSC were cultured on PCL-MSC:HUVEC-ECM electrospun scaffolds. In fact, our results are in 

accordance with previously reported literature in which increased expression of osteogenic markers ALP, Runx2 

and OPN were seen when MSC were cultured either in MSC-derived (Chen et al.  2007) or HUVEC- derived 

ECM (Kang et al. 2012).  Moreover, to evaluate angiogenic properties of MSC exposed to cell-derived ECM 

scaffolds, VEGF gene expression levels were evaluated. Interestingly, only cells cultured on PCL-HUVEC-ECM 

electrospun fibers demonstrated a statistically significant increase in VEGF expression levels. Therefore, we 

hypothesize that, although enhanced osteogenic expression levels are being achieved by PCL-MSC:HUVEC-

ECM electrospun fibers, in order to also enhance angiogenic properties, a different composition of MSC:HUVEC 

ECM should be assessed by generating ECM derived from a different co-culture ratio of MSC:HUVEC, instead 

of the ratio 1:1 that was used in this study. Comparing with the results obtained in the previous chapter, only 

the ratio 1:3 (MSC:HUVEC) was able to enhance the capillary-tube formation by HUVEC. Therefore, we 

confirmed in this chapter that a different composition of MSC:HUVEC ECM should be assessed to be able to 

stimulate angiogenesis and osteogenesis, simultaneously.  

The results of the current study demonstrated that cell-derived ECM PCL electrospun scaffolds promote 

MSC proliferation and their osteogenic differentiation in vitro by mimicking the in vivo ECM composition and 

structure produced using MSC and HUVEC. However, further studies including the optimization of ECM 

amounts loaded in the scaffold and of the cell ratios in the co-culture to generate ECM are still required to obtain 

constructs with ideal osteogenic performance.  In vivo testing of such scaffolds should also be considered. 
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VII. FINAL REMARKS AND FUTURE DIRECTIONS 
 
 

Although a lot of research and developments have been made in the bone tissue engineering field, the 

translation of these discoveries into clinical applications on a large scale has still not been done. Besides that, 

there is a gap between the large number of scaffolds and materials developed in the laboratory and the 

resulting number of commercialized products. In fact, in order to be clinically translated, the developed 

scaffolds must meet some requirements to guarantee their functionality and bioactivity, triggering cellular 

activities, such as cell migration, proliferation and osteogenic differentiation.  

Isolated ECM components have already been incorporated into biomaterials using different approaches 

and techniques (Ragetly et al. 2010, Vleggeert-Lankamp et al. 2004). However, most of these scaffolds fail to 

mimic the native ECM complex architecture and composition, highlighting the urgent need to develop more 

relevant approaches (Ravindran et al. 2012). Currently, most of the bone defects are still treated with 

autografts and allografts, leading to several side effects to the patient, such as morbidity, pain and infection.  

Herein, we sought to recapitulate the native ECM composition and structure, suggesting two different 

approaches: the use of non-collagenous bone extracellular matrix proteins and the use of decellularized cell-

derived extracellular matrix to enhance bone formation.  

Of the non-collagenous proteins present in the bone matrix, osteopontin (OPN) and osteocalcin (OC) are 

two of the most abundant, representing 10-20% of the non-collagenous proteins (Sroga et al. 2011). Aiming to 

understand the role of these proteins at the cellular level, we isolated MSC from murine bone marrow of 

double knockout OC/OPN mice (OC-/- OPN-/-) and evaluated, at the cellular level, the effect of the lack of 

these two proteins in cell proliferation, differentiation and mineralization. Previous studies conducted by our 

group and others have demonstrated the role of OPN and/or OC as structural molecules in bone matrix 

(Sroga et al. 2011, Nikel et al.  2013, Morgan et al. 2015, Bailey et al.  2017), linking the organic and inorganic 

matrices by forming a tether between collagen fibrils and mineral crystals (Poundarik et al.  2012). Moreover, 

loss and modification of OC and/or OPN from bone matrix, known to occur with tissue age (Sroga et al. 2011) 

and with aging in humans (Boskey & Coleman 2010, Plantalech et al. 1991, Ingram et al. 1994, Grynpas et al. 

1994), lead to loss of structural integrity (Poundarik et al. 2012) and altered mineralization (Boskey et al. 1989, 

Rodriguez et al.  2014).  However, the actual synergistic role of these two proteins at the cellular level was 

never studied. Therefore, we characterized for the first time OC-/- OPN-/- MSC derived from bone marrow and 

showed that their proliferative capacity is impaired. Interestingly, osteogenic differentiation was dramatically 

reduced by the lack of OC/OPN, however adipogenesis and chondrogenesis were not affected. Moreover, by 

using spectroscopic analysis, we showed that mineralization was being delayed and the mineral produced by 

OC-/- OPN-/- after 21 days of osteogenic differentiation did not present the same similarities to bone tissue in 

vivo. 

Furthermore, we showed that non-collagenous proteins, more specifically OC and OPN, can be used in 

combination to promote a synergistic effect on MSC proliferation, osteogenic differentiation and angiogenic 

properties. In addition, the synergistic effect between both proteins can be further used in bone tissue 

engineering applications. 

In this thesis, we also developed a different approach to mimic native ECM. Therefore, we explored the 

characteristics and composition of ECM derived from different cell types, since cell sources can determine the 
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composition of their natural matrix secreted. Although research published about decellularized cell-derived 

ECM has been increasing during last years, very few studies compare the biological effect of ECM derived 

from different cell types. Here, we assessed the effect of ECM derived from MSC, HUVEC and co-culture of 

MSC:HUVEC on cell proliferation, osteogenic differentiation and angiogenic properties. Our findings 

demonstrated that all cell-derived ECM supported cell proliferation, however only MSC:HUVEC ECM was able 

to enhance the osteogenic and angiogenic potential of MSC, in vitro, suggesting the use of MSC:HUVEC 

ECM as a new strategy to improve clinical outcomes of bone regeneration. To further investigate its possible 

application in the bone tissue engineering field, we fabricated cell-derived ECM electrospun PCL scaffolds. 

We demonstrated that cell-derived ECM electrospun scaffolds were able to mimic the composition and 

structure of native ECM, enhancing osteogenic capability of MSC seeded on these scaffolds. In particular, 

MSC:HUVEC ECM scaffolds demonstrated the best results, enhancing the mRNA levels of osteogenic genes 

and confirming the results previously obtained. Therefore, we demonstrated here that functionality of scaffolds 

can be enhanced by playing with the natural characteristics and properties of ECM, such as by incorporating 

non-collagenous proteins into the scaffolds, in particular OC and OPN, or by fabricating cultured cell-derived 

ECM scaffolds that already have incorporated the required factors and signals, present in the ECM, to trigger 

cellular activity in vivo. This approach might be easier to translate into a clinical context, especially as an 

acellular product,  fabricating the scaffold  only with decellularized cell-derived ECM. 

 
 
 
 
Study limitations/ future directions: 
 

During the timeline of this research, several questions were raised and study limitations could be foreseen 

as an opportunity to develop future work. Therefore, we summarize some of the limitations and questions that 

remain to be addressed: 

 

• We showed that the absence of both OC and OPN genes impairs stem cell proliferation, osteogenic 

differentiation and delays mineralization. Although we evaluated the contribution of each protein 

individually by supplementing the culture medium with each protein and evaluating how OC-/- OPN-/- 

MSC respond to this extracellular supplementation, we believe that MSC from single knockout mice 

(OC-/- mice and OPN-/- mice) should also be isolated to evaluate how each protein, individually, affects 

the cellular processes.  

 

• Another future direction for this work could be the incorporation of these proteins in a specific matrix, 

such as collagen, and evaluate how OC-/- OPN-/- MSC respond to it. In our studies, we only evaluated 

how OC-/- OPN-/- MSC behave when the proteins were extracellularly supplemented to the medium. 

We believe that it would be more relevant to assess how OC-/- OPN-/- MSC respond to scaffolds that 

have these proteins incorporated, in a 3-D configuration. Currently, the composition and quality of the 

organic part of bone matrix has been well established as having an extremely important role in bone 

fragility. In particular, non-collagenous proteins present in the bone extracellular matrix have been 



 261 

reported to be responsible for bone mineralization, despite their low amount compared to type I 

collagen. Thus, these OC/OPN-enhanced matrices could be further designed and developed to be 

applied as an approach to enhance bone healing response to specific diseases in which the amount 

of these two proteins is compromised. 

 

• Another question raised in this study was how to assess the quality of bone mineral produced by 

cells. Indeed, most of the studies still rely on chemical analysis and histological stainings, such as 

calcium quantification and Von Kossa and Alizarin red staining. Although we have evaluated the 

mineral produced by OC-/-OPN-/- MSC using spectroscopic analysis, such as FTIR, Raman 

spectroscopy and energy dispersive X-ray spectroscopy (EDX), we believe that a better 

characterization should be done using other techniques, such as, X-ray diffraction (XRD) and small-

angle X-ray scattering (SAXS). Moreover, the mineral yield in cell cultures is often small, being 

necessary to pool material from multiple cultures. Thus, we understand that a better protocol to 

extract minerals produced by cells should be optimized and developed, aiming to obtain higher 

amount of mineral to be able to use these samples in the above mentioned techniques. We believe 

that new tests for quality control of bone tissue engineered constructs should be developed, in order 

to evaluate the quality of the mineral produced by cells seeded on these scaffolds in vitro, mimicking 

what potentially could happen in vivo.  

 

• Angiogenesis is closely related with osteogenesis. In fact, we have explored this interaction during 

this thesis. Despite having used different functional assays to evaluate cellular angiogenic properties, 

such as tube formation assay, “scratch” wound healing assay and VEGF mRNA expression level 

quantification, we acknowledge that evaluation of the secreted factors by cells should have been 

done, for example performing enzyme-linked immunosorbent assays (ELISA). Therefore, a detailed 

investigation of the pro-angiogenic factors that were secreted by cells, as well as their relative 

amounts would give us more relevant information, contributing to clarify in particular how MSC 

respond to non-collagenous bone proteins or to different cell-derived ECM, regarding angiogenesis. 

 

• In this study, we developed OC/OPN-enhanced collagen gels to evaluate the synergistic effect of 

OC/OPN. Although we were focused on studying the effects of the proteins in a matrix that would 

mimic bone matrix, instead of developing an optimized biomaterial, we believe that new scaffolds can 

be designed and developed so that they will incorporate these proteins, by different techniques, and 

can be further used for bone tissue engineering applications. 

 

• Another limitation of our study was that we did not incorporate a collagen scaffold without OC/OPN 

proteins in our in vivo study, since we were focused on evaluating the effect of OC/OPN on local 

inflammatory response, while new bone was being formed. We believe that our study would be more 

relevant if we had included also a collagen control (without proteins), so that we could get more 

information data from these in vivo studies. 
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• Regarding cell-derived ECM studies, we believe that our main limitation was that we did not perform 

proteomics analysis to understand the compositional differences of ECM produced by different cell 

types. In this study, we were able to observe different biological responses of MSC seeded in different 

cell-derived ECM substrates and we characterized the ECM produced by MSC, HUVEC and 

MSC:HUVEC (different ratios) using SEM and immunocytochemistry with specific antibodies (Col I, 

Col IV, laminin, fibronectin and osteocalcin). Although we observed different structure and 

architecture of these ECM (SEM analysis) and different ECM composition and distribution 

(immunocytochemistry assays), we just selected the most common ECM proteins to perform 

immunostainings, having not quantified the ECM molecules present. Since native ECM is composed 

by an organized and highly complex assemble of macromolecules, we recognize that we could have 

missed important information about other ECM molecules that could be varying from different cell 

sources. 

 

• Aiming to develop scaffolds that can incorporate cell-derived ECM, we developed cell-derived ECM 

electrospun PCL fibers. One of the most interesting features about electrospinning technique is its 

ability to tailor the diameter of the produced fibers, mimicking the specific architecture of the native 

tissue. Therefore, for bone tissue engineering applications, nanotopography has been shown to 

enhance osteogenic properties. In this study, the mean diameter of the electrospun fibers was 

between 1500-1800 nm. Although, we have demonstrated increased osteogenic response when 

using these fibers, we believe that optimization of the fibers diameter can be done, trying to decrease 

their size to nanoscale. However, it is important to note that a compromise between the decrease of 

the diameter of the fibers and the possibility to spin ECM has to be done. Since in this work cell-

derived ECM was added to the polymer solution and then the solution was electrospun, we opted to 

use a syringe needle with a diameter that would allow the spinning of the particles of ECM. Thus, we 

had to compromise the diameter of the fibers, since we could not use a syringe needle with a lower 

diameter.  

 

• Another interesting pathway that can be further study is the development of cell-derived ECM 3-D 

scaffolds  to enhance osteogenesis. Moreover, we believe that, in particular, incorporation of 

MSC:HUVEC ECM in 3-D scaffolds could be used as an approach to target osteogenesis and 

angiogenesis, simultaneously. To the best of our knowledge, research has not been focusing on using 

ECM produced by co-culture of MSC and HUVEC, and, according to our results, MSC:HUVEC ECM 

will be able to mimic better the bone microenvironment, enhancing bone regeneration and repair and 

angiogenesis. Moreover, tissue engineering has been focusing on 3-D printing applications. We 

believe that further studies can be done to develop bioinks composed with cell-derived ECM. 

Therefore, cell-derived ECM 3-D printing scaffolds can be fabricated in a more fashion way, 

mimicking the composition and microenvironment of bone tissue. 
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In conclusion, the main findings of this study are summarized in the following points: 

 

(1) OC and OPN are important regulators of mineralization and angiogenesis at the cellular level. 

The lack of both proteins impairs proliferative capacity of MSC, as well as osteogenic 

differentiation ability, delaying mineralization of the matrix and producing minerals not sufficiently 

mature. 

 

(2) OPN is fundamental for normal angiogenesis, an important process also in bone repair.  

 

(3) OC and OPN act in a synergistic manner, enhancing osteogenesis and cellular angiogenic 

potential. 

 

(4) OC and OPN exert their regulatory role in MSC differentiation mainly in an extracellular manner, 

since OC-/- OPN-/- MSC were able to recover their proliferative and osteogenic capabilities when 

these proteins were added extracellularly to the stem cell culture. 

 

(5) OC/OPN-enhanced collagen matrices can be developed to enhance cell proliferation and to 

promote and accelerate osteogenesis. 

 

(6) Cultured cell-derived ECM can be explored as new biomaterial to enhance osteogenic 

differentiation of MSC. 

 

(7) Different cell types can produce ECM that will trigger different cellular responses. In particular, 

osteogenic differentiation of MSC is enhanced when cells are cultured on ECM derived from a co-

culture of MSC and HUVEC (MSC:HUVEC ECM). 

 

(8) Cell-derived ECM PCL electrospun fibers can be fabricated to be applied in bone tissue 

engineering applications. Therefore, these fibers will mimic architecture of collagen fibers in bone 

tissue and the cell-derived ECM incorporated into the fibers provides important factors and 

signals that will trigger specific cellular responses, such as migration, proliferation, osteogenesis 

and angiogenesis. 
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