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1. ABSTRACT 
 

The human skeleton represents the supporting structure of the organism and accounts for 
about 20 percent of the total body mass. Despite its intrinsic capacity to regenerate and self-
repair, this ability is limited and repair therapies are needed in a large number of clinical cases. 
Bone engineering holds the potential to alleviate the increasing burden of bone deficiencies by 
constructing viable substitutes for replacement therapies. However, before bone engineering can 
realize its full potential, it is critical to assess the suitability of stem cells derived from different 
sources for the large-scale construction of bone-engineered substitutes. 

The aim of the present thesis was to evaluate the potential of stem cells of embryonic origin 
for bone engineering applications. In particular, we investigated the potential of two cell lines, 
denoted matrix free-growth human embryonic stem cells (MFG-hESCs) and embryonic stem 
cell-derived mesodermal progenitors (hES-MPs). Cells were cultured in vitro under static and 
dynamic conditions, with and without ceramic and metal scaffolds as well as implanted in vivo as 
cell/scaffold constructs. 

The results demonstrate that, under similar in vitro conditions, both MFG-hESCs and hES-
MPs undergo osteogenic differentiation and display higher mineralization properties compared to 
human mesenchymal stem cells (hMSCs). Differentiation was associated with alteration in the 
expression of genes involved in ossification, and resulted in the synthesis of a matrix with high 
content of calcium phosphate deposits. Interestingly, following osteogenic differentiation, MFG-
hESCs displayed decreased expression of genes involved in pluripotency and self-renewal, which 
are also responsible for teratoma formation. In particular, hES-MPs displayed morphological and 
molecular characteristics typical of hMSCs, but exhibited longer telomeric sequences and 
significantly higher proliferation ability both in monolayer and three-dimensional cultures. In 
addition, after flow perfusion stimulation, hES-MPs displayed increased tissue formation, denser 
collagen network and higher calcium content compared to hMSCs. Not least, hES-MPs displayed 
an immune profile similar to hMSCs, but did not express HLA-DR molecules. Noteworthy, the 
expression of HLA-DR was not stimulated following expansion, osteogenic differentiation and 
treatment with INF-γ. In line with this, hES-MPs did not elicit an immune response after 
subcutaneous implantation in immunocompetent mice. Finally, it was demonstrated that titanium 
scaffolds supported the attachment and growth of hES-MPs in vitro, and did not seem to affect 
the expression of genes involved in osteogenesis. 

In conclusion, this thesis demonstrates that cells of embryonic origin, under experimental in 
vitro conditions, display some comparative advantages over stem cells derived from adult tissues, 
which are essential prerequisites for the large-scale production of bone substitutes for 
replacement therapies. Not least, MFG-hESCs and hES-MPs represent optimal cell technology 
platforms for the generation of experimental models to study bone histogenesis and explore 
tissue functionality in different conditions. 
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3. ABBREVIATIONS AND SYMBOLS 

 

3.1 Abbreviations 
 

3D                                                                                                                        Three-dimensional 
BCA                                                                                                                     Bicinchoninic acid 
BMT                                                                                                                    Methylthymol blue 
BSA                                                                                                                Bovine serum albumin 
CAD                                                                                                              Computer-aided design 
cDNA                                                                                   Complementary deoxyribonucleic acid 
cp-Ti                                                                                                     Commercially-pure titanium 
CPC                                                                                                  O-cresolphthalein complexone 
cRNA                                                                                             Complementary ribonucleic acid 
Ct                                                                                                                              Cycle threshold  
DAPI                                                                                                    4′,6-diamidino-2-phenyldole  
DAS ELISA                                   Dual-antibody sandwich enzyme-linked immunosorbent assay 
DIG                                                                                                                                Digoxigenin 
DMEM                                                                                      Dulbecco’s modified eagle medium 
DMEM-HG                                                       High-glucose Dulbecco’s modified eagle medium 
DMEM-LG                                                         Low-glucose Dulbecco’s modified eagle medium 
DNA                                                                                                               Deoxyribonucleic acid 
dNTP                                                                                                  Deoxynucleotide triphosphate  
dsDNA                                                                                Double-stranded deoxyribonucleic acid 
EBM                                                                                                              Electron-beam melting 
ECM                                                                                                         Extracellular matrix 
EDTA                                                                                              Ethylenediaminetetraacetic acid 
eGFP                                                                                           Enhanced green fluorecent protein  
ELI                                                                                                                    Extra low interstitial 
ELISA                                                                                    Enzyme-linked immunosorbent assay 
ESCs                                                                                                                Embryonic stem cells 
FBC                                                                                                                         Full blood count 
FBS                                                                                                                      Fetal bovine serum 
FC                                                                                                                                   Fold change  
FDA                                                                                                                  Fluorescein diacetate 
FFF                                                                                                                  Free-form fabrication 
FITC                                                                                                        Fluorescein isothiocyanate  
Fluc                                                                                                                         Firefly luciferase  
GCOS                                                                                              GeneChip® operating software  
GOA                                                                                                         Gene ontology annotation  
HA                                                                                                                             Hydroxyapatite 
HBBS                                                                                                  Hanks’ balanced salt solution 
hEL                                                                                              Human embryonic lung fibroblast 
HEPES                                                            4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  



 

 14 

hES-MPs                                         Human embryonic stem cell-derived mesodermal progenitors 
hESCs                                                                                                  Human embryonic stem cells 
HLA                                                                                                          Human leucocyte antigen 
HLA-ABC                                                                                       Human leucocyte antigen ABC 
HLA-DR                                                                                             Human leucocyte antigen DR 
hMSCs                                                                                            Human mesenchymal stem cells 
hrbFGF                                                             Human recombinant basic fibroblast growth factor 
HRP                                                                                                             Horse radish peroxidase 
ICM                                                                                                                           Inner cell mass 
IHC                                                                                                               Immunohistochemistry 
iPSCs                                                                                         Induced-pluripotent stem cells 
IVF                                                                                                                     In vitro fertilization 
MEF                                                                                                      Mouse embryonic fibroblast 
MFG-hESCs                                                        Matrix-free growth human embryonic stem cells 
MOI                                                                                                             Multiplicity of infection  
MSCs                                                                                                          Mesenchymal stem cells 
NADH                                                                                        Nicotinamide adenine dinucleotide 
NC                                                                                                                   Neonatal condrocytes 
NCP                                                                                                Non-collagenous protein 
NEAA                                                                                                        Non essential aminoacids 
NK                                                                                                                      Natural killer 
OD                                                                                                                              Optical density 
PBS                                                                                                               Phosphate buffer saline 
PD                                                                                                                      Population doubling 
PE                                                                                                                            R-phycoerythrin  
PerCP                                                                                   Peridinin chlorophyll protein complex  
PerCP-Cy5                                                           Peridinin chlorophyll protein complex-cyanine5  
PEST                                                                                                            Penicillin-Streptomycin 
PI                                                                                                                            Propidium Iodide  
pNPP                                                                                                            P-nitrophenylphosphate  
PPI                                                                                                           Protein-protein interaction 
RNA                                                                                                                        Ribonucleic acid 
ROI                                                                                                                      Regions of interest 
RT-PCR                                                                                  Real-time polymerase chain reaction 
SAPE                                                                                                       Streptavidin phycoerythrin  
SCID                                                                           Severe combined immunodeficiency disease 
SEM                                                                                                   Scanning electron microscopy 
Tc                                                                                                                Lymphocyte T cytotoxic 
Th                                                                                                                    Lymphocyte T helper 
Ti6Al4V                                                                                   Titanium-aluminum-vanadium alloy 
TMB                                                                                                   3,3′,5,5′-tetramethylbenzidine 
TOF-SIMS                                                           Time-of-flight secondary ion mass spectroscopy 
UV                                                                                                                                     Ultraviolet 
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3.2 Gene and Protein Symbols 
 
ALP                                                                                                                  Alkaline phosphatase 
AP1                                                                                                                      Activator protein 1 
ATF4                                                                                              Activating transcription factor 4 
AURKB                                                                                                                   Aurora kinase B 
BGN                                                                                                                                     Biglycan 
BMI1                                                                                     BMI1 polycomb ring finger oncogene 
BMP                                                                                                     Bone morphogenetic protein  
BMP1                                                                                                Bone morphogenetic protein 1 
BMP2                                                                                                Bone morphogenetic protein 2 
BMP4                                                                                                Bone morphogenetic protein 4 
BMP7                                                                                                Bone morphogenetic protein 7 
BMPR2                                                                      Bone morphogenetic protein receptor, type 2 
BSP                                                                                                                        Bone salioprotein 
BUB1                                                                               Budding uninhibited by benzimidazoles 1 
BUB1B                                                                       Budding uninhibited by benzimidazoles beta 
c-FOS                                                      v-fos FBJ murine osteosarcoma viral oncogene homolog 
c-JUN                                                                             v-jun sarcoma virus 17 oncogene homolog 
c-myc                                                                 v-myc myelocytomatosis viral oncogene homolog 
CAV1                                                                                                                                Caveolin 1 
CBFB                                                                                                      Core binding factor β  
CD34                                                                                                     Cluster of differentiation 34 
CD44                                                                                                     Cluster of differentiation 44 
CD45                                                                                                     Cluster of differentiation 45 
CD47                                                                                                     Cluster of differentiation 47 
CD58                                                                                                     Cluster of differentiation 58 
CD80                                                                                                     Cluster of differentiation 80 
CD86                                                                                                     Cluster of differentiation 86 
CD105                                                                                                 Cluster of differentiation 105 
CD166                                                                                                 Cluster of differentiation 166 
CDC20                                                                                             Cell division cycle 20 homolog  
CDC25A                                                                                      Cell division cycle 25 homolog A 
CDCA8                                                                                            Cell division cycle associated 8 
CDKN2A                                                                               Cyclin-dependent kinase inhibitor 2A 
CENPA                                                                                                           Centromere protein A 
CENPM                                                                                                         Centromere protein M 
CLDN3                                                                                                                               Claudin 3 
CLDN6                                                                                                                               Claudin 6 
CLDN8                                                                                                                               Claudin 8 
CLDN10                                                                                                                           Claudin 10 
COL1                                                                                                                        Collagen, type I 
COL1A1                                                                                                     Collagen, type I, alpha 1 
COL1A2                                                                                                     Collagen, type I, alpha 2 
COL3A1                                                                                                  Collagen, type III, alpha 1 
COL5A1                                                                                                   Collagen, type V, alpha 1 
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COL6A1                                                                                                  Collagen, type VI, alpha 1 
COL6A2                                                                                                   Collagen, type V, alpha 2 
COL11A1                                                                                                Collagen, type XI, alpha 1 
DDR2                                                                          Discoidin domain receptor tyrosine kinase 2 
DLX3                                                                                                            Distal-less homeobox 3 
DLX5                                                                                                            Distal-less homeobox 5 
DNMT3B                                                                    DNA (cytosine-5-)-methyltransferase 3 beta 
DPPA4                                                                             Developmental pluripotency associated 4 
EGF                                                                                                            Epidermal growth factor 
EGFR                                                                                           Epidermal growth factor receptor 
EPHA1                                                                                                                   EPH receptor A1 
ERCC6L            Excision repair cross-complementing rodent repair deficiency complementation 
EREG                                                                                                                                Epiregulin 
FBN1                                                                                                                                  Fibrillin 1 
FGF                                                                                                             Fibroblast growth factor 
FGF5                                                                                                        Fibroblast growth factor 5 
FN1                                                                                                                               Fibronectin 1 
FOXC1                                                                                                                   Forkhead box C1 
GABRB3                                                                                                   GABA A receptor, beta 3 
GAL                                                                                                               Galanin prepropeptide 
GDF3                                                                                                Growth differentiation factor 3 
HELLS                                                                                                                                 Helicase 
IGF                                                                                                            Insulin-like growth factor 
IL-2                                                                                                                                Interleukin 2 
IL-4                                                                                                                                Interleukin 4 
INF-γ                                                                                                                      Interferon-gamma 
KRT7                                                                                                                                  Keratin 7 
KRT8                                                                                                                                  Keratin 8 
KRT18                                                                                                                              Keratin 18 
KRT19                                                                                                                              Keratin 19 
LDH                                                                                                              Lactate dehydrogenase 
LHX8                                                                                                                     LIM homeobox 8 
LIN28                                                                                                                       Lin-28 homolog  
MAD2                                                                                                 Mitotic arrest deficient-like 1 
MCM5                                                                            Minichromosome maintenance complex 5 
MCM10                                                                        Minichromosome maintenance complex 10 
MFAP5                                                                                        Microfibrillar associated protein 5 
MLF1IP                                                                                             Centromere protein of 50 kDa 
MSX1                                                                                                                     Msh homeobox 1 
MSX2                                                                                                                     Msh homeobox 2 
NANOG                                                                                                                Nanog homeobox 
NDC80                                                             NDC80 homolog, kinetochore complex component 
NUF2                                                                                   Cell division cycle-associated protein 1 
OC                                                                                                                                   Osteocalcin 
OCT4                                                                                   Octamer-binding transcription factor 4  
ON                                                                                                                                   Osteonectin 
OPN                                                                                                                                Osteopontin 
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ORC1L                                                                          Origin recognition complex, subunit 1-like  
OSX                                                                                                                                        Osterix 
p53                                                                                                                  Tumor suppressor p53 
PDGF                                                                                                 Platelet-derived growth factor 
POU5F1                                                                                                    POU class 5 homeobox 1 
POU5F1P3                                                                         POU class 5 homeobox 1 pseudogene 3 
POU5F1P4                                                                         POU class 5 homeobox 1 pseudogene 4  
RUNX2                                                                                        Runt-related transcription factor 2 
SOX2                                                                                              Sex determining region Y-box 2 
SPC24                                                                            Spindle pole body component 24 homolog 
SPC25                                                                            Spindle pole body component 25 homolog 
SRGN                                                                                                                                 Serglycin 
TDGF1                                                                             Teratocarcinoma-derived growth factor 1 
TFAP2A                                                                                          Transcription factor AP-2 alpha  
TFN-α                                                                                                   Tumor necrosis factor alpha 
TGF-β                                                                                            Transforming growth factor beta 
TGFβ1                                                                                        Transforming growth factor beta 1 
TGFβ2                                                                                        Transforming growth factor beta 2 
TGFβR2                                                                       Transforming growth factor receptor beta 2  
TSP                                                                                                                         Thrombospondin 
TWIST1                                                                                                                 Twist homolog 1 
TWIST2                                                                                                                 Twist homolog 2 
VEGF                                                                                         Vascular endothelial growth factor 
ZIC3                                                                                                                 Zic family member 3  
ZWINT                                                                                                                    ZW10 interactor  
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4. INTRODUCTION 
 

4.1 Tissue Engineering 
Tissue and organ failure, originated as a result of congenital malformations, damage or 

degenerative processes, constitute a major health problem associated with disability and death 1. 

Transplantation of tissues and organs from living and deceased donors is today saving the life of 

several patients worldwide. Despite this, transplantation has never achieved its full potential, 

especially considering the shortage of tissues and organs 2 and the immunological response to the 

transplanted material 3, 4. In fact, even though a patient is able to receive an allotransplant, 

lifelong immunosuppression is required. The annual global healthcare costs for these patients is 

enormous and is facing a consistent increase 5, mainly due to the rapid growth of the human 

population and extension of life expectancy 6, 7. In this view, the ability to reconstitute biological 

tissues and manipulate tissue function is going to represent a major scientific revolution 

(“paradigm shift”) with unprecedented social and clinical implications. The emerging field of 

tissue engineering holds the promise to provide unlimited supply of engineered tissues and 

organs to reduce the burden of tissue loss and end-stage organ failure, and overcome the 

limitations encountered with tissue and organ transplantation 1, 8, 9. Tissue engineering is an 

interdisciplinary field that applies the principles of engineering and life sciences toward the 

development of substitutes that restore, replace, maintain, or enhance the function of a particular 

tissue or organ 1, 10. In addition to the potential clinical use as an alternative to tissue and organ 

transplantation, engineered tissues and organs may also be used as three-dimensional (3D) 

models for the study of complex tissue functions and morphogenesis 11, 12, as well as a tool for in 

vitro drug-screening applications 13. 

 

4.1.1 The Tissue Engineering Quadriad 
Tissue engineering aims at promoting the in vivo regeneration/restoration of functional 3D 

tissues through several strategies, such as implantation of acellular matrices, injection of 

progenitor cells and grafting of cell/scaffold constructs 14-18 (in this view tissue engineering 

overlaps with the field of regenerative medicine and cell therapy, and the above terms are 

interchangeably used in this thesis). The implantation of ex vivo fabricated cell/scaffold 
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constructs is currently the major vision in tissue engineering. The ex vivo fabrication of tissue-

engineered substitutes requires to interface stem cells to biomaterials as suitable scaffolds for the 

cells to attach, proliferate and differentiate toward the specific lineage 14, 19.  

 

 

Figure 1: Tissue engineering quadriad. 

 

 

To induce stem cell differentiation toward the desired lineage, cell/scaffold constructs are 

eventually treated with appropriate chemicals and cultured within bioreactors to provide the 

optimal physiochemical conditions for the successful development of functional substitutes 20. 

In this view, cells, scaffolds, inductive molecules and bioreactors constitute the key components 

of tissue engineering as illustrated in Figure 1. 

 

4.1.2 Stem Cells 
Stem cells represent the building blocks of our bodies and have been defined as the natural 

units of embryonic generation and adult regeneration 21. Stem cells are distinguished from other 

cell types by two important characteristics. First, they are unspecialized cells capable of renewing 



                                                                                                                                             de Peppo 

 21 

themselves through cell division, sometimes after long periods of inactivity (self-renewal). 

Second, under certain physiologic or experimental conditions, they can be induced to become 

tissue- or organ-specific cells with special functions (potency) 22, 23. These two properties make 

stem cells unique and ideal for tissue engineering applications 24. Based on where in the body or 

what stage in development they are derived from, stem cells are classified as embryonic (derived 

from the totipotent cells of early embryo), fetal (derived from the developing fetus) and adult 

stem cells (derived from mature organs in the adult individual) 22. Recently, induced pluripotent 

stem cells (iPSCs) were artificially derived from non-pluripotent cells by specifically inducing 

the expression of genes involved in self-renewal and potency 25-27. Among the different types of 

stem cells reported above, embryonic stem cells (ESCs) and iPSCs hold the potential to provide 

unlimited supply of cells for tissue engineering applications 28-30, especially considering their 

high proliferative potential and pluripotency (or ability to virtually differentiate toward all cell 

types constituting the human body). However, the elaborate culture conditions required for their 

propagation 31 and the tendency to form teratoma after in vivo implantation are today hampering 

their use for clinical applications 30, 32-34.  

 
jjjjhjh 

 
 
 
 
 
 
 

Figure 2: Asymmetric division of a stem cells displaying the properties of self-renewal and potency. 
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An alternative is to use ESCs as source for the derivation of alternative cell lines, which display 

relevant properties and comparative advantages over stem cells derived from adult tissues, 

including availability, homogeneity, higher proliferative ability and good tissue-forming capacity 
31, 35-38. In Figure 2 a schematic illustration representing the stem cell properties of self-renewal 

and potency is shown. 

 

4.1.3 Scaffolds 
In the human body, cells are usually embedded within the extracellular matrix (ECM), which 

provides structural support and anchorage for the cells, regulate cell function and intercellular 

communication and plays a central role in developmental and regeneration 39. Based on this 

knowledge, tissue engineering requires interfacing stem cells with suitable scaffolds for the cells 

to attach, proliferate and differentiate toward a specific lineage 14, 19. Different materials have 

been used for the synthesis and manufacturing of biomaterials for tissue engineering applications, 

such as metals and alloys 40, ceramics 41, polymers 42 (both natural and synthetic) and composites 
43. Each class of material exhibits specific characteristics, mainly due to their particular 

molecular structures, and therefore become suitable for specific applications 44. In Figure 3 two 

scaffold materials used in this thesis are shown. 

 

  
Figure 3: Biocoral (left) and commercially-pure titanium (right) scaffolds. 
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4.1.4 Inductive Cues 
Cell proliferation, differentiation and function are thoroughly coordinated during 

development and tissue homeostasis, and are dependent on a specific combination of biophysical 

and biochemical signals 45. In this view, engineering functional tissues requires the use of 

specific signaling molecules to promote stem cell proliferation and eventually prime specification 

of functional cells 46, 47. A large spectrum of different stimulatory molecules have been used 14, 

including synthetic molecules 48, growth factors and hormones 49, cytokines 50, vitamins, and 

others 51, 52. 

 

4.1.5 Bioreactors 
Cells in the human body are constantly subjected to temporal and spatial gradients of chemical 

and mechanical stimuli (physiochemodynamic cues), which ensure cell functionality and 

contribute to tissue organization 20, 53. Based on this knowledge, the development of culture 

strategies is emerging as an essential factor to improve proliferation and differentiation of the 

cells in the scaffold by enabling nutrient supply, providing mechanical stimulation and a proper 

environment for the reproducible and large scale production of tissues.  

 

 

Fig 4: Schematic illustration of a flow perfusion 
system, showing the medium reservoir, the 
peristaltic pump, the perfusion chamber and the 
direction of flow. 

 

 

Therefore, the use of bioreactors is becoming a fundamental step for the fabrication of functional  
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3D cell/scaffold constructs for tissue engineering applications. Bioreactors are defined as “any 

device which is designed to contain structures, both cellular and molecular, that are capable of 

taking part in a specific biological process and from which the products of that process can be 

harvested or extracted” 54. Several bioreactors have been designed so far, and successfully used 

as reaction chambers for the synthesis of tissues and organs, including spinner flasks 55, 56, 

perfusion systems 57-59, rotating wall vessels 60, 61, pulsatile flow reactors 62, 63, and others 64. In 

Figure 4 a schematic illustration of a flow perfusion bioreactor used in this thesis is shown. 

 

4.1.5 Social Impact and Experimental Trends 
The possibility to engineer human tissues and organs is generating great enthusiasm throughout 

the scientific community worldwide, especially in relation to the profound social impact this new 

technology is going to have by improving the health status and quality of life of patients. So far, 

despite the technical and regulatory challenges, tissue engineering has shown encouraging results 
65, with several tissue substitutes experimentally developed by different investigators around the 

world, including skin 66, cartilage 67, 68, bone 41, skeletal muscle 69, cardiovascular tissues 70, 71, 

liver 72, trachea 73, urogenital tissues 74, as well as neural tissues 75. In particular, especially 

considering the large volume and functional importance of the skeletal system, as well as the 

aging of the world population, large efforts have been made over the past years in finding 

engineering solutions for the construction of bone substitutes. However, despite the ongoing 

efforts, many challenges remain and no adequate bone substitute has been engineered yet.   
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4.2 The Skeletal System  
In the vertebrates the skeletal system performs the function of providing support and 

protection, allowing body movements, storing minerals and fat, as well as participating in 

endocrine regulation of energy metabolism. In addition, in the adult organisms, many bones 

contain cavities filled with the bone marrow, and represent the anatomical site for blood cells and 

platelets production (haematopoiesis) 76. The skeletal system includes all bones of the body, as 

well as additional tissues involved in bone connection and movement, such as cartilage, 

ligaments (bone-to-bone connection) and tendons (bone-to-muscle connection) 77. 

 

4.2.1 The Human Skeleton 
The human skeleton accounts for about 20 percent of the total body weight in a regular-

sized person. The adult human skeleton is composed in average of 206 individual bones (this 

number does not include human teeth, which are part of the skeleton but display different 

structure and composition). Individual bones are classified according to their shape in long 

bones, short bones, flat bones, irregular bones and sesamoid bones 77, 78. In figure 5 the human 

skeleton with its individual bones is shown. 

 

4.2.2 Bone Cellular Components 
Bones are mainly constituted of three different cell types, categorized as osteoblasts, osteocytes 

and osteoclasts. Osteoblasts, which derive from mesenchymal stem cells (MSCs) 79, 80, are 

cuboidal post-proliferative cells with high synthetic activity and responsible for bone 

extracellular matrix deposition and mineralization 77, 81, 82. Osteocytes are star-shaped mature 

osteoblasts, smaller in size, which are embedded in a mineralized matrix and represent 90 percent 

of all cells in bone 81, 83. Osteoclasts are instead multinucleated cells of hematopoietic origin with 

osteolytic properties, and are responsible for bone resorption 84, 85. The coordinated action of 

osteoblasts and osteoclasts secure bone homeostasis during development and remodeling 

throughout lifetime 86. 

 

4.2.3 Bone Extracellular Matrix 
The ECM of mature bone tissue is composed of 30-40 percent of organic
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Figure 5: Frontal (A) and lateral (B) view of the complete human skeleton specifically showing details 
(C) of flat (1), irregular (2, 3) and long (4) bones constituting the human body.  
  

 

matrix and 60-70 percent (dry weight) of mineral substance. The organic material mainly 

consists of type I collagen fibrils (85-90 percent) embedded in the ground substance containing 

proteoglycan aggregates (mainly biglycan and decorin) and glycoproteins. Glycoproteins 

represent the largest proportion of non-collagenous proteins (NCPs) and include TSP 87, BSP 88, 

ALP in its extracellular form 89, ON 90, OC 91 and OPN 92, 93. The sequence of most NCPs 

includes high density of amino acids with high affinity for calcium, such as aspartic and glutamic 

acid residues 94. The inorganic material consists mainly of calcium phosphate crystals in the form 

of hydroxyapatite (HA) with molecular formula Ca10(PO4)6(OH)2 
95, although bicarbonate, 

citrate, magnesium, potassium and sodium are also found 96. Both the organic and inorganic 

components constituting the ECM of bones represent markers of particular interest in order to 

assess the formation of functional bone substitutes in tissue engineering and regeneration 

procedures. 
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Table 1: Major non-collagenous protein properties and functions. 

Non-collagenous proteins Properties Function 

 

TSP 

 

Glycoprotein 

Binds Ca++ and collagen 

Facilitates HA nucleation  

Modulates development and healing 87, 97 

 
 

BSP 

 

 

Sialoglycoprotein 

15% of the total NCPs 

Binds Ca++, HA and collagen 

Facilitates HA nucleation 

Involved in bone mineralization 

Involved in remodeling 88, 98 
 

ALP 
 

Glycoprotein 
 

Involved in mineralization 99, 100  
 

OC 
 

Gla protein 

20% of the total NCPs 

Binds Ca++ and HA  

Regulates mineralization 91, 101, 102 

 

 

ON 

 

 

Glycoprotein 

Binds Ca++, HA and collagen 

Prevents HA crystal growth 

Involved in cell attachment 

Modulates MSC osteogenic 

differentiation 90, 103 

 

OPN 
 

Sialoglycoprotein 

Prevents HA crystal growth 

Involved in cell attachment 

Modulates development and healing 92, 

104 

 

 

4.2.4 Woven and Lamellar Bone 
Bone as biological tissue exists in two histological types. Woven bone (or primary bone 

tissue) is an immature type of bone, characterized by the deposition of randomly orientated 

coarse collagen fibers, poor mineral content and high osteocyte density 105, and found in early-

developed bones and during the initial phases of fracture healing. As opposite, lamellar bone (or 

secondary bone tissue) is the mature bone and it is characterized by a hierarchical organization of 

regular structures, in which collagen fibers are orientated in parallel sheets or lamellae (as 

indicated in Figure 6) 96. 
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4.2.5 Structural Types of Bone 
Microscopically bones exist in two different structural forms: compact and trabecular. 

Compact or cortical bone forms the cortex, or outer shell, of most bones and contributes to about 

80 percent of the weight of a human skeleton. Cortical bone is made of a system of functional 

units called osteons (or Haversian system), each formed by concentric lamellae of compact bone 

surrounding the Haversian canal, in which blood vessels and nerves are contained. In between 

the lamellae osteocytes are laid down, the most abundant cells found in compact bone, which 

intercommunicate via long cytoplasmic extensions that occupy tiny canals called canaliculi. Each 

osteon is in direct contact with the periosteoum, the bone marrow and other osteons through the 

Volkmann’s canals. Trabecular or cancellous bone instead consists of a series of fine spicules 

(trabeculae) forming an interconnected network of bone tissue. Each trabecula is made of several 

concentric lamellae with osteocytes located between the lamellae. The cavities of the cortical 

bone are filled with bone marrow and occupied by blood vessels. The surface of bones is covered 

by the periosteum (outer) and endosteum 106, two membranes of connective tissue containing the  

 

 

Figure 6: Internal features of a portion of a long bone showing the periosteum, the endosteum, the 
Haversian systems and structural characteristics of the trabecular bone. 
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osteoprogenitor cells, which develop into osteoblasts and provide a continuous supply of cells 

supporting bone growth, remodeling and repair 77, 78. In figure 6, the structure and organization of 

compact and trabecular bone are shown. 

 

4.2.6 Bone as a Composite Material 
Mature bone is a two-phase porous composite material with a complex hierarchical structure, 

in which the HA crystals are arranged in parallel layers within the collagen framework 107-109 

surrounded by ground substance 96. The unique composition and organization of the bone matrix 

is responsible for the exceptional mechanical properties of bone 110. The collagen fibers within 

the matrix confer the adequate toughness to the tissue 111, whereas the mineral components 

provide strength and stiffness 110. Mineral content and composition, crystal size and orientation, 

collagen fiber organization, shape and porosity 112 all influence the mechanical properties of bone 

tissue 113, and alteration in some of these features are recognized to affect bone quality in elderly 

people and patients with bone-weakening diseases in general 114-116.  

 
Table 2: Mechanical properties of human bone. 
 

CORTICAL BONE Strength (MPa) Young’s Modulus (MPa) 
 

Compression test 
219 ± 26 Longitudinal 

 
153 ± 20 Transverse 

 

14.1 - 27.6 

 

Tensile test 
172 ± 22 Longitudinal 

 
52 ± 8 Transverse 

 

7.1 - 24.5 

 

 

Torsional test 
 

65 ± 9  
 

 

- 
 

 

TRABECULAR BONE 
 

Strength (MPa) 
 

Young’s Modulus (MPa) 
 

Compression test 
 

1.5 ± 9.3  
 

0.1 - 0.4 

Tensile test 1.6 – 2.42 10.4 ± 3.5 
 

 

Torsional test 
 

6.35 ± 2  
 
 

- 
 

*Compiled from references 117-120. 

 

4.2.7 Bone Histogenesis 
Bone histogenesis during fetal development occurs in two different patterns called
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intramembranous ossification and endochondral ossification. Intramembranous ossification 

occurs during development of flat bones and peripheral to the site of the fracture during bone 

healing. During intramembranous ossification, cells of the mesenchymal lineage, which are 

embedded into a membrane of connective tissue, directly undergo osteogenic differentiation and 

synthesize the osteoids (unmineralized matrix), which eventually mineralize. On the other hand, 

endochondral ossification takes place during the development of short and long bones, the 

growth of the length of long bones (growth plate), and during the natural healing of bone 

fractures (callus ossification). Upon endochondral ossification, MSCs aggregate 121 and 

differentiate toward the chondrogenic lineage, and form a transitory hyaline cartilage tissue 

(model). Subsequently, the chondrocytes become hyperthrophic and the surrounding matrix 

calcifies. After calcification the chondrocytes die and a network of blood vessels form, which 

carry the osteoprogenitor cells responsible for the synthesis and mineralization of the osteoids. 

During the development of long bones, two ossification centers form, respectively within the 

diaphyseal (the midsection region of bone) and epiphyseal regions (the round end of bone). In 

between the primary and secondary ossification centers, areas of proliferating chondrocytes 

(epiphyseal or growth plate) secure bone formation and growth 77, 122, 123. In Figure 7 a schematic 

representation of the endochondral ossification process is shown. 

 

4.2.8 Bone Remodeling and Repair 
Bone is a very dynamic tissue, which undergoes constant remodeling throughout lifetime and 

display regeneration properties after injury. Remodeling is the result of the complex interplay 

between osteoclasts and osteoblasts, which secure bone resorption and deposition respectively 86, 

and is regulated by the coordinated action of different biochemical and biophysical stimuli 124. 

The process of remodeling mainly occur to repair small bone fractures and is required for the 

maintenance of a normal healthy bone, as well as for adaptation to external stress and loading 125.  

As result of remodeling about 5 percent of cortical bone and 20 percent of trabecular bone are 

renewed every year 124. Unbalanced bone formation/resorption activity is associated with bone 

weakening 126 and is considered to be a major cause leading to osteoporosis 127. In Figure 8 a 

schematic illustration of the bone remodeling process is shown. Beside the remodeling ability, 

bone tissue displays an intrinsic capacity to self-repair structural defects after injury.  
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Figure 7: Endochondral ossification process of a long bone showing the formation of the cartilage 
model, the penetration of blood vessels and the development of the primary and secondary ossification 
centers. 
 

 

Soon after damage a blood clot (hematoma) forms and inflammation occurs at the site of injury. 

This process is associated with the release of several signaling molecules responsible for bone 

regeneration, such as FGF, BMP, PDGF and VEGF 128. The lack of blood supply leads to 

osteocyte death and scar formation. Subsequently, macrophages remove tissue debris, osteoclasts 

resorb dead bone tissue and fibroblasts deposit a network of collagen fibers holding together the 

two extremities of the fractured bone. The provisional network of fibrotic tissue is eventually 

invaded by progenitor cells homing from the bone marrow, endosteum and periosteum, which 

differentiate toward both the chondrogenic and osteogenic lineage and form

an immature tissue of connection (callus), which ossifies toward the formation of woven 

trabecular bone through a combination of intramembranous and endochondral ossification 77.  
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Figure 8: Bone remodeling process showing the coordinated action of osteoclasts and osteoblasts. 

 

 

The exact contribution of the two ossification mechanisms depends on the site and type of 

fracture. The repair process is not complete until the transitional woven bone is replaced by 

mature lamellar bone 130. In Figure 9 the process of bone repair is shown.  

 

4.2.9 Molecular Regulation of Bone Histogenesis 
Bone formation during development, remodeling and repair is regulated by a large number of 

signaling pathways and transcription regulators. A list of major signaling pathways playing a role 

in bone histogenesis includes Wnt, TGFβ/BMP, Notch, Hedgehog and FGF pathways 131, 132. 

After activation, the different pathways lead to the generation of specific transcription factors and 

regulators, involved in controlling the expression of genes responsible for proliferation and 

differentiation. The central role of these signaling pathways in regulating bone formation has 

been elegantly demonstrated by a large number of loss-of-function studies leading to different 

types of skeletal abnormalities and in vitro studies affecting bone formation 133-153, although a 

clear and complete elucidation of the regulatory circuits governing bone histogenesis is still far to 

be achieved. Stem cell specification toward the osteogenic lineage is basically regulated by the 

combined action of three transcription factors, such as RUNX2, OSX and nuclear β-catenin 154
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Figure 9: Bone repairing process showing the callus formation, the transitional deposition of woven bone 
and its final maturation to bone tissue. 
 

 

(an end-product of the Wnt signaling pathways 155), and knock-out animal models for these 

factors display impaired or lack bone formation due to absence of osteoblast differentiation 156-

159. Several experimental studies suggest that RUNX2 directs osteogenesis in the early phases of 

stem cell differentiation, while OSX and nuclear β-catenin act downstream consolidating the 

transition toward the osteoblastic phenotype 158, 160-162. RUNX2, in association with CBFB 163, is 

recognized to upregulate the expression of several bone matrix genes, including COL1, OP, BSP, 

and OC 164-167, and therefore largely used as marker for osteogenic differentiation. However, the 

level of RUNX2 does not always correlate with the expression of the downstream bone matrix 

genes. In fact, the function of RUNX2 is modulated by a set of several additional transcription 

factors and co-regulators, which interact with or regulate the expression of RUNX2, hence 

enhancing or inhibiting its activity, including MSX1 and MSX2 168, DLX 3 and DLX5 169, 170, 

TWIST1 and TWIST2 171, AP1-related nuclear factors such as c-FOS and c-JUN 172, 173, and 

ATF4 174. In Figure 10 a set of molecular components influencing RUNX2 expression and 

function are shown. 
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Figure 10: Set of molecular components interacting with RUNX2 and regulating its expression and 
function. The network shows experimentally-based interactions obtained with STRING web resource 
8.3 175.  
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4.3 Bone Deficiency, Clinical Needs and Current Treatments 
Despite the intrinsic capacity of bone to regenerate and self-repair, this ability is limited to 

small fractures and therapeutic solutions need to be applied to promote bone healing in case of 

defects of crucial size (delayed union and nonunion fractures) 176. Moreover, bone replacement 

therapies are needed to obviate bone deficiencies associated with reconstruction of congenital 177 

and traumatic 178 skeletal defects, cosmetic procedures, degenerative disorders (i.e. osteoporosis) 

and surgical resection following neoplastic transformation 179 and chronic infection 180. The 

worldwide market for bone replacement and repair therapies was estimated to be approximately 

€300 millions in 2003 181, with a number of bone grafting procedures reaching 2.2 million in 

2006 182. Especially considering the burden of nonunion fractures in osteoporotic patients, the 

need for bone tissue substitutes is constantly increasing due to the rapid growth of human 

population and extension of life expectancy 7, 183. Today, the number of elderly reporting age-

related fractures is estimated to be nearly 100 million per year worldwide 184-186, and this number 

is projected to massively increase over the next decades, with the number of elderly people (+65 

years) estimated to be about 2 billion by 2050 187. In several clinical cases associated with bone 

deficiency, patient comfort and bone functionality can only be restored by surgical 

reconstruction. Current treatments for these patients are based on the transplantation of 

autogeneic and/or allogeneic bone grafts, or implantation of graft materials with osteoconductive 

and osteoinductive properties 188-190. Autogeneic bone grafts (autograft) represent the gold 

standard treatment for bone replacement procedures, due to immune tolerability and provision of 

essential components supporting bone regeneration and repair, resulting in fast integration and 

revascularization 191. However, limited availability and donor site morbidity restrict their use in 

several clinical cases 192. On the other hand, allogeneic bone grafts (allograft), which are usually 

derived from decellularized (and demineralized) living or cadaveric bone tissue, are available in 

large amounts but integrate slowly 193, carry the risk of infection transmission and may display 

immune incompatibility leading to transplant rejection 194. Beside their respective advantages, 

both autograft and allograft lack the potential to provide large customized bone substitutes for the 

exact reconstruction of complex bone defects in particular clinical situations. Implantation of 

synthetic graft materials overcomes some of the restrictions encountered with auto- and 

allografts, such as disease transmission, complex shape and availability. However, they display 

poor integration and lack biological functionality and mechanical compliance, which usually lead 

to implant failure and substitution 195, especially in patients with poor bone quality, associated for 
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example with degenerative disorders 196 and diabetes 197. There is therefore an urgent need to find 

alternative solutions for the design of optimal bone substitutes, which display high osteoinductive 

and angiogenic potential, biological functionality, large-scale availability, safety and reasonable 

cost 198. Bone tissue engineering represents a promising strategy to obviate bone deficiency, 

allowing the ex vivo construction of bone substitutes with unprecedented potential in the clinical 

practice 198-201. 
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4.4 Bone Engineering 
Bone tissue engineering is a rapidly evolving technology, which aims at generating bone 

substitutes for the reconstruction of skeletal defects. Beyond the use and implantation of acellular 

scaffolding biomaterials, bone engineers envision the possibility to interface stem cells to 

biomaterials for the ex vivo construction of bone-engineered constructs that functionally resemble 

the native tissue and/or promote a stable and enduring integration of the implanted construct. 

After in vivo implantation, the bone-engineered constructs ought to i) establish an appropriate 

connection with the surrounding tissue, ii) preserve cell viability and promote the regeneration of 

a functional tissue, iii) be immune tolerated and/or not elicit any adverse reaction 9, 14, 19. Stem 

cell-based bone engineering dates back to 1995, when de Bruyn et al. reported the ability of bone 

marrow cells to form bone after ectopic implantation in rabbits 202. Since then, a large number of 

experiments have been reported, both in vitro 203-209 and in vivo in animal models 210-218, assessing 

the potential of stem cells for bone regeneration and engineering applications, although few 

examples of clinical applications have been reported so far 219-223, and no approved bone-

engineered product exists today 200. The intramembranous ossification pathway, with stem cells 

directly primed toward the osteogenic lineage, is adopted as an optimal strategy when 

engineering bone substitutes, especially due to the inferior time required to achieve bone 

formation 199. However, some authors have recently revisited the idea to engineer bone 

substitutes via the endochondral ossification pathway 224, 225, principally because a cartilaginous 

template may allow circumventing the limitations associated with low oxygen tension 

experienced for large engineered constructs. The proper combination of scaffolding materials, 

cells and pattern of biochemical and biophysical conditions represent today a great challenge for 

developing clinically relevant bone substitutes for the repair of large skeletal defects. 

 

4.4.1 Scaffolds for Bone Engineering Applications 
For bone tissue engineering the scaffold material must create an adequate microenvironment 

for osteogenesis. Properties such as biocompatibility (or the ability of a material to perform with 

an appropriate host response in a specific situation 226), osteoconductivity and osteoinductivity 
227, mechanical performance and porosity are crucial factors to be considered in the design of 

suitable scaffolds for bone engineering applications 40. Pore distribution, porosity and 

interconnectivity of the scaffold are especially important parameters considering the structural 

architecture of bone, and are recognized to play a critical role in promoting bone formation both 
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in vitro and in vivo 228. In fact, a porous geometry of the scaffold allows cell seeding and 

migration, bone matrix deposition, mass transport and vascularization 201. Nonetheless, surface 

properties such as chemical composition and topography drive interface phenomena and are 

essential in promoting cell attachment, proliferation and differentiation 229-231, hence playing a 

significant role in the ex-vivo development of a functional substitute and its stable integration 

with the native bone following implantation. To date, several different biomaterials have been 

used in the attempt to engineer bone substitutes, such as polymers 42, 232 (including hydrogels 233), 

ceramics 41, 234, metals 235 and composites 236, and it is likely that no universal biomaterial exists. 

In fact, different biomaterials display optimal characteristics for specific applications. For 

example, metallic biomaterials with mechanical properties matching those of native bone 

represent optimal choices today when reconstructing bone defects in skeletal locations 

characterized by load-bearing conditions. Numerous conventional fabrication techniques are 

nowadays employed for the construction of 3D porous scaffolds for bone engineering 

applications, each specific for the type of material used and the requirements of the final 

application 14, 235, 237, 238. Beyond all, innovative free-form fabrication (FFF) techniques are 

emerging as excellent strategies for the construction of scaffolds with complex geometrical 

shapes. Based on computer-aided design (CAD) and computer-aided manufacturing technologies, 

FFF allows the manufacturing of 3D scaffolds with reproducible architecture and compositional 

variation across the scaffold, and unprecedented potential for personalized applications in skeletal 

engineering 239. Scaffold functionalization with bioactive molecules is largely adopted for the 

design of advanced scaffolds for bone engineering applications. These molecules, which include 

for instance growth factors and cytokines, cell-binding and calcium-binding proteins, have the 

potential to modulate adsorption, direct cell attachment and differentiation, promote tissue 

formation and mineralization, as well as favor construct vascularization and avoid rejection 

following implantation 240-247. 

 

4.4.2 Stem Cells in Bone Engineering  
Several basic considerations must be taken into account when choosing a cell source for 

bone engineering applications. Optimal cells should be readily available and highly expandable in 

vitro, display consistent osteogenic properties and be highly biosynthetic, preserve a stable 

phenotype after specification and not elicit any adverse reaction after implantation (immune 

acceptance) 14, 200, 248. Based on the knowledge that bone-forming cells derive from stem cells 
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residing in the bone marrow 249-251, human MSCs (hMSCs) have historically been the main 

source of cells for bone engineering applications. hMSCs are multipotent stem cell with the 

potential to differentiate toward the mesodermal lineages, including the adipogenic, chondrogenic 

and osteogenic lineages, but can also trans-differentiate toward tissues representative of other 

embryonic germ layers 79. To date, stem cells with similar potency have been isolated from 

different adult tissues, such as cord blood 252, umbilical cord 253, placenta 254 synovial fluid 255, 

periosteum 256, fat 257 and skeletal muscle 258. Despite the fact that mesenchymal-like cells 

derived from different tissues display common attributes such as i) plastic adherence and 

fibroblast-like morphology, ii) multipotency and iii) a spectrum of characteristic surface markers, 

differences in gene expression profile and biosynthetic properties have been demonstrated 259, 260. 

Over the last years hMSCs have been successfully differentiated toward the osteogenic lineage 

and largely used for bone engineering applications with promising results 57, 59, 211, 213, 219, 220, 223, 

261-265. Moreover, due to their derivation from adult tissues, hMSCs have the potential to be 

harvested and reimplanted in the same patient, therefore overcoming the restrictions associated 

with an immune response against the transplanted cells 266. Nonetheless, hMSCs are recognized 

to be hypoimmunogenic and display immunomodulatory capacities 267, 268, which open the 

possibility to use them in allogeneic applications, although conflicting results exist 269. However, 

beside the aforementioned advantages, hMSCs derived from adult tissues manifest important 

limitations from a tissue engineering perspective. For instance, following harvest, hMSCs must 

be isolated and enriched, usually resulting in a high degree of heterogeneity 270, 271 that may affect 

the desired clinical outcome. Moreover, their limited proliferative potential 272, 273 and loss of 

functionality associated with protracted expansion 274 restrict their use for the construction of 

functional substitutes for the repair of large skeletal defects. In addition, it is important to note 

that the majority of patients reporting fractures of the skeletal system are the elderly. These 

patients are marked by a decline in function of the entire organism that, according to recent 

theories on aging, is strongly linked to a progressive acquisition of functional defects of the stem 

cells securing tissue homeostasis 275, 276. In this view, the isolation of functional hMSCs from 

these individuals represent a great challenge limiting the possibility to engineer autogeneic bone 

substitutes with therapeutic outcomes of clinical relevance. Recent findings have in fact 

demonstrated that the self-renewal and potency of hMSCs become compromised with donor age 
277-279. On the other hand, human ESCs (hESCs) hold the potential to provide a ready-to-use and 

unlimited supply of functional cells for bone engineering applications, and the possibility to 
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directly differentiate hESCs toward the osteogenic lineage has been reported 280-284. However, the 

elaborate conditions required for their culture and propagation, as well as their intrinsic 

tumorigenic potential are today hampering their potential use for clinical applications 285. An 

alternative is the use of embryonic-derived cells, which may overcome the above disadvantages 

and display optimal properties for bone engineering applications. Over the last years several 

attempts have been made to derive such cells, resulting in the production of several progenitor 

cells with high potential for the construction of functional substitutes for bone replacement 

therapies 31, 35, 37, 286-288. However, for a clinical use of these cells an extensive characterization is 

needed and a comparative advantage over hMSCs for skeletal engineering applications must be 

shown. 

 

4.4.3 Cultivation Requirements and Strategies 

Optimal culture conditions are fundamental to support stem cell proliferation and stimulate 

osteogenic differentiation, allowing the construction of functional bone substitutes. In addition to 

provide essential nutrients supporting cell growth and survival, osteogenic differentiation is 

usually promoted by stimulating the cells with specific additives able to promote matrix 

deposition and mineralization, as well as stimulate the expression of genes involved in stem cell 

commitment toward the osteogenic phenotype. Current protocols utilize a cocktail of ascorbic 

acid 289-291, β-glycerophosphate 292 and dexamethasone 293, 294 in different ratios and 

concentrations, as well as specific growth factors recognized to play a primary role in bone 

histogenesis, including BMP molecules 295, TGF-β 296, VEGF 297, FGF 298, 299, IGF and PDGF 300. 

Additional molecules have been recently reported to induce osteogenesis in vitro 301-304, 

indicating that a large set of potential inductive molecules may find applications in bone 

engineering in the near future. In addition, the construction of functional substitutes relies also on 

the application of physical stimulation 20, 64, 305. In fact, in the human body cells are constantly 

subjected to mechanical stimuli, which impart the proper signal securing tissue homeostasis. 

Considering the supporting function of the skeletal system, bone-forming cells are particularly 

sensitive to mechanical load 306, which has been extensively demonstrated to foster osteogenesis 

and increase the biosynthetic activity of bone-forming cells 58, 59, 307-309. Based on this knowledge, 

the use of specific bioreactors plays a fundamental role for the cultivation of cell/scaffolds for 

bone engineering applications 46. Nonetheless, bioreactors improve cell proliferation and 
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differentiation by enabling nutrient supply, and are essential for the reproducible and large-scale 

production of large functional substitutes for use in clinical settings 310. 
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5. AIMS OF THE THESIS 
 

 

 To investigate the molecular changes occurring upon derivation of human embryonic stem 

cell-derived mesodermal progenitors (hES-MPs) and assess any similarity in gene expression 

profile with hMSCs. 

 

 

 To study and compare the proliferation potential of hES-MPs and hMSCs. 

 

 

 To investigate and compare the osteogenic properties of hES-MPs and hMSCs in relation to 

their degree of expansion. 

 

 

 To investigate the potential of matrix-free growth human embryonic stem cells (MFG-hESCs) 

to undergo osteogenic differentiation and assess the molecular changes associated with lineage 

specification. 

 

 

 To investigate the effect of flow perfusion stimulation on the osteogenic differentiation of 

hES-MPs and hMSCs interfaced to 3D ceramic scaffolds. 

 

 

 To investigate the immunological properties of hES-MPs and hMSCs. 

 

 

 To investigate the potential of hES-MPs to be interfaced to 3D metallic scaffolds and study the 

effect of the biomaterial chemical composition on hES-MPs behavior. 
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6. MATERIALS AND METHODS 
 

6.1 Scaffolds 
Three-D scaffolds made of either ceramic or metallic materials were exploited to conduct the 

studies reported in the present thesis. In study V, a gel of fibrin was used in combination with the 

ceramic scaffolds to hold the particles together. Scaffolds were interfaced with either hES-MPs 

(study IV, V and VI) or hMSCs (study IV), and the resulting cell/scaffold constructs investigated 

both in vitro and in vivo. All scaffolding materials were biocompatible and had previously been 

used for bone engineering applications 40, 204, 217, 311, 312. 

 

6.1.1 Ceramic Scaffolds 
Porous ceramic scaffolds of natural coral (Porites species) were provided by Biocoral Inc. 

(Levallois-Perret, France; www.biocoral.com). They consisted of calcium carbonate (98% to 

99%) in the form of aragonite with trace elements (0.5% to 1%) and amino acids (0.07 ± 0.02%).  

In study IV, scaffolds were in form of cubes, with a dimension of about 3x3x3 mm, whereas in 

study V the scaffolds were in form of particles with a size ranging from 600 µm to 1000 µm. The 

scaffolds had volume porosity and mean pore diameter of 49±2% and 250 µm (range 150-400 

µm), respectively. All pores were interconnected.  

 

6.1.2 Fibrin Gel  
The fibrin gels were obtained by mixing fibrinogen (Tissucol®; 18 mg/ml) with a solution of 

thrombin (100UI/mg). Thrombin is a plasma protein which catalyze the hydrolysis of fibrinogen 

to fibrin during clot formation 313. 

 

6.1.3 Metallic Scaffolds 
Metallic scaffolds of commercially-pure titanium (cp-Ti) and titanium-aluminum-vanadium 

(Ti6Al4V) alloy, with a dimension of about 1x1x1 cm, were manufactured and provided by 

Arcam (Arcam AB, Mölndal, Sweden; www.arcam.com). Both the cp-Ti and Ti6Al4V had an 

average pore size of 620 µm in diameter and a volume porosity of about 70-75%. All pores were 

interconnected 314. 
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6.2 Free-form Fabrication of cp-Ti and Ti6Al4V Scaffolds 
A collection of different rapid prototyping techniques are currently used for the 

manufacturing of solid 3D objects for biomedical applications 315. Among these, electron-beam 

melting (EBM) represents a promising technique for the high-speed and high-volume fabrication 

of customized metallic implants with excellent properties for personalized applications in skeletal 

engineering 316. The EBM technology relies on the layer-by-layer building of metal powder 

melted by an electron beam with a layer thickness of 0.1 mm. Each layer is melted to the exact 

geometry defined by the 3D CAD model.  

 

In study VI, FFF scaffolds were produced in an Arcam EBM S12 system from standard Arcam 

cp-Ti and Ti6Al4V extra low interstitial (ELI) powders with a particle size of between 45-100 

µm. The cubic scaffolds were made from a 3D CAD model, with each side measuring 

approximately 6.8 mm. All the implants were produced in two separate builds, one for cp-Ti and 

one for Ti6Al4V. The building temperature of the powder bed was 700°C for cp-Ti and 750°C 

for Ti6Al4V, respectively. The vacuum pressure inside the chamber was 2x10-3 mbar for both 

builds. The control settings of the build process were in accordance with standard settings 

provided by Arcam AB. After building, the scaffolds were cooled in a He environment at a 

pressure of 2x102 mbar until they reached a temperature of about 100°C. Air was then introduced 

into the chamber. All scaffolds were finally blasted with the same ELI powders used for building 

the cp-Ti and Ti6Al4V scaffolds. 

 

6.3 Surface Characterization of cp-Ti and Ti6Al4V Scaffolds 
Surface composition and oxide thickness were analyzed by time-of-flight secondary ion mass 

spectroscopy (TOF-SIMS), which allows the detection of secondary atomic or molecular ions 

generated after bombardment of any solid material with a pulsed ion beam. The secondary ions 

are then directed to a detector using a high voltage potential and their mass is determined 

measuring their time-of-flight from the samples to the detector 317. One important feature of 

TOF-SIMS is the ability to provide 2-dimensional spatial distribution of the elemental 

composition of any material surface, including inorganic and organic samples 318, as well as the 

excellent mass resolution, good sensitivity and high spatial resolution. In addition, depth profile 
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analyses may also be performed using a complementary sputter ion gun 319. TOF-SIMS analysis 

was also used to study matrix mineralization as described in paragraph 7.19. 

 

In study VI, TOF-SIMS analysis was performed using a TOF-SIMS IV instrument equipped with 

Bi and C60 cluster ion sources. Clusters of Bi ions were used in order to increase the yield of 

secondary ions, especially high-mass ions, while keeping an adequate image resolution. Before 

analysis, samples were ultrasonicated in ethanol (99%) for 5 min (3 times), followed by 

ELGA/Milli-Q H2O for 15 minutes. Then, samples were dried in a flow of N2 gas before 

analysis. Mass spectra of positive and negative secondary ions were measured from two areas of 

100x100 µm (divided into 128 pixels)2 on each sample, with a data acquisition time of 50 s. Bi3
+ 

(25 keV) were used as primary ions, with a target current of 0.1 pA. Each spectrum was 

calibrated by assigning theoretical masses to known peaks. For depth profiles, the sample areas 

were sputtered with a beam of C60
+ ions (10 keV, target current 0.4-0.5 nA, area 250 x 250 µm). 

The depth profiles (positive mode) were done with cycles of sputtering for 5 s, followed by data 

acquisition for 10 s (same area and pixels as above) with a pause of 1 s. The depth profile 

measurements were continued until the TiO2 related peak (main TiO+ at m/z 64) intensity had 

leveled out in the metal (after 250-300 s of total C60
+ sputtering). The thickness of the oxide layer 

measured in the depth profiles was calculated from the time required to sputter through the oxide 

layer. Conversion of the sputter time to depth was done by calibration of the sputter rate of TiO2 

on a standard titanium plate with a known oxide thickness.  

 

6.4 Scaffold Cleaning and Sterilization 
Cleaning and sterilization of biomedical devices are of fundamental importance to avoid any 

undesired and/or adverse effect associated with the presence of non-biological and biological 

contaminants. In the present thesis, contaminants were removed by ultrasonic cleaning, whereas 

scaffolds sterilization was carried out by autoclaving. Ultrasonic cleaning relies on the treatment 

of the scaffolds with high frequency sound waves in presence of H2O and/or detergents. The 

formation of cavitation bubbles is responsible for the removal of the contaminants adhering to the 

scaffold surface. On the other hand, autoclaving represents a simple sterilization procedure based 

on the use of pressurized steam to destroy contaminating microorganisms 320. 
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In study IV and V, biocoral scaffolds were collected in round-bottom tubes and steam autoclaved 

at 115°C for 20 min, which was shown not to affect the composition 321.  

 

In study VI instead, after blasting, the scaffolds were ultrasonically cleaned for 5 min each in two 

successive baths of MIS 024 detergent, then 3 times for 5 min in ELGA/Milli-Q H2O. Following 

ultrasonic treatment, the scaffolds were let to dry in air in a sterile environment. The scaffolds 

were then sealed in sterile bags and steam autoclaved for 15 min at 120°C. 

 

6.5 Cells 
Both human embryonic and adult stem cells have been used to conduct the studies presented 

in this thesis. All cells were isolated, derived and cultured in line with the principles of the Good 

Cell Culture Practice 322 in order to comply with international standards and ensure quality of the 

data. 

 

6.5.1 Undifferentiated Human Embryonic Stem Cells  
Undifferentiated hESCs were derived from surplus human embryos from clinical in vitro 

fertilization (IVF) treatments. Derivation, establishment, subcloning, characterization and 

subsequent culture of hESC lines SA167, SA002.5 and SA461 were performed at Cellartis 

(Cellartis AB, Gothenburg, Sweden; www.cellartis.com) as previously described 323, 324. 

 

6.5.2 Matrix-free Growth Human Embryonic Stem Cells  
The MFG-hESCs were derived from the hESC line AS034.1. Derivation, adaptation and 

subsequent culture of MFG-hESCs were performed at Cellartis as previously described 31. 

 

6.5.3 Human Embryonic Stem Cell-derived Mesodermal Progenitors  
The hES-MPs were derived from the three undifferentiated hESC lines described above. 

Derivation, characterization and expansion were performed at Cellartis as previously described 35. 

 

6.5.4 Human Mesenchymal Stem Cells  

The hMSCs were isolated from marrow aspirates from patients undergoing spinal fusion (age 

range 13-43 years). The isolation, derivation and characterization were performed at the
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University of Gothenburg. 

 

6.6 Cell Derivation and Isolation 
To derive the hESC lines used in this study, donated embryos were cultured to blastocysts 

until the age of 6-7 days as previously described 325. Briefly, after grading the blastocysts 

according to Dokras et al. 326, the inner cell masses (ICM) were plated on a layer of mitotically 

inactivated early passage mouse embryonic fibroblasts (MEFs). The mitotic activity of the MEFs 

was abolished by an incubation with 10 µg/ml mitomycin C for 3 hours at 37°C, after which the 

cells were seeded at a density of 13x104 cells/ml in IVF cell culture dishes in Dulbecco’s-

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml 

penicillin G, and 1X Glutamax. ICM outgrowths were passaged to plates with fresh medium and 

MEF cells by mechanical dissection using Stem Cell Tool™, and established hESC lines were 

routinely passaged every 4-5 days as previously described 323.  

 

For subcloning, hESC colonies were mechanically dissociated and treated with 0.5 mM 

ethylenediaminetetraacetic acid (EDTA) for 20 min at 37°C. The cells were triturated carefully 

with a pipette and diluted in knockout KnockOut™ DMEM medium supplemented with 15% 

concentrated conditioned medium, 3.5 mM glucose, 1 mM Glutamax, 1% nonessential amino 

acids (NEAA), and 4 ng/ml human recombinant basic fibroblast growth factor (hrbFGF). Single 

cells were then transferred into individual wells with MEF-coated plates. To analyze the long-

term pluripotency and replicative immortality of the established hESC lines, cells were 

characterized by examining the morphology, marker expression, telomerase activity, karyotype, 

and pluripotency in vitro and in vivo as previously described 324. 

 

Feeder-free Matrigel™-propagated hESC line AS034.1 was used for the adaptation process to 

matrix-free growth culture conditions. Adaptation to plastic cultures represents a fundamental 

step for the generation of homogenous and highly expandable undifferentiated hESCs with 

potential in stem cell-based applications. To initiate the adaptation process, the human embryonic 

lung fibroblast (hEL)-conditioned hESC [consisting of 80% KnockOut™ DMEM and 20% 

KnockOut™ serum replacement, supplemented with 1% Penicillin-Streptomycin (PEST), L-

Glutamine (2 mM), 1% NEAA, 1% L-glutamin, β-mercaptoethanol (0.1 mM) and 4 ng/ml 
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hrbFGF] medium was replaced by neonatal condrocyte (NC)-conditioned hESC medium 1 day 

before passage. The procedure was used to passage the hESCs, which in the end was resuspended 

in NC-conditioned hESC medium and transferred to a rehydrated Matrigel™ coated dish and 

subsequently cultured in a humidified atmosphere at 37°C in 5% CO2. The hESCs were cultured 

for 20 days without passaging, while culture medium was renewed every second or third day. 

After 20 days in culture with NC conditioned hESC medium, cells were passaged enzymatically 

as previously 31 described and cultured on regular culture dishes. After 11 days in culture, the 

MFG-hESCs colonies were passaged to Primaria® dishes and the NC-conditioned hESC medium 

was substituted with hEL-conditioned hESC medium.  

  

hES-MPs were derived from the undifferentiated hESC lines SA167, SA002.5 and SA461. The 

derivation allows the generation of a population of progenitor cells with high potential for 

mesodermal tissue engineering studies. Briefly, cells were removed from the supporting feeder 

layer, enzymatically dissociated with TrypLE™ Select, and plated onto 0.1% porcine gelatin 

coated cell culture dishes at high density cultures of about 1.5x105 cells per cm2 in medium 

consisting of high-glucose DMEM (DMEM-HG; with glutamax, without pyruvate) supplemented 

with 10% FBS and 10 ng/ml hrbFGF. The plated hESC lines were left to differentiate for 7 days 

in a humidified atmosphere at 37°C and 5% CO2 resulting in an outgrowth of heterogeneous cell 

types. Following this, the hESCs were enzymatically dissociated (passage 1, P1) and passaged as 

a single cell suspension using TrypLE™ Select to gelatin coated culture dishes. In this and in all 

following passages or transfer steps, no selection was performed and all cells were transferred. 

This procedure was repeated every 7 days until the cell population became homogeneous for 

hES-MPs morphology (at P2-P3).  

 

For the isolation of hMSCs, the bone marrow was aspirated using heparin-coated syringes to 

prevent coagulation. After aspiration, the bone marrow was mixed with 5 ml of phosphate buffer 

saline (PBS) containing Heparin and centrifuged at 1800rpm for 5 min. Following the removal of 

the lipid-containing layer, the cell suspension was fractioned by density gradient centrifugation 

using cell preparation tubes prefilled with Ficoll. The density gradient allows the separation of 

mononuclear cells (containing the hMSCs) from platelets, granulocytes and erythrocytes upon 

centrifugation at 3400rpm for 20 min at a temperature between 18-25°C. The layer at the 

interface medium-Ficoll containing the mononuclear cell fraction was gently collected, and the 
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cell suspension diluted in a Turk’s solution (1:10) to lyse contaminating red blood cells. After 

washing, cells were plated and expanded in culture flasks to prompt enrichment of hMSCs.  

 

6.7 Cell Expansion 
In all studies presented in this thesis, cells were expanded in vitro in order to reach a 

sufficient number for further investigations or to examine osteogenic differentiation in relation to 

the degree of expansion. Different cells were expanded using specific culture conditions as 

described below. 

 

For propagation of hESCs, colonies were mechanically cut into pieces of about 200x200 µm and 

transferred to new culture dishes coated with fresh MEFs. Cells were cultured using VitroHES™ 

medium supplemented with hrbFGF (4 ng/ml) and passaged every 4-5 days.  

 

MFG-hESCs were expanded in Primaria® dishes in conditioned hESC medium and passaged 

every 4 to 6 days. Briefly, cells were treated with collagenase type IV for 5 min at 37°C. The 

MFG-hESCs suspension was pelleted by centrifugation at 1600rpm for 5 min and subsequently 

washed twice in KnockOut™ DMEM. The cells were then resuspended in conditioned hESC 

medium and transferred to Primaria® dishes. The medium was changed every second or third day 

and cells cultured at 37°C in 5% CO2 

 

hES-MPs were expanded in culture flasks in presence of DMEM-HG, supplemented with 

10,000U/ml PEST, L-glutamine (2 mM), 10% FBS and 10 ng/ml hrbFGF. Briefly, cells were 

treated with trypsin for 5 min at 37°C and subsequently centrifuged at 2000rpm. The pellet was 

then resuspended in complete expansion medium and cells plated and expanded in culture flasks. 

Cells were seeded at a density higher than 10% to avoid apoptotic death of neglect, and passaged 

when reaching 80% confluence to avoid death by metabolic decay and/or spontaneous 

differentiation. Media were changed every 3-4 days and cells cultured at 37°C in 5% CO2 

 

hMSCs were expanded in medium consisting of low-glucose DMEM (DMEM-LG) 

supplemented with the same additives as described above for the hES-MPs, and passaged using 

similar protocols as for hES-MPs. Media were changed every 3-4 days and cells cultured at 37°C 

in 5% CO2. 
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6.8 Osteogenic Stimulation 
In order to prime cell differentiation toward the osteogenic lineage, cells were plated and 

cultured in a medium consisting of DMEM-LG, supplemented with 10,000U/ml PEST, L-

glutamine (2 mM) and 10% FBS (20% in study I in order to favor attachment of the MGF-

hESC), and containing the osteogenic additives ascorbic acid (45 µM), dexamethasone (1 µM) 

and β-glycerophosphate (20 mM). These additives are recognized to respectively promote the 

synthesis of collagen, prompt osteogenic differentiation and favor matrix mineralization 290-294. 

When investigating codifferentiation toward the osteogenic and adipogenic lineage in study III, 

the ostegenic medium described above was supplemented with BMP2 (25 ng/ml). In the same 

study, medium was supplemented with IFN-γ (100 U/ml) to study the expression of 

immunological markers. Lower concentrations of the above additives were used in study V, 

where cells were expanded under osteogenic conditions along 2 weeks before in vivo 

implantation, with the objective not to inhibit proliferation significantly. In this study, the 

concentrations of ascorbic acid and dexamethasone were 0.1 µM of and 15 µM, respectively. All 

other supplements were used in the same concentrations as described above. All cells were 

incubated at 37°C in 5% CO2. In study IV, the osteogenic medium was supplemented with the 

zwitterionic agent 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) to maintain the 

pH at optimal levels. Media were changed every 2-3 days and cells were cultured under 

osteogenic stimulation up to 5 (study IV) or 6 (study I, III and VI) weeks. 

 

6.9 Cell Transduction 
Several strategies for delivering genetic material into host cells have been developed over the 

last decades, including physical, chemical and viral methods. Among all, methods based on 

recombinant viral vector represent the most efficient means since they take advantage of the 

natural ability of viruses to get inside the cells and, in the case of retroviral vectors, integrate their 

genetic material inside the host genome allowing a stable expression of the transduced genes 327.  

 

In study V, hES-MPs were transduced with the bicistronic lentiviral vector PCHMWS-eGFP-

T2A-Fluc, containing a fused gene encoding for firefly luciferase (Fluc) and enhanced green 

fluorescent protein (eGFP), for monitoring of cell survival after in vivo implantation. The T2A 

sequence ensures efficient coexpression of both reporter genes 328, 329. The PCHMWS-eGFP-
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T2A-Fluc vectors were kindly provided by Dr. Ibrahimi (Katholieke Universiteit Leuven). 

Briefly, cells were seeded in a 24-well plate at a density of 5x104 cells/well under expansion 

conditions (see above for descriptions). After 24 h, medium was aspirated and cells rinsed twice 

with PBS, before adding 250 µl of a solution containing the viral particles at a multiplicity of 

infection (MOI) of 100. Then, cells were incubated at 37°C in 5% CO2. After 1 h, 2 ml of 

medium were added per each well and cells expanded at 37°C in 5% CO2 as described above.  

 

6.10 Cell Seeding Techniques and Preparation of Cell/scaffold Constructs 
Interfacing cells to 3D scaffolds requires seeding them using appropriate seeding methods, 

which are essential to ensure a homogenous distribution of cells through the scaffolds and may 

play an important role in affecting cell differentiation and tissue formation 330. Both static and 

dynamic methods are generally used to inoculate cells in 3D scaffolds, including the droplet 331, 

cell suspension 332 and centrifugal seeding techniques 333, as well as dynamic methods using 

bioreactors 334. In this thesis both static and dynamic seeding techniques were used. 

 

In study IV, the static cell suspension seeding technique was used. Cells were seeded at a density 

of about 1x105 cells per coral scaffold placed in 15 ml tubes. Briefly, cells were detached, 

filtered with 40 µm nylon strainers to remove clusters of cells and counted. After centrifugation 

at 1200rpm for 5 min, cells were resuspended in expansion medium consisting of DMEM-HG 

supplemented with the same additives as described above. Aliquot of single cell suspension were 

then added per each tube containing the scaffolds. In order to favor a homogenous distribution of 

cells across the scaffolds, tubes were gently shaken and tilted every 30 min for 4 h, then 

incubated at 37°C in 5% CO2 for 3 days before being transferred into flow perfusion bioreactors 

for osteogenic differentiation. Three days after seeding, medium was collected and cells not 

attached to the corals counted in a haemocytometer in order to evaluate the degree of cell 

attachment. 

 

In study V, hES-MPs were seeded using a suspension technique followed by centrifugation. After 

2 weeks of culture under osteogenic conditions, the medium was removed and cells rinsed with 4 

ml of Hanks’ balanced salt solution (HBSS, without Ca2+ and Mg2+) containing 30 mM of 

HEPES and 1% PEST. After rinsing, cells were detached with 4 ml of a solution of Clostridium 

histolyticum type IV collagenase in HBSS (1mg/ml) for about 20 min. Then, cells were collected, 



 

 54 

filtered with 40 µm nylon strainers and counted with a haemocytometer. After centrifugation at 

1200rpm for 5 min, cells were resuspended in DMEM without Phenol red containing 10% FBS 

for seeding. Forty mg of biocoral particles were aliquoted in 50 ml Falcon tubes and 1 ml of 

DMEM without Phenol red containing 10% of FBS was added to each tube to precondition the 

coral particles. In order to remove air bubble entrapped inside the particles, samples were vacuum 

treated and centrifuged, before being incubated overnight at 37°C in 5% CO2. After removing the 

preconditioning medium, 100 µl of cell suspension (107 cells/ml) were added per each aliquot of 

coral particles and samples incubated for 4 h at 37°C in 5% CO2 to allow attachment. Afterward, 

samples were centrifuged for 5 min at 1200 rpm to promote attachment before embedding in a 

gel of fibrin and medium was collected. Cells not attached to the corals were counted in a 

haemocytometer in order to evaluate the degree of cell attachment. After adding 100 µl of 

fibrinogen (18mg/ml), samples were allowed to homogenize for 10 min. Then, 5 µl of a solution 

of thrombin (100UI/mg) were added per each sample for embedding. After 15 min, 4 ml of 

DMEM-LG containing HEPES (20 mM) were added, and the embedded constructs incubated 

overnight at 37°C in 5% CO2. Embedded coral particles without cells were prepared as control. 

Before implantation, embedded constructs were transferred into 24-well plates using a sterile 

scalpel. 

 

For studying the in vivo immune response to the implanted cell/coral constructs, hES-MPs were 

seeded on coral scaffolds and constructs prepared as described above. 

 

In study VI, a centrifugal seeding technique was used in order to increase cell penetration and 

attachment across the scaffolds. Briefly, scaffolds were placed in round-bottom tubes and 1 ml of 

cell suspension (106 cell/ml) was added per each scaffold. Tubes containing the cell/scaffold 

constructs were then centrifuged at 1200rpm for 5 min. After centrifugation, unattached cells 

were resuspended and cell suspension added again to the tubes containing the scaffolds. The 

centrifugation procedure was repeated 5 times and the unattached cells counted in a 

haemocytometer to calculate the degree of cell attachment. Cell/scaffold constructs were finally 

incubated at 37°C in 5% CO2 for 24 h. 

 

6.11 Culture in Bioreactor 
Tissue engineering can be described as a quadriad composed of four key elements, including
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cell, scaffolds, inductive molecules and bioreactors. Bioreactors are culturing devices, which 

provide the optimal conditions for the fabrication of tissue-engineered constructs, including the 

spatial and temporal application of chemical and physical stimuli. Several bioreactors have been 

designed and employed so far for bone engineering applications. In this thesis, a flow perfusion 

bioreactor was used for the culture of cell/coral scaffolds with the objective to promote bone-like 

tissue formation. Such bioreactor consisted of a peristaltic pump, four perfusion chambers and 

related medium reservoirs as described earlier 335. 

 

In study IV, cell/coral constructs were transferred into the flow perfusion bioreactor chambers 

and cultured for 5 weeks both in static (flow perfusion rate: 0 ml/min) and dynamic (flow 

perfusion rate: 10 ml/min) conditions using osteogenic medium. This resulted in four groups of 

investigation denoted (i) hES-MPs static, (ii) hES-MPs dynamic, (iii) hMSCs static and (iv) 

hMSCs dynamic. All cells were incubated at 37°C. Medium was changed every 3-4 days and 

cell/coral constructs were harvested every week in order to examine cell proliferation and 

osteogenic differentiation.  

 

6.12 Cell Staining with Fluorescein Diacetate 
In this thesis, cells were stained with fluorescein diacetate (FDA) to examine cell distribution 

across the coral scaffolds. FDA is a non-fluorescent derivative of fluorescein that can passively 

penetrate the cell membrane and, once inside the cell, is deacetylated by nonspecific esterases to 

fluorescein. Fluorescein accumulation inside the cells allows detection under excitation with an 

ultraviolet (UV) lamp using conventional fluorescence microscopes equipped with FITC filters. 

FDA staining is usually used for investigating enzymatic activity, cell viability and microbial 

biomass.  

 

In study IV, cell/coral constructs per each condition were collected at day 0 and weekly after 

incubation in bioreactor, and incubated 10 min at 37°C with osteogenic medium supplemented 

with FDA at final concentration of 0.1 µg/ml. Constructs were then visualized under the 

fluorescence microscope Eclipse TE2000-U. 
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6.13 Microscopic Investigation 
Microscopes are optical systems that allow enlarging the image of the object under

observation. Three main types of microscopy exist including light, electron and scanning probe 

microscopy. In this thesis, both light (including fluorescence microscopy) and scanning electron 

microscopy (SEM) were used. Light microscopy is based on the transmission of light through a 

sample or reflection of light from a sample, followed by magnification of the object using a 

single or multiple lenses. Fluorescence microscopy relies on the use of fluorescent dyes that, after 

excitation using specific wavelengths, emit light of a different wavelength allowing the 

visualization of specific structures. SEM overcomes the resolution limitations encountered with 

light microscopy by using high-energy electrons to image the samples. After interaction with the 

specimen, different signals are generated and collected by specific detectors, such as for example 

secondary electrons and back-scattered electrons.  

 

Light microscopes were used mainly to investigate cell proliferation, fat and mineral content 

following differentiation (after staining with oil-red O and von Kossa) and observe histological 

sections stained with haematoxylin-eosin-safranin, Sirius red and toluidine blue. Fluorescence 

microscopes instead were used to examine the distribution of cells stained with FDA, analyze 

immunohistochemically-stained samples and eGFP-positive hES-MPs. 

 

6.13.1 Scanning Electron Microscopy 
SEM investigation was performed to image both the native scaffolds and the cell/scaffold 

constructs, in order to investigate surface topography and estimate the degree of cell attachment 

and distribution across the materials, respectively. 

 

In study IV, cell/coral constructs were harvested after 3 days and 5 weeks in bioreactors for SEM 

characterization. Briefly, cell/coral constructs were rinsed twice in PBS before fixation with a 

solution of modified Karnovsky fixative, consisting of sodium azide (0.02%), paraformaldehyde 

(2%) and gluteraldehyde (2.5%) in sodium cacodylate buffer (0.05 M). Constructs were later 

treated with OsO4 (1%) in sodium-cacodylate buffer, and stored at 4°C for 4 h. OsO4 is a staining 

agent for lipids that provide contrast during SEM imaging by creating high secondary electron 

emission. After rinsing 5 times with distilled H2O, constructs were treated with 

hexamethyldisilazane (1%) before adding again a solution of OsO4 (1%) in sodium cacodylate 
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buffer (0.1 M). After dehydration with ethanol of increasing concentration (70%, 80%, 95% and 

99.5%), samples were treated twice (10 min) with hexamethyldisilazane (1%) and dried 

overnight. Then, all samples were sputter coated with palladium for 2 min at 25 mA before SEM 

examination. Native scaffolds were also SEM characterized following similar protocol. The 

SEM analysis was performed using a LEO Ultra 55 FEG SEM equipped with a secondary 

electron detector and an in-lens detector. Overview images were acquired using the secondary 

electron detector at 5 kVs acceleration voltage, whereas the in-lens detector was used for closer 

examination of the cell-scaffold interaction at 2 kVs acceleration voltage. 

 

In study VI, surface topography of native scaffolds, as well as cell attachment and distribution 

across the scaffolds after 2 days of culture under osteogenic conditions, were investigated using 

the Leo Ultra 55 FEG SEM equipped with a secondary electron detector and an in-lens detector 

as described above. 

 

6.14 Cell Disruption and Extraction of Biological Materials 

Extraction of biological material for biochemical investigation requires disrupting the cell 

membrane while preserving the integrity of the macromolecules of interest, such as DNA, RNA 

and proteins. When high purity is needed, subsequent enzymatic treatment with specific 

nucleases and proteases may be applied. In the present thesis, different reagents and methods 

(both chemical and physical) were used.  

 

6.14.1 DNA Extraction 
In study II, in order to study the length of the telomeric sequences, cells were lysed using the 

ATL buffer and DNA extracted using the Qiagen DNeasy Blood and Tissue Kit according to the 

manufacturer’s protocol, which also includes a protease K treatment for the nonspecific digestion 

of contaminating proteins and nucleases.  

In study IV, to extract the total DNA for quantification, cell/coral constructs were grinded frozen 

in liquid N2 for 1 min at 30 Hz, and cells lysed using a solution of Triton X-100 (0,1%) followed 

by three freeze-thaw cycles from N2 to 37°C. Triton X-100 is a nonionic surfactant that allows 

chemical disruption of the cell membrane, while repeated freeze-thaw cycles cause the shrinking 



 

 58 

and swelling of the cells, and facilitate the breakdown of the cell membrane due to the formation 

of ice crystals. 

 

In study VI, to extract the total DNA for quantification, cell/scaffold constructs were rinsed twice 

with PBS and then treated with a solution of papain for about 5 min. Papain is a cysteine protease 

able to digest protein and detach cells, and whose prolonged activity lead to cell disruption. 

Samples were then placed in oven at 60°C for 1 h to allow homogenization. 

 

6.14.2 RNA Extraction 
In this thesis, total RNA was extracted for gene expression studies. In study I, II, III and VI, 

cells were lysed in 350 µL RLT buffer with addition of 1% β-mercaptoethanol and vortexed for 1 

min. The RLT buffer contains guanidine thiocyanate, a chaotropic agent causing protein 

denaturation and nucleases inhibition, while the β-mercaptoethanol causes protein denaturation 

by reducing disulfide bonds. The lysate was transferred directly into a QIAshredder spin column 

and centrifuged for 2 min for RNA purification. Total RNA was then extracted using the 

RNeasy® Minikit according to the manufacturer’s instructions. DNAse treatment was performed 

to eliminate any contamination from genomic DNA.  

 

In study IV, total RNA was extracted by treating the cells with 1 ml of TRIzol® Reagent 

according to the manufacturer's instructions. TRIzol® is a guanidinium thyocyanate-phenol-

chloroform buffer, which allows cell disruption and DNA/RNA extraction. Homogenized 

samples were then vortexed 3 times for 20 s and 400 µl of chloroform were added to each 

sample. After this, 500 µl of the aqueous phase containing RNA was collected and RNA was 

precipitated with isopropyl alcohol, washed in ethanol, and dissolved in RNase-free water.  

 

6.14.3 Protein Extraction 
In study I, III and VI, proteins were extracted to study the ALP activity using the M-PER® 

reagent, a detergent that dissolves the cell membrane and allows total protein extraction. 

 
In study IV, the total protein content was extracted for quantification using similar protocol as 

described earlier for the extraction of DNA. 
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6.15 Total DNA Content 
Cell proliferation can be estimated using different methods, including spectrophotometric 

quantification by determining absorbance at 260 nm and fluorometric assay following DNA 

staining with specific fluorescent dyes. In this thesis the total DNA content was measured by 

fluorometry using PicoGreen® and the blue fluorescent Hoechst dye. Fluorometry is more 

sensitive than spectrophotometric quantification and less susceptible to protein and RNA 

contamination. PicoGreen® is a fluorochrome that selectively binds double-stranded DNA 

(dsDNA), which displays an excitation maximum at 480 nm and an emission peak at 520 nm. As 

free molecule, PicoGreen® has virtually no fluorescence but display a 20-fold increase in 

fluorescence after binding the dsDNA, therefore resulting in little background signal. Hoechst 

dyes are bisbenzimidazole derivatives with high affinity for the minor groove of dsDNA 

molecules 336. After binding the dsDNA, its fluorescence increases about 2 times. Hoechst dyes 

are excited by UV light at around 360 nm and emit blue fluorescence at 460-490 nm. The 

Hoechst-based assay allows the detection and quantification of DNA concentrations as low as 10 

ng/ml DNA 337. 

 

In study IV, cell proliferation was estimated using the Quant-iTTM PicoGreen® dsDNA reagent 

kits according to the manufacturer’s instructions. Ten µl aliquots of lysed samples were incubated 

with 90 µl of 1X TE buffer and 100 µl of PicoGreen® Working Reagent, and fluorescence was 

read using a fluorescence microplate reader µQuant with ex/em of 480/520 nm. A standard curve 

of known concentrations of lambda (λ) DNA was used to convert fluorescence to total DNA 

content.  

 

In study VI, cell proliferation was investigated using the Hoechst-based assay. Briefly, cell 

lysates were dissolved in 200 µl of phosphate buffer containing EDTA (PBE; 5mM, pH 7.5) and 

stained with a solution of Hoechst 33258 (3.7x10-8 M) in PBE buffer. After an incubation period 

of 10 min in the dark, samples were excited by UV light at 360 nm and emission read at 460 nm 

in a SPECTRAmax GEMININI microplate reader using the Softmax® Pro software. A standard 

curve consisting of serially diluted calf thymus DNA was run in the same microplate and used to 

convert fluorescence to total DNA content.  



 

 60 

Negative controls were used in both analyses and the values acquired subtracted for DNA 

quantification.  

 

6.16 Techniques for Gene Expression Studies 
Gene expression represents the initial event leading to the conversion of the information 

stored in the DNA molecules in functional proteins, which in general determine the actual 

phenotype of a specific cell. Gene expression is a very dynamic process, which allows cells to 

promptly respond and adapt to internal and external stimuli. Moreover, the expression profile of a 

typical cell depicts its molecular state and is used as molecular signature to distinguish different 

cell types. In this thesis, gene expression was investigated using two main techniques, such as 

gene microarray and real-time polymerase chain reaction (RT-PCR). 

 

6.16.1 Gene Microarray 

Gene array technology allows simultaneous measurements of the expression of thousand of 

genes by monitoring the combinatorial interaction of target molecules with a library of 

complimentary DNA probes. The probes are either synthesized in situ on a glass substrate or pre-

synthesized and then attached to the array platform (usually glass or nylon) 338. In this thesis, the 

Affymetrix® GeneChip microarray platform was used, containing probes corresponding to the 

entire human genome with the potential to bind 47,000 different target transcripts, and consisting 

of thousands of spots each containing a large number of identical oligonucleotides of 25 bases 

directly synthesized onto the chip via photolithography. Each spot contains 16 different probes, 

which are complementary to different regions of the target gene. In addition, each spot contains 

both perfectly matched probes and single-base mismatched probes, which allow quantitation and 

subtraction of signals resulting from non-specific cross-hybridization, respectively. The 

difference between the two signals provides a good estimation of the specific target abundance.  

 

In study I and II, the total RNA was extracted from the cells using the protocol described above, 

and subjected to gene expression analysis using the Affymetrix oligonucleotide microarray HG-

U133plus2.0 according to manufacturer’s recommendations. Briefly, 2 µg of the total RNA were 

used as a template for the synthesis of the first and second strand of complementary DNA 

(cDNA) using the GeneChip® One-Cycle cDNA synthesis kit according to the manufacturer’s 
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instructions. A cleanup of the complementary dsDNA was performed using GeneChip® IVT 

Labeling kit. During the in vitro transcription, biotinylated nucleotides were used resulting in the 

synthesis of biotin-labeled complementary RNA (cRNA). Another cleanup using the GeneChip® 

Sample Cleanup Module was performed before the quality of the cRNA was checked using the 

Agilent 2100 BioAnalyzer where the average size of the fragmented cRNA was approximately 

100 nucleotides. The samples were prepared for hybridization using the GeneChip® 

Hybridization Control kit. Biotin-labeled cRNA fragments were then hybridized to the 

U133plus2.0 GeneChip for 16 h at 45°C, according to the Affymetrix Gene Chip Expression 

Analysis manual. After washing out the unbound cRNA, the chips were stained using 

streptavidin phycoerythrin (SAPE) and scanned for data acquisition using a Hewlett Packard 

Genarray Scanner, controlled by the Affimetrix GeneChip® Operating Software 1.4 (GCOS; 

Affymetrix). Raw expression data were normalized and subsequently analyzed with the GCOS 

1.4. Comparative and statistical analyses between different cell types were performed with the 

BIORETIS web tool. 

 

6.16.2 Real-time Polymerase Chain Reaction  
PCR is a central technology in molecular biology, which relies on the in vitro amplification 

of specific sequences of nucleic acids using designed pairs of oligonucleotides complementary to 

the 3′ and 5′ of the target sequence 339. A PCR reaction mix usually consists of a reaction buffer 

including deoxynucleotide triphosphates (dNTPs), the oligonucleotide primers, a thermostable 

DNA polymerase and the template to be amplified. Quantification of gene expression using the 

principle of PCR has grown considerably following the development of real-time techniques in 

1993 340. RT-PCR also denoted quantitative RT-PCR allows both detection and quantification of 

gene transcripts with high sensitivity. Before amplification via PCR, the transcripts must be 

reverse transcribed to complementary dsDNA using the enzymatic action of a reverse 

transcriptase. The reaction mix is sequentially incubated at 3 different temperatures constituting 

the PCR cycle. The first step involves incubation at 94-96°C for 10 s to 1 min to allow 

denaturation of newly synthesized DNA (amplicons), followed by incubation at a temperature 

that allows primers to anneal to the specific target sequences. The third step is at a temperature 

that allows the polymerase used to extend the primers using the target sequence as template. Two 

principal methods for real-time quantification are generally used, including non-specific 

intercalating fluorescent dyes binding the dsDNA and DNA probes complementary to the target 
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sequence and labeled with fluorescent reporters. At each cycle, the increase in the emission of the 

reporter molecules is detected and normalized to a passive reference. Relative concentrations of 

amplicons during amplification are determined by plotting the emitted fluorescence against RT-

PCR cycles, and the fluorescence emitted above a defined threshold, which is called the cycle 

threshold (Ct), is used for calculation. For estimation of gene expression per cell, RT-PCR values 

are normalized using housekeeping genes whose expression is recognized to be relatively stable 

throughout the cells. In the present thesis, both nonspecific dyes and labeled probes were used for 

real-time quantification, and the ribosomal subunit 18S was used for normalization. 

 
In study I, II, III and VI, RT-PCR was used to verify microarray data and investigate the 

expression of genes involved in osteogenic differentiation. After extracting the total RNA as 

described above, each sample was normalized to 50 ng/ml before the reverse transcription. 

Reverse transcription was carried out using iScript cDNA Synthesis Kit in a 10 µl reaction, 

according to the manufacturer’s instructions. Primers for RUNX2, BMP4, OPN, ALP, FOXC1, 

TGFβ2, COL1A1, OC, SRGN, OCT4, NANOG, SOX2, TDGF1, TGFβR2, LHX8, BMPR2 and 

the ribosomal subunit 18S were designed using the Primer3 Web-based software 341. Design 

parameters were adjusted to minimize formation of artifact products and to be able to use an 

annealing temperature in PCR at about 60°C. Primers were designed to yield short amplicons 

(preferably < 200 bp) and to function well with SYBR Green I fluorescent dye for detection of 

the PCR products in real time. Primer sequences are available at TATAA Biocenter AB 

(www.tataa.com). RT-PCR was performed in duplicates using the Mastercycler ep realplex in 20 

µl reactions. Cycling conditions were 95°C for 10 min followed by 45 cycles of 95°C for 20 s, 

60°C for 20 s, and 72°C for 20 s. The fluorescence was read at the end of the 72°C step. Melting 

curves were recorded after the run by stepwise temperature increase (1°C/5 s) from 65°C to 

95°C. Normalized relative quantities were calculated using the delta Ct method and 90% PCR 

efficiency (k×1.9Δct).  

 

In study IV, RT-PCR was performed to investigate the effect of flow perfusion on the expression 

of genes involved in osteogenic differentiation. After extracting the RNA as described above, the 

purity and concentration of extracted RNA was measured with the spectrophotometer Nanodrop 

1000. Reverse transcription was carried out in the iCycler thermal cycler using the SuperScript™ 

II Reverse Transcriptase Kit in a 20 µl volume reaction, according to the manufacturer’s 
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instructions. RT-PCR was performed in triplicates using the MyiQ™ Single-Color Real Time 

PCR in a 20 µl volume reaction containing equal volumes of cDNA, TaqMan Universal PCR 

Master Mix and TaqMan® Gene Expression Assays composed of FAM™ dye-labeled TaqMan® 

MGB probe and predesigned unlabeled PCR primers for RUNX2, COL1A1, ALP, OC, ON, OPN 

and 18S ribosomal subunit. Cycling conditions were 95°C for 10 min followed by 40 cycles of 

95°C for 15 s (denaturation), 60°C for 60 s (annealing) and again 60°C for 60 s (extension). The 

fluorescence was read at the end of the extension step and the data were analyzed using MyiQ™ 

Software. 

 

For estimation of gene expression per cell, RT-PCR values were normalized using the expression 

of the 18S ribosomal subunit. 

 

6.17 Bioinformatic Tools 
Bioinformatics is defined as the application of computational techniques to understand and 

organize the information associated with biological macromolecules 342. Several bioinformatic 

resources have been used in this theis for the management, analysis and interpretation of high-

throughput data obtained by genome-wide microarray experiments, including tools for single and 

genome-wide comparative and statistical analyses, hierarchical clustering and protein-protein 

interaction networks. 

 

6.17.1 Comparative and Statistical Analysis of Microarray Data 
Analysis of gene microarray data was performed using the BIORETIS Web tool. BIORETIS 

is a database for the analysis and sharing of microarray data, which allows performing 

comparative and statistical analyses of selected genes between experimental samples 

(www.bioretis-analysis.de). Functional classifications of genes in specific categories, including 

genes involved in ossification (study I), as well as transcription factors, ECM components, 

growth factors, membrane receptors and cell adhesion molecules (study II) were conducted using 

the Gene Ontology Annotation (GOA) database (www.ebi.ac.uk/GOA) 343.  

 

In study I, genes were selected for further analysis only if i) >80% of the single comparisons per 

group comparison were detected as significantly changed by the Affymetrix GCOS 1.4 and if ii) 
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the genes displayed a mean fold change (FC) ≥2. On the other hand, in study II genes were 

selected for further analysis only if i) the absolute call for the gene was present for at least one of 

the three cell types, ii) three out of three comparisons were considered increased or decreased 

according to GCSO 1.4, and iii) the FC was ≥2. In addition, in study II the BIORETIS Web tool 

was used to retrieve and investigate the expression of 40 genes specifically expressed in hESCs, 

as well as 48 genes known to be overexpressed in hESCs and 30 genes underexpressed in hESCs 

compared with differentiated cell types 344. 

 

6.17.2 Scatter Plots 
To observe the similarity in global gene expression across the investigated cell samples, 

scatter plots were generated between average signals of pairs of samples using standard function 

in “R”. R is a language and environment for statistical computing and graphics (www.r-

project.org). The percentage of genes with an FC ≤3 between pairs of samples was calculated for 

all 3 comparisons (hES-MPs vs. hMSCs, hES-MPs vs. hESCs, and hMSCs vs. hESCs). This FC-

threshold was defined based on the results from comparisons of the biological replicates. To 

define the background variation, the FCs between pairwise replicates were calculated, and the 

results showed that 90% of all the genes had a FC ≤3 between any two replicates of a sample. 

Spearman was used as correlation coefficient and genes with missing values were excluded from 

the calculation. The interpretation of this analysis was as follows: 1 indicated perfect correlation, 

-1 indicated negative correlation, and 0 indicated no correlation.  

 

6.17.3 Hierarchical Clustering 
In this thesis, the Genesis software 1.7.2 was used to perform a hierarchical cluster analysis 

of selected genes from the microarray datasets. Genesis is a platform independent Java suite 

developed for the analysis and visualization of gene microarray data (available at 

http://genome.tugraz.at) 345. Cluster analysis or segmentation allows grouping a collection of 

observations into clusters, based on their degree of similarities, so that subsets with close 

relationships cluster together 346. Hierarchical clustering is a procedure of transforming a matrix 

containing the distance between set of pairwise points into a hierarchy of nested partitions 347. In 

study I, hierarchical cluster analysis was performed on the selected genes involved in ossification. 

In study II instead, the analysis was performed on 447 differentially expressed genes (retrieved 
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from two comparative analyses: hESCs vs. hES-MPs and hES-MPs vs. hMSCs) displaying a FC 

≥20. In both cases, clustering was performed using log2-transformed signals of all the replicates 

and Pearson correlation coefficients were used as similarity values in the distance matrix. 

 

6.17.4 Protein-Protein Interaction Networks 
Protein-protein interactions (PPI) are fundamental for cell survival and functionality, and the 

visualization of PPI networks may help to enlighten important biological processes and attributes 
348. To investigate possible interactions among proteins from differentially expressed genes, and 

identify hub proteins, the search tool STRING was used. STRING is a database of known and 

predicted protein interaction (http://string-db.org) 175. The interactions include direct (physical) 

and indirect (functional) associations; they are derived from four sources, including genomic 

context, high-throughput experiments, co-expression, and previous knowledge. However, in this 

thesis the analysis was restricted to include only experimentally based PPIs, with the objective of 

increasing the validity of the results. In study I, PPI networks were derived from differentially 

expressed genes involved in ossification and displaying a FC ≥2. On the other hand, in study II 

PPI networks were derived from differentially expressed genes retrieved from the entire dataset 

and displaying a FC ≥10. A gene of interest was classified as a hub if it had at least 5 interactions 

with other genes 349.  

 

6.18 Flow Cytometry 
Flow cytometry is a powerful technique for the analysis of multiple parameters of individual 

cells within a heterogeneous population. The flow cytometer perform this analysis by passing a 

large number of cells per second through a laser beam, and measuring the amount of light 

scattered (which is proportional to cell size and complexity), or fluorescence emitted by the cells 

(which is proportional to the number of fluorochrome molecules attached to the cells) with 

specific photodetectors. The detected light is then converted in a voltage pulse. In the present 

thesis, flow cytometry was used to confirm isolation and enrichment of hMSCs, verify 

microarray data, examine expression of immunological markers, and investigate the rate of 

cellular death. Five different antibody-conjugated fluorochromes were used, including peridinin 

chlorophyll protein complex (PerCP), fluorescein isothiocyanate (FITC), R-phycoerythrin (PE), 

PerCP-cyanine5 (PerCP-Cy5) and propidium iodide (PI), displaying maximum emission at 

670 nm, 525 nm, 575 nm, 690 nm and 620 nm, respectively. Samples were excited with a 488 nm 
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argon ion laser and fluorescence was routed to the relative detectors using appropriate band pass 

filters.  

 

To confirm isolation and enrichment of hMSCs, cells in P1 were stained with CD34-PerCP, 

CD45-FITC, CD105-FITC, and CD166-PE antibodies. 

 

In study II, in order to verify the microarray results, hESCs, hES-MPs and hMSCs were stained 

with CD44-FITC, CD58-PE, CD47-FITC and CD166-PE.  

 

In study II, to study the expression of immunological markers, hMSCs and hES-MPs were 

cultured under expansion conditions, with or without IFN-γ (100 U/ml) treatment, and then 

stained with CD80-FITC, CD86-PerCP-Cy5, HLA-ABC-FITC and HLA-DR-FITC.  

 

In study III instead, hMSCs and hES-MPs at P5 were cultured under osteogenic conditions for 7 

days, and then treated with IFN-γ (100 U/ml) and cultured for 7 additional days. The cells were 

then stained with the same antibodies as described above. 

  

In study VI, in order to estimate the rate of cellular death for cells seeded both onto cp-Ti and 

Ti6Al4V scaffolds, hES-MPs were harvested after 5 days of culture under osteogenic conditions 

and stained with Annexin V-FITC and PI using the FITC Annexin V Apoptosis Detection Kit I. 

The analysis relies on the externalization of the plasma membrane phosphatidyl serine occurring 

during apoptosis 350. During the early phases of apoptosis the phosphatidyl serine becomes 

exposed to the outside of the cell membrane as signal for the phagocytes to engulf the dying cell, 

thus avoiding the release of proinflammatory molecules. In this phase, the cell membrane is intact 

and does not allow the PI to penetrate the cells. Later, during the apoptotic process in vitro, the 

cell membrane ruptures and the PI binds to the DNA, indicating cell necrosis.  

 

For all analysis, cells were trypsinated for about 10 min, washed twice with PBS and then treated 

with the proper fluorochrome-labeled antibodies. After incubation for 15 min at room 

temperature in the dark, samples were analyzed by flow cytometry within 1 h. All samples were 

analyzed using the FACS Aria flow cytometer using the FACS Diva software. A 488 nm argon 

ion laser was used to excite samples, with emission being measured using appropriate band pass 
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filters. A threshold was set on the scattered light to exclude events associated with debris and cell 

aggregates. As negative control, isotype specific antibodies conjugated to the fluorochromes were 

used in order to exclude events associated with non-specific fluorescence. Cells displaying 

fluorescence higher than 99% of the cells stained with isotype antibodies were considered 

positively stained.  

 

6.19 ELISA 
The enzyme-linked immunosorbent assay (ELISA) is a highly sensitive, robust and cost-

effective method for the detection and quantification of antigens within biological fluids 351. 

Since its development, the assay has found increasing applications in food science, clinics and 

basic science research. Several different variations of the method exist today, although all rely on 

the same principle, namely the specific antibody recognition of target antigens. Among all, the 

dual-antibody sandwich ELISA (DAS ELISA) is largely used due to its high sensitivity and 

specificity. The assay relies on the antigen capture by an antibody coated on the ELISA plate. 

The bound antigen is then recognized by an enzyme-conjugated secondary antibody, thus 

creating a sandwich. The conjugated enzyme is used to begin a colorimetric reaction in presence 

of a substrate and the color developed is read using a spectrophotometer. The optical density 

(OD) measured is considered proportional to the antigen concentration.  

 

In study V, the DAS ELISA Quantikine kits were used to measure the serum concentration (for a 

description of serum preparation see paragraph 6.27) of mouse tumor necrosis factor-alpha (TNF-

α), INF-γ, interleukine-2 (IL-2) and interleukine-4 (IL-4), according to the manufacturer’s 

instructions. Briefly, 50 µl of Assay Diluent and 50 µl of sample were added per each well and 

incubated for 2 h. After washing 5 times with the Wash Buffer, 100 µl of horse radish peroxidase 

(HRP)-conjugated secondary antibody were added and plates incubated for 2 h. Samples were 

then washed again, and 100 µl of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate were added per 

each well. After incubation at room temperature in the dark, 100 µl of the Stop Solution were 

added and the OD determined at 450 nm using the microplate reader SpectraMax plus384, with a 

wavelength correction set at 570 nm. Curves of known concentration of a standard were used to 

calculate the concentration of the samples.  
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6.20 Telomerase Activity and Telomere Length 
The high proliferation ability of stem cells and tumor cells has been associated with the 

expression and activity of the ribonucleoprotein telomerase, which is involved in securing the 

lengthening of the telomeres, the repeated DNA sequences at the end of the eukaryotic 

chromosomes, thus preventing cell senescence and death 352. In study II, both the telomerase 

activity and length of telomeres were investigated and compared for hES-MPs and hMSCs. 

 

The telomerase activity was investigated using the TeloTAGGG Telomerase PCR ELISAPLUS kit, 

a photometric enzyme immunoassay for the quantitative determination of telomerase activity. 

The assay combines the Telomeric Repeat Amplification Protocol (TRAP), during which the 

telomerase-reaction products are amplified by PCR, with the ELISA principles of immobilization 

and detection through an HRP-conjugated antibody and the sensitive peroxidase substrate TMB. 

Briefly, both hES-MPs and hMSCs at 5 and 50 population doublings (PD) were trypsinized and 

about 2x105 cells were centrifuged and washed in 200 µl of PBS according to the protocol. Cell 

lysates were centrifuged at 14000rpm for 20 min at 4°C. The supernatants were transferred to an 

amplification tube and the reaction mixtures were added. Both the telomerase-mediated primer 

elongation and the PCR reaction for all the samples were performed using a Thermal Cycler 

2720. The PCR products were split in 2 aliquots, denatured and hybridized separately to 

digoxigenin (DIG)-labeled detection probes specific for the amplified telomere repeats. The 

resulting products were later immobilized via the biotin label to a streptavidin-coated microplate 

for 2 h at 37°C, under agitation at 300 rpm. After incubation, samples were treated with 100 µl of 

a solution of an HRP-conjugated antibody against DIG. After washing, 100 µl of a TMB solution 

were added and the absorbance evaluated at 450 nm. All samples were analyzed in triplicates and 

heated samples used as negative control. 

 

The length of telomeric sequences was instead investigated using the non-radioactive 

chemiluminescent TeloTAGGG Telomere Length Assay, which consists of three main steps: i) 

the digestion of the genomic DNA using a mixture of frequently cutting restriction enzymes, ii) 

the separation of the obtained fragments by gel electrophoresis and subsequent transfer to a nylon 

membrane via Southern blotting, and iii) their hybridization to a DIG-labeled probe specific for 

the telomeric repeats and following incubation with a DIG-specific antibody conjugated with 

ALP. The ALP then metabolizes the chemiluminescent CDP-star substrate and the signal is 
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detected using an X-ray. hES-MPs and hMSCs at a PD of 5 and 50 respectively were trypsinized 

and centrifuged at 1500 rpm for 5 min. Pellets were resuspended in 200 µl of sterile PBS and 

total DNA isolated as described above. After isolation, DNA from all samples was digested with 

1 µl master mix solution of Hinf I/Rsa I for 2h at 37°C. After digestion, DNA fragments were 

separated by agorose gel (0.8%) electrophoresis following standard protocols at 5 V/cm in 1x 

TAE buffer. After separation, a Southern blot was performed and fragments transferred to a 

positively charged nylon membrane. The transferred DNA was cross-linked at 120°C for 20 min 

and the blotted fragments hybridized to DIG-labeled probes incubated with a DIG-specific 

antibody covalently coupled to ALP according to the manufacturer’s protocol. After adding the 

chemiluminescent substrate, the membrane was exposed to X-ray film. A molecular weight 

marker was used for telomeric length meaurements. 

 

6.21 Colorimetric Assays 
Colorimetry is a method for determining the concentration of a chemical element or chemical 

compound in a solution with the aid of a color reagent or reagents that undergo a measurable 

color change in presence of the analyte of interest. The method tests the concentration of a 

solution by measuring its light absorbance at a specific wavelength. In this thesis, colorimetric 

assays were performed to assess the content of calcium and phosphate within the extracellular 

matrix, the ALP activity and the total protein content. 

  

6.21.1 Calcium Content 
Mineralization of the ECM in bone tissues depends on the deposition of calcium/phosphate 

minerals. Based on this knowledge, the content of calcium within the ECM produced by the cells 

is a good indication of the degree of mineralization, and it is often used as parameter to 

investigate osteogenic differentiation. 

 

In study I and III, the calcium content was measured using the colorimetric method described by 

Connerty and Briggs 353. Samples were rinsed twice with DMEM-LG without serum and fixed in 

Histofix™ for 30 min. After rinsing with distilled H2O, the samples were incubated with 1 ml of 

HCl (0.6 N), and agitated on an orbital shaker for 24 h at room temperature to allow dissolution 

of the calcium ions. The calcium content was then measured using the o-cresolphthalein 
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complexone (CPC) method. In this method the CPC reacts with the calcium ions to form a 

purple-colored complex in alkaline solution. 8-hydroxyquinoline is added to the reacting solution 

to bind and prevent interference from magnesium and iron. The quantity of the calcium-CPC 

complex was then determined measuring the increase in absorbance at 552 nm, and considered 

directly proportional to the calcium concentration. The analyses were performed at the accredited 

laboratory of Sahlgrenska University Hospital. 

 

In study V, determination of total calcium was performed using the method of methylthymol blue 

(BMT) described by Ripoll 354. In this method the BMT reacts with the calcium ions forming a 

complex of blue color. Again, the presence of 8-hydroxyquinoline eliminates the interference due 

to the magnesium ions. Briefly, cells were lysed using a solution of Triton (0,4%) on ice and 

scraped with a cell-scraper. Then, 50 µl of cell lysates were added to 50 µl of HCl (1.2 M) and 

the color intensity of the calcium-BMT complex was measured at 612 nm, and considered 

proportional to the calcium concentration within the samples.  

 

6.21.2 Phosphate Content 
As for calcium, the phosphate content within the ECM is often assayed to investigate the 

degree of mineralization.  

 

In study I and III, the content of phosphate was determined using the method based on the 

reaction of phosphate with ammonium molybdate to form ammonium phosphomolybdate without 

reduction and in presence of sulfuric acid as described earlier 355. Samples were rinsed with 

DMEM-LG and fixed in Histofix™ for 30 min before HCl treatment as described above for 

calcium measurements. The formed yellow-colored complex was then determined 

colorimetrically in the UV region at 340 nm, and was considered proportional to the phosphate 

concentration within the samples. The analysis was performed at the accredited laboratory of 

Sahlgrenska University Hospital. 

 

6.21.3 Alkaline Phosphatase Activity 
ALP activity is commonly used to assess cell differentiation toward the osteogenic lineage. 

In this thesis, ALP activity was measured using the p-nitrophenylphosphate (pNPP) method 

described by Axelrod 356.  
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In study I and III, cell lysates were collected and the quantity (in alkaline solution with a pH of 

10.4) of the p-nitrophenol produced was then determined measuring the increase in absorbance at 

409 nm, and was considered directly proportional to the ALP activity. The assay was performed 

at the accredited laboratory of Sahlgrenska University Hospital.  

 
In study IV, aliquots of cell extracts (50 µl) were incubated with 250 µl of 2-amino-2-methyl-

propanol (pH 10.3) and 250 µl of pNPP (15.2 mM) in MgCl2 (2 mM) at 37°C. The reaction was 

stopped after 30 min by adding 1 ml of NaOH (1 N). The quantity of p-nitrophenol (yellow) 

produced was measured colorimetrically at 410 nm using the µQuant reader, and was considered 

directly proportional to the ALP activity. A standard curve was generated to determine the ALP 

activity of the samples. Blank measurements were used for background correction. 

 

6.21.4 Total Protein Content 
The total content of protein was measured to estimate ECM deposition. In this thesis the 

total protein content was assayed using the Bicinchoninic Acid (BCA) Protein Assay. The 

method is based on the reduction of the copper ions (Cu2+) by the peptide bond of proteins in 

alkaline environment (Biuret reaction), and subsequent formation of a purple intense complex of 

Cu+ with BCA. The purple color results from the chelation of two molecules of BCA with one 

Cu+. The complex produced from the reaction is highly stable and the intensity of the color 

proportionally increases over a broad range of protein concentrations 357. 

 

In study IV, in order to quantify the deposited extracellular matrix, cell/coral constructs were 

grinded frozen in liquid N2 for 1 min at 30 Hz. Following the addition of 150 µl of Triton (0,1%), 

three freeze-thaw cycles were performed. A 10 µl aliquot of lysed samples was incubated for 30 

min at 37°C with 200 µl of working reagent (mix of Cu and BCA in alkaline pH). Absorbance 

was read at 562 nm using the µQuant microplate reader. Protein concentration was determined 

using a standard curve of known concentrations of bovine serum albumin (BSA). A blank 

standard was used as negative control and its average absorbance measurements subtracted from 

all the other measurements for calculation. 

 



 

 72 

6.22 TOF-SIMS Analysis of Mineralized Matrix  
TOF-SIMS was used in this thesis to investigate the mineralization of the matrix following 

osteogenic stimulation of the cells. 

 

In study I and III, after 6 weeks of culture under osteogenic conditions, the samples were rinsed 

twice with DMEM-LG and subsequently treated with ethanol (95%) to dissolve membranes and 

fix the samples. TOF-SIMS analyses were carried out using a TOF-SIMS IV instrument equipped 

with a Bi cluster ion source and a C60
+ ion source. Analysis was done with the instrument 

optimized for high mass resolution (m/Δm ~5000, beam diameter 3.5 µm) using 25 keV Bi3
+ 

primary ions at a pulsed current of 0.1 pA or with the instrument optimized for high lateral 

resolution using 50 keV Bi3
++ primary ions at 0.04 pA. Depth profiles and 3D maps were 

recorded by repeated sputtering of the surface using 10 keV C60
+ ions (300x300 µm, 0.6-2.6 nA) 

and analysis (Bi3
+ primary ions, high mass resolution, 200x200 µm, 128x128 pixels) in an 

alternating mode. The data file acquired during the analysis contains an entire mass spectrum in 

each of the 128x128 pixels within the analysis area, and at the different sputtering times, 

allowing for retrospective reconstruction of the data in different forms, such as (i) depth profiles 

showing the signal intensity of selected ion peaks added over the entire analysis area as a 

function of sputtering time or sputter dose (number of applied sputter ions per surface area), (ii) 

two-dimensional images showing the signal intensity of selected ion peaks in selected horizontal 

or vertical cuts through the sample (in vertical cuts the depth coordinate is represented by the 

sputtering time) or (iii) mass spectra from a selected 3D region of the sample obtained by 

selecting a region of interest on the sample surface and a selected range of sputtering times. 

Several peaks in the mass spectra could be assigned to HA, based on comparison with a reference 

spectrum recorded on a pure HA sample. A number of peaks were assigned to proteins, 

originating from the cell material or protein deposits, based on the 3D colocalisation with small 

nitrogen-containing organic fragment ions. 

 
In study IV, after 5 weeks of culture in bioreactors, cell/coral constructs were harvested for TOF-

SIMS analyses. Briefly, samples were mounted on a sample holder allowing for imaging mass 

spectrometry analysis of cross sections of the cell/coral construct. Two samples each of the four 

different groups were analyzed by TOF-SIMS using the same equipment and ion sources as 

described above. Prior to each analysis, the sample surface was sputter cleaned using 10 keV 
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C60
+ ions over an area of 600x600 µm for 200 seconds at a C60

+ current of 0.3 nA. Acquisition of 

TOF-SIMS data was done using 25 keV Bi3
+ primary ions with the instrument optimized either 

for high mass resolution (bunched mode, mass resolution m/Δm ~7000, lateral resolution Δl ~3-5 

µm) or for high image resolution (BA mode, m/Δm ~300, Δl ~200 nm). Spectra and ion images 

were recorded in the bunched mode over an analysis area of 500x500 µm (256x256 pixels) for 

200 s at a pulsed primary ion current of 0.1 pA and over an analysis area of 150x150 µm 

(256x256 pixels) at a pulsed primary ion current of 0.04 pA for 300 s in the burst alignment 

mode. For each sample, three areas were analyzed in the bunched mode, and among those a 

smaller area was selected for high image resolution analysis (BA mode). Ion images showing the 

localization of the three different components of the sample (calcium carbonate, calcium 

phosphate and resin) were obtained by adding the signal from several characteristic ions for each 

component. The reason for using slightly different peaks in the bunched and BA modes is the 

higher mass resolution in the bunched mode, which allows for better selection of characteristic 

ions without interference with other ions. 

 

6.23 Lactate Dehydrogenase Assay 
Cell death can be quantified using different methods, among which the determination of the 

activity of cytoplasmatic enzymes released by damaged cells. In this thesis, the proportion of cell 

death was investigated by measuring the LDH activity. LDH is present in all cells and rapidly 

released into the cell culture supernatant following rupture of the cell membrane.  

 

In study VI, medium was collected weekly and the LDH activity was determined in an enzymatic 

test, during which NAD+ is reduced to NADH by the LDH-catalyzed conversion of lactate to 

pyruvate. The formation rate of NADH was then determined measuring the increase in 

absorbance at 340 nm and considered proportional to the catalytic activity of LDH. The analysis 

was performed at the accredited laboratory of Sahlgrenska University Hospital. 

 

6.24 In vivo Experiments 
The reasons to perform in vivo studies are to investigate biological processes inside living 

organisms, and to determine the safety of therapeutic products before applications in humans. In 
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this thesis, mice were used as animal models due to their similarity with humans, low cost and 

ease of handling. 

   

In study V, in vivo experimentation was carried out in order to assess the survival rate of hES-

MPs and any possible immune response mounted against the transplanted cells. To study the 

survival rate, 18 cell/scaffold constructs were placed subcutaneously in three groups of mice, of 

which two groups of immunocompromised strains, specifically Lystbg Foxn1nu BtKxid 358 and 

Nude mice, and one group of immunocompetent Balb/c mice (all 8-week-old female), with each 

mouse receiving 2 implants. Before implantation, mice were anesthetized by intraperitoneal 

injection of Ketalar® (1mg per 10 g of body weight) and Rompun® (0.1 mg per 10 g of body 

weight), and the implantation site (mouse back) was disinfected with Betadine®. Then, small 

incisions at both sides of the vertebral axis of each animal were made, pockets were created and 

implants carefully placed. The soft tissues at the implantation sites were closed with non-

absorbable sutures. Eight weeks after implantation, animals were anesthetized by intraperitoneal 

injection of Ketalar® (1 mg per 10 g of body weight) and sacrificed by intraperitoneal injection 

of a Dolethal® overdose, and implants retrieved following surgical incision. Following 

anesthesia, a sterile physiological saline solution was injected subcutaneously when needed.  

 

In order to study the in vivo immune response, 32 implants, of which 16 constructs of hES-MPs 

and 16 coral scaffolds, were placed subcutaneously in 8 male adult Balb/c mice (all 8-week old). 

Each mouse received 4 implants. Four additional mice received a sham surgery (sham mice). 

Animals were sacrificed after 10 days and implants retrieved after surgical incision. All surgical 

procedures were performed as described above. 

 

6.25 In vitro and in vivo Bioluminescence Imaging 
Bioluminescence is the chemical production and emission of light by a living organism, and 

is the result of an enzyme-catalyzed reaction of O2 with a substrate. To date, bioluminescence is 

largely utilized in biomedicine as noninvasive technology that allows the extraction of relevant 

biological information and enables the in vivo monitoring of molecular and cellular events.  

 

In study V, bioluminescence imaging was used to estimate the efficiency of cell transduction and 

monitor cell survival in vivo following subcutaneous implantation of cell/coral scaffolds in Fox, 
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Nude and Balb/c mice. Two days after transduction, cells were rinsed twice with PBS and 50 µl 

of a solution of D-Luciferine (1mg/ml) were added per each well to reach a final volume of 250 

µl. A standard curve using increasing number of cells was generated to assess signal linearity. 

Samples were analyzed with the IVIS Lumina Bioluminescent imaging system using the Living 

Image 3.1 Xenogen software. Survival of the implanted cells was instead investigated along the 

entire duration of the experiments, with bioluminescence signal acquisitions taken twice a week 

during the initial 3 weeks and once a week for the remaining 5 weeks as previously described 359. 

Briefly, mice were placed in an induction chamber and anesthetized using a mixture of 4% 

isofluorane in O2 and air, each at a flow rate of approximately 2 L/min. After gentle subcutaneous 

injection of 50 µl of D-Luciferin (20 mg/ml) in proximity of each implant, animals were placed 

in the acquisition chamber of the IVIS Lumina II Bioluminescent imaging system under constant 

isofluorane inhalation (1% in O2 and air) at a flow rate of 1 L/min, and signals (photon/s) 

acquired for a time period which did not give saturation. The light emission kinetics was 

previously determined using an acquisition time of 5 min, at 5-min intervals for a total of 40 min. 

The optimal bioluminescence signal occurred at the interval 20-40 min post-administration of D-

luciferin (20 mg/ml). Standard regions of interest (ROI) surrounding each implant were manually 

delineated on bioluminescence images in order to quantify the photons flux emitted by the 

constructs using the Living Image software 3.1. 

 

6.26 White Blood Count 
Blood is composed of plasma and different types of cells, including erythrocytes, leucocytes 

and thrombocytes. Leucocytes are cells of the immune system involved in inflammatory and 

immune response to pathogens and foreign materials. Leucocytes are also involved in the 

immune rejection of non-syngeneic tissues and organs. 

 

In order to investigate the ability of hES-MPs to elicit an immune response in vivo, we evaluated 

the proportion of white cells in the systemic circulation of Balb/c mice before implantation, as 

well as after 3 and 10 days following implantation. Blood samples were collected from the retro-

orbital region using blood collection capillary tubes as described earlier 360. To avoid coagulation, 

blood samples were mixed to a solution of sodium citrate (104 mM) at a ratio of 6 to 1. Then, to 

investigate the proportion of leucocytes, a full blood count (FBC) analysis was performed using 

the hematology blood analyzer COULTER® ACT 10. 
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6.27 Serum Preparation 
In the blood, serum is the fraction of liquid without cells, fibrinogen and other clotting 

factors. It contains all the protein not involved in coagulation, including antibodies, hormones, 

enzymes and cytokines. 

 

In study V, following sacrifice of the animals 10 days after implantation, blood was collected for 

serum cytokine profile investigation. Animals were positioned on their back, the abdomen was 

opened to cut the heart and blood was collected through a syringe. Blood was transferred to 

Eppendorf tubes and allowed to clot before centrifugation at 8000rpm for 20 min at 4°C. 

Centrifugation allowed separation of the clot from the serum fraction. The serum was then 

aspirated and stored at -80°C until examination. 

 

6.28 Histological Techniques 
Histology is the study of the structure and composition of cells and tissues. Histological 

examination is performed by microscopic investigation of thin sections, which are usually 

colored through the use of specific histological stains for the differential identification of 

particular structures. Before histological examination, samples must be fixed to preserve the 

biological material from deterioration and maintain the structure of both the cellular and 

molecular components. When the material under investigation is part of a 3D tissue or an organ, 

samples must be embedded in appropriate materials and then cut in thin slices before 

examination. To allow embedding in substances immiscible with H2O, samples must first be 

dehydrated using increasing concentration of ethanol or other similar chemicals, and then cleared 

using hydrophobic agents (such as xylene) to remove the ethanol. Subsequent treatment with 

serial solution of different ratio of clearing agent and embedding material allows full removal of 

the clearing agent and complete infiltration of the embedding material inside the sample. 

Following infiltration, samples are placed in specific molds and submersed in liquid embedding 

materials, which are then hardened by temperature, light or chemical catalysts. Blocks are finally 

cut using specific knives, and sections stained and observed microscopically. In this thesis, both 

paraffin and plastic resin were used as embedding materials. Embedding in plastic resin is needed 

when investigating hard tissues and/or tissue-implant constructs, although sections thinner than 

20 µm cannot be cut and immunohistochemical staining is not suitable. On the other hand, 
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paraffin allows cutting sections as thin as 4 µm and suitable for the majority of stainings. 

However, when working with bone, decalcification of the samples is required. 

 

In study IV, after 5 weeks of culture in bioreactors, cell/coral constructs were rinsed in PBS and 

fixed in 4% paraformaldehyde at 4°C for 24 h. Samples were then decalcified in EDTA (pH 7) 

for 5 days, dehydrated through ethanol and isopropyl alcohol and embedded in paraffin. Four 

sections with a thickness of 4 µm were then cut from each sample, two at a depth of 20-25% and 

two at depth of 45-50% of the cell/coral constructs. For TOF-SIMS analysis instead, constructs 

were rinsed twice with PBS and fixed in 4% formaldehyde at 3-5°C. After fixation, samples were 

dehydrated in ethanol of increasing concentration, cleared with xylene, embedded in plastic resin 

(LR White) and allowed to harden on ice. Then, each block was cut at a level corresponding to a 

depth of about 50% inward the cell/coral construct using the Exakt cutting-grinding equipment as 

described elsewhere 361. 

 

In study VI, after 6 weeks of culture under osteogenic conditions, cp-Ti and Ti6Al4V constructs 

were fixed, cleared and embedded in plastic resin (LR White) as described above. Samples were 

then sectioned and ground to a thickness of approximately 50-60 µm before staining. 

 

6.29 Histochemical Staining 
Staining of the sections facilitate the differential observation of specific microscopic 

structures. The staining reaction occurs due to the chemical union between the dye and the 

stained substance through salt linkages, hydrogen bonds, or others. In this thesis, different 

stainings were used in order to investigate mineralization and adipogenic differentiation of 

monolayer cultures, as well as tissue formation and collagen deposition within cell/scaffold 

constructs. 
 

6.29.1 Von Kossa  
Von Kossa staining allows the detection of calcium deposition within the ECM. It is a silver-

based staining in which the silver cations replace calcium bound to phosphate within the mineral 

deposits, and turn to black after exposition to light. 

 
In study I and III, cells were washed with PBS and then fixed in Histofix® for 30 min. After 
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washing with distilled H2O, a solution of AgNO3 (2% w/v) was added, and the plates kept in dark 

for 10 min. The plates were then rinsed 3 times with distilled H2O before being exposed to bright 

light for 15 min. After washing with distilled H2O, samples were quickly dehydrated adding 

ethanol (95%) and samples imaged using a light microscope equipped with a digital camera. 

 

In study V, cells were rinsed with PBS and then fixed in glutaraldehyde (0.25%) for 15 min a 

4°C. All the following steps were performed as described above.  

 

6.29.2 Oil-red O  
Oil-red O is a lysochrome that specifically binds lipids, triglycerides and lipoproteins, thus 

allowing detection and quantification of fat deposits within the sample. 

 

In study III, hES-MPs and hMSCs cultured under osteogenic conditions at P5 were washed in 

PBS and fixed in Histofix® for 10 min. The cells were then stained with an oil-red O solution in 

60% isopropanol for 1 h, followed by repeated washings with H2O. Quantification of the lipid 

content was then obtained using the BioPix Software for histological quantification 

(www.biopix.se).  

 

6.29.3 Haematoxylin-eosin-safranin 
Haematoxylin-eosin-safranin (HES) staining is a combination of histological dyes that 

specifically stain the nuclei, the cytoplasm and the collagen fibers, respectively. Haematoxylin is 

recognized to bind the arginine-rich basic nucleoproteins such as histones, resulting in a typical 

blue-violet coloration. Eosin, which is usually used as counterstain to haematoxylin, is an acidic 

dye that colors the basic parts of the cell, resulting in a pale pink staining. Safranin is a nuclear 

stain with the ability to also confer a yellow color to collagen. 

 

In study IV, paraffin-embedded sections were dewaxed in xylene (2 times for 5 min), followed 

by treatment with absolute ethanol (2 times for 5 min), 95% and 70% ethanol (5 min each). 

Sections were then washed in H2O and then immersed in Harris’ haematoxylin for 4 min. After 

washing, sections were immersed in a solution of eosin (1%) for 7 min, dehydrated in ethanol and 
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immersed in a solution of Spanish saffron (6% w/v) in pure ethanol. Sections were then treated 

with xylene and mounted with cover glasses. 

 

6.29.4 Sirius Red 
Sirius red is an elongated acidic molecule that specifically reacts with collagen molecules, 

which are rich in basic amino acids. The binding enhances the normal birefringence of collagen 

due to the parallel alignment of Sirius red molecules along the collagen fibers, thus allowing the 

specific detection of collagenous structures composed of aggregates of oriented molecules 362, 363. 

When observed under a bright-field microscope, collagen appears red on a pale yellow 

background. 

 

In study IV, sections were dewaxed as described above and then immersed in a solution of 0.1% 

Direct Red 80 in saturated picric acid for 1 h. Sections were then washed with H2O and mounted 

with cover glasses. 

6.29.5 Toluidine Blue  
Toluidine blue is a basic dye widely used in histology. In alkaline solutions, the dye binds to 

nucleic acids, which appear blue under bright-field microscopy. 

 

In study VI, plastic-embedded sections were rinsed in distilled H2O, dried and rinsed again with a 

solution of H2O2 in H2O (3:1) for 10 min. Sections were then immersed in a solution of toluidine 

blue for 10 min, rinsed with H2O and dried overnight. Finally, the sections were mounted with 

cover glasses for microscopic investigation. 

 

6.30 Immunohistochemistry 
Immunohistochemistry (IHC) is a technique for antigen detection by means of specific 

antibodies, which was first introduced by Coons et al. in 1941 364. The binding of the antibody 

with the target antigen is visualized using reported molecules attached to the primary, secondary 

or tertiary antibodies, including fluorescent compounds, enzymes and metals 365. In this thesis, 

fluorochrome-conjugated antibodies were used for antigen detection and visualization. 
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In study II, the expression of NANOG and OCT4 was verified by IHC. Briefly, cells were fixed 

in Histofix™ for 15 or 60 min, for OCT4 and NANOG staining, respectively. Subsequently, 

samples were washed with PBS and then blocked with a 5% solution of dry milk in PBS for 30 

min. Primary antibodies for OCT4 and NANOG were added to the cells and incubated for 12 h at 

4ºC. Negative controls, i.e. without primary antibody, were included for each cell type and 

marker. After washing with PBS, the cells were incubated with secondary antibodies (goat anti-

mouse IgG-Alexa488 for OCT4 and donkey anti-goat IgG-Alexa488 for NANOG) in the dark 

for 2 h at room temperature. Finally, the cells were washed and mounted with DAKO mounting 

media containing 4´,6-diamidino-2-phenyldole (DAPI) for counterstaining of the nuclei. 

 

6.31 Statistical Analyses 
Different statistical tests were used in the present thesis for assessing significance of the 

results. Specific tests were selected in relation to the type of data and the number of groups 

investigated. Nonparametric tests were used when data could not be assumed to be sampled from 

a population following a Gaussian distribution, or when few data points were collected and a 

Gaussian distribution could not be assessed. Logarithmic transformation of the dataset was 

performed to meet the assumption of normality when using parametric tests. 

 

In study I and III, the significance level of microarray data was determined using Welch’s t-test 

on log2-transformed signal values.   

 

The nonparametric Mann-Whitney U test was used to determine the significance level of RT-

PCR data in study I, II, III, IV and VI, as well as for all the other analyses in study IV, V and VI 

when comparing two independent samples. 

 

In study III, all data points were transformed to log10 scale in attempt to satisfy normality 

assumptions. A small value of 10-6 was added to all raw measurements to avoid infinity. Linear 

general least squares model for repeated measures was fit to all datasets where signals were 

detected for >1 week among at least one of the cell types. Autoregressive covariance structure 

with heterogeneous variances over time was chosen for the model. Contrasts were calculated to 

estimate the difference between the cell types for each week. Two-sided t-test was performed to 

test whether the contrasts differed significantly from zero. Where no repeated measurements were 
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performed, differences were determined by Student’s independent t-test.  

 
In study V, repeated measurements differences were determined using the nonparametric 

Wilcoxon signed-ranks test. When comparing data between more than two independent or related 

samples, the Kruskal-Wallis and Friedman tests were used, respectively.  

  

In all analyses, results are expressed as means and standard deviations. All statistical analyses 

were performed using the SPSS Statistics 17.0 software. Open source statistical software package 

R was used for the model and contrast fitting in study III. Bonferroni was used for repeated 

measurements correction. For all the analyses, a value of p ≤ 0.05 (*) was considered as 

significant difference.  

 

6.32 Ethical Approval 
Embryos were donated after informed consent and approval of the local ethics committees at 

University of Gothenburg. 

 

Ethical approval to conduct hESCs studies was given by the Regional Ethics Committee in 

Gothenburg (Dnr 376-05). 

 
The donation of bone marrow for isolation of hMSCs was approved by the ethical committee at 

the Medical Faculty at Gothenburg University (Dnr 532-04).  

 
Animal experimentations were performed with prior received ethical approval by the Ethics 

Committee on Animal Research of Lariboisiere/Villemin in Paris, France and carried out in 

accordance with European Guidelines for Care and Use of Laboratory Animals (EEC Directives 

86/609/CEE of 24.11.1986).  
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7. SUMMARY OF THE RESULTS 
 

7.1 Study I 
In this study, the osteogenic potential of MFG-hESCs and hMSCs was compared in 

monolayer cultures, and their ability to synthesize a mineralized matrix was investigated in 

relation to the expression of genes involved in ossification. Gene microarray data displayed a 

rather different profile of expression for genes involved in ossification in the undifferentiated 

state, as observed by hierarchical cluster analysis. Specifically, the results demonstrated that 

MFG-hESCs displayed higher expression of BMP4, OPN, BMP7 and ALP, whereas other genes 

involved in osteogenic specification, including TGFβ1, TGFβ2, ON, BMP1, COL1A1, FOXC1 

and RUNX2 displayed higher expression in hMSCs. Among them, BMP4, ALP, TGFβ2, ON, 

COL1A1 and RUNX2 were found to be hub genes when performing PPI network analysis. 

Interestingly, the expression of the above genes was differentially affected following osteogenic 

stimulation of the cells and displayed a different profile along the investigation period, indicating 

that different molecular pathways take place during the differentiation of MFG-hESCs and 

hMSCs toward the osteogenic lineage. Interestingly, the osteogenic differentiation of MFG-

hESCs was associated with the downregulation of genes involved in pluripotency and teratoma 

formation, including OCT4, NANOG, SOX2 and TDGF1. In addition to the differences observed 

in the expression of genes involved in ossification, both in the undifferentiated state and upon 

osteogenic stimulation, the results showed a difference also in the ability of MFG-hESCs and 

hMSCs to produce a mineralized matrix. Colorimetric assay of calcium and phosphate 

demonstrated that the matrix produced by MFG-hESCs displayed significantly higher content of 

mineral deposits than hMSCs after 3 and 4 weeks of culture under osteogenic conditions. 

Moreover, calcium was detectable after 2 weeks in the matrix produced by MFG-hESCs but not 

in that produced by hMSCs. Accordingly, after 4 weeks of culture under osteogenic conditions, 

MFG-hESCs displayed more extensive mineralized regions when stained with von Kossa 

compared to hMSCs. The above data were in line with the TOF-SIMS results, which revealed the 

presence of thicker and denser deposits of calcium and phosphate in cultures of MFG-hESCs 

compared to hMSCs after 6 weeks of culture under osteogenic conditions. 
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7.2 Study II 
In study II, the gene expression profiles of hESCs, hES-MPs and hMSCs were investigated 

in order to explore the molecular changes occurring upon derivation of hES-MPs and assess any 

similarities and differences in gene expression profile between hES-MPs and hMSCs. Further, 

the proliferation potential and the immunological profile of hES-MPs and hMSCs were studied 

and compared. Scatter plot analysis of the microarray data per each pairwise comparison showed 

that hES-MPs and hMSCs displayed comparable gene expression profiles, with only 10 percent 

of the genes exhibiting a difference in FC ≥3. Hierarchical cluster analysis further demonstrated 

the high similarity between hES-MPs and hMSCs, resulting in three main groups, with hES-MPs 

and hMSCs clustering together. Microarray data showed that the derivation of hES-MPs was 

associated with downregulation of genes known to be specifically or highly expressed in hESCs, 

and upregulation of genes characteristic of mesodermal tissues. Interestingly, the majority of 

these genes were similarly expressed in hES-MPs and hMSCs. Among the downregulated genes 

were several factors involved in pluripotency and tumorigenicity, including OCT4, NANONG, 

SOX2, LIN28, TDGF1, EPHA1 and DNMT3B. On the other hand, hES-MPs derivation was 

associated with upregulation of genes encoding for proteins constituting the matrix of 

mesodermal tissues, factors involved in mesodermal differentiation and surface markers typical 

of the mesenchymal lineage, including RUNX2, COL1A1, ON, FN1, FBN1, TGFβR2, BMPR2, 

CD44 and many others. COL1A1, FN1 and CD44 were found to be hub genes when performing 

PPI network analysis. A summary of the aforementioned transcriptional changes occurring upon 

hES-MP derivation is shown in Figure 11. 

 

 

 

Figure 11: Expression level of key genes in hESCs, hES-MPs and hMSCs (green: high expression; red: 
low expression). 
 

Besides the similarities in the gene expression profiles between hES-MPs and hMSCs, a panel of 

genes involved in cell proliferation and DNA replication displayed higher expression in hES-MPs 
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than in hMSCs, including HELLS, CDC25A, MCM5, FGF5 and ORC1L. In line with these 

findings, hES-MPs displayed a significantly higher proliferation capacity in vitro compared to 

hMSCs, exhibiting shorter PD time and retaining a stable proliferative potential up to passage 30, 

in addition to display longer telomeric sequences. Flow cytometry analysis for immunological 

markers demonstrated that hES-MPs did not express HLA-DR molecules, as opposite to hMSCs 

that displayed increased expression of HLA-DR after treatment with IFN-γ.  

 

7.3 Study III 
The objective of this study was to investigate and compare the osteogenic properties of hES-

MPs and hMSCs, and assess the effects of prolonged expansion on matrix mineralization and 

osteogenic differentiation. Further, the immunological profile of both cell types after osteogenic 

stimulation was studied. The results demonstrated that at all passages investigated the ALP 

activity displayed a gradual increase along the experimental period. Slightly different profiles 

were observed for hES-MPs and hMSCs, with the hMSCs displaying significantly higher ALP 

activity. The ALP activity for both cell types was inversely proportional to the passage number. 

In a different fashion, colorimetric assay of calcium and phosphate demonstrated that the matrix 

produced by hES-MPs displayed significantly higher content of mineral deposits compared to 

hMSCs along the experimental period. Further, despite a general decrease in mineralization was 

observed after protracted expansion for both cell types, hES-MPs retained better mineralization 

properties than hMSCs. Accordingly, hES-MPs displayed more extensive mineralized regions at 

earlier time points when stained with von Kossa at P5 and P10 compared to hMSCs. TOF-SIMS 

analysis further demonstrated an earlier onset of mineralization in hES-MPs cultures at P5. In 

addition to the higher calcium and phosphate content observed, hES-MPs displayed specific 

differentiation toward the osteogenic lineage, with no signs of codifferentiation toward the 

adipogenic lineage as demonstrated by lack of oil-red O staining. RT-PCR results demonstrated 

that at P5 the expression profiles of RUNX2, COL1A1, OPN and OC were similar for both cell 

types, showing corresponding variations along the investigation period, although significant 

differences in the level of expression were observed. The expression level and profile of the same 

genes were different for both cell types after protracted expansion at P20. Flow cytometry 

analysis for immunological markers at P5 demonstrated that, unlike hMSCs, hES-MPs did not 

express HLA-DR molecules following osteogenic stimulation and IFN-γ treatment. 
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7.4 Study IV 
In study IV, the effect of flow perfusion on the proliferation and osteogenic differentiation of 

hES-MPs and hMSCs interfaced with biocoral scaffolds was studied and compared. The results 

demonstrated that, when cultured under dynamic conditions, both constructs of hES-MPs and 

hMSCs displayed significant increase in DNA and protein content compared to the respective 

content at day 0, as well as the content observed when cultured under static conditions. 

Interestingly, constructs of hES-MPs displayed significantly higher content of DNA and proteins 

compared to hMSCs. Moreover, RT-PCR results demonstrated an effect of flow perfusion on the 

expression of genes involved in osteogenic differentiation or encoding for proteins constituting 

the matrix of bone tissue, although the effect was different between hES-MPs and hMSCs. For 

example, when cultured under dynamic conditions, hES-MPs displayed increased expression of 

COL1A1, ALP, ON and OPN whereas hMSCs displayed increased expression of RUNX2, 

COL1A1, ON and OPN. Overall, under dynamic conditions, the expression of the investigated 

genes was higher for constructs of hES-MPs than for constructs of hMSCs. In line with the 

proliferation and gene expression results, histological staining demonstrated that constructs of 

hES-MPs displayed a marked increase in tissue formation when cultured under dynamic 

conditions, and the newly formed tissue was associated with deposition of a dense network of 

collagen fibers. On the other hand, no substantial increase in tissue formation was observed for 

constructs of hMSCs when cultured under dynamic conditions compared to static conditions. 

TOF-SIMS analysis revealed that both constructs of hES-MPs and hMSCs displayed deposition 

of calcium phosphate minerals at the interface with the coral scaffolds in all conditions 

investigated, although flow perfusion stimulation appeared to promote matrix mineralization, and 

was associated with a higher content of calcium phosphate within the constructs. 
 

7.5 Study V 
In this study, constructs of hES-MPs interfaced to coral scaffolds were implanted 

subcutaneously in mice, and the in vivo survival rate was investigated in relation to a potential 

acute immune response to the transplanted cells. Bioluminescence imaging results demonstrated 

that, following implantation of the cell/coral constructs, the percentage decrease in signal was 

similar in all strains investigated, with nearly no signal detected 18 days after implantation of the 

constructs. The decrease in survival rate was similar irrespective of the immune conditions of the 
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testing animals employed, excluding the involvement of T, B and natural killer (NK) 

lymphocytes in determining the decrease in cell survival observed. In line with this finding, 

implantation of cell/coral scaffolds in immunocompetent Balb/c mice did not seem to provoke an 

increase in the number of white cells in the systemic circulation during the first 10 days after 

implantation. In addition, the serum concentration of specific cytokines involved in inflammation 

and cell-mediated immune response to non-syngeneic cells and tissues, including TNF-α, IFN-γ, 

IL-2 and IL-4 displayed no significant differences between sham mice and mice implanted with 

biocoral scaffolds alone or constructs of hES-MPs. Histological staining displayed patterns of 

fibro-inflammatory response, although no major differences were observed between constructs of 

hES-MPs and control samples. 

 

7.6 Study VI 
The objective of study VI was to investigate the potential of hES-MPs to be interfaced to 

FFF 3D cp-Ti and Ti6Al4V scaffolds, and study the possible effect of the biomaterial chemical 

composition on hES-MPs behavior, in terms of proliferation and osteogenic differentiation. SEM 

imaging and TOF-SIMS analysis demonstrated that both scaffolds displayed similar surface 

topography and composition, as well as comparable oxide layer thickness irrespective of the 

chemical composition of the building material. Proliferation studies demonstrated that the content 

of DNA within the scaffolds after 1 and 2 weeks of culture was similar for both cp-Ti and 

Ti6Al4V. In addition, flow cytometry data showed that the proportion of viable and dead cells 

was the same independently of the chemical composition of the employed scaffold after 10 days 

of culture. In accordance with the flow cytometry data, LDH activity results demonstrated similar 

trends when hES-MPs were interfaced to cp-Ti and Ti6Al4V along the entire experimental 

period. Moreover, RT-PCR studies showed that the expression of genes involved in osteogenic 

differentiation and encoding for proteins constituting the matrix of bone tissue, including 

RUNX2, COL1A1, OPN and OC was not significantly affected by the chemical composition of 

the investigated scaffolds. On the other hand, similar variations in the expression of the 

investigated genes were observed after 1 and 2 weeks of culture under osteogenic conditions for 

both cp-Ti and Ti6Al4V scaffolds. In a similar fashion, no significant differences in ALP activity 

were observed when the hES-MPs were interfaced to the different scaffolds, indicating no 

adverse effect exerted by the two materials on hES-MPs behavior. 
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8. GENERAL DISCUSSION 
 

8.1 Clinical need for bone-engineered substitutes 
To date, a large number of patients experience bone fractures or need reconstruction of the 

skeletal system following surgical excision and congenital defects 177-180. This number is 

expected to steadily increase considering the population growth, extension of life expectancy, 

shift in demographics and changes in life style, characterized for example by a general increase in 

the number and severity of injuries 366. The majority of patients in need for bone replacement 

procedures are the elderly, whose bones display poor mechanical properties and, most 

importantly, exhibit limited regeneration potential, which entails profound implications with 

respect to the type and strategy of treatment. Bone engineering holds the promise to alleviate the 

burden of bone deficiencies by constructing bona fide substitutes with the potential to secure an 

enduring and functional reconstruction of large skeletal defects, although no general consensus 

exist hitherto regarding the optimal combination of cells, scaffolding materials and cultivation 

conditions. In this view, it is of great importance to assess the potential of stem cells derived from 

different sources, i.e. adult or embryonic tissues, for bone engineering applications.  
 

8.2 The stem cell dilemma 
Basically, stem cells can be derived from two main sources such as embryonic and adult 

tissues. Both embryonic and adult stem cells display pros and cons in relation to their potential to 

be employed as source of cells for bone engineering applications. An optimal cell source for such 

application should display some key characteristics, including ready accessibility and 

homogeneity, high proliferation potential, proper functionality and clinical safety. hESCs are 

highly proliferative and have the ability to virtually differentiate in all specialized cells 

constituting the human body 367. However, the major disadvantages with hESCs for the large-

scale production of tissue-engineered substitutes is represented by the elaborate culture 

conditions required 31 and risk of tumor formation after implantation 34. On the other hand, stem 

cells isolated from adult tissues, such as hMSCs are easy to handle, can differentiate toward 

specific lineage and their safety in clinical applications has been shown 219-223, although their 

clinical efficacy in tissue engineering applications is still contentious. Nonetheless, their 

heterogeneity, limited proliferative potential and loss of functionality associated with protracted 
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expansion and/or increased donor age 271-273, 277, 279, 368 represent today an important impediment 

for the bulk production of functional cells for tissue engineering applications. To overcome the 

limitations encountered with both embryonic and adult stem cells, many efforts have recently 

been made to establish alternative cell lines that combine the advantages of both sources and 

display high potential for tissue engineering applications, as illustrated in Figure 12. 

 

 

Fig 12: Illustration of the optimal cellular properties for tissue engineering application.  

 

 

The MFG-hESCs and hES-MPs were previously shown to display interesting characteristics for a 

potential use in tissue engineering applications, especially considering the straightforward and 

reproducible derivation, homogeneity, high expandability and ability to be cultured under xeno-

free conditions using standard protocols for adult stem cells 31, 35. However, for a potential use of 

these cells in bone engineering, a thorough characterization and a comparative advantage over 

cells derived from adult tissue such as hMSCs must been demonstrated, which has been the main 

objective of this thesis. 
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8.3 Ossification genes display different profile of expression in MFG-

hESCs and hMSCs  
Numerous genes are recognized to play a role during bone histogenesis. Some of these genes 

displayed a different profile of expression in undifferentiated MFG-hESCs and hMSCs, as well 

as upon osteogenic stimulation of the cells, reflecting the different origin of the two cell types 

and highlighting that alternative differentiation pathways may take place during osteogenesis of 

MFG-hESCs and hMSCs. Variation in the expression level of genes involved in ossification were 

also reported by Guillot et al. when comparing hMSCs derived from fetal and adult tissues 369. In 

particular, MFG-hESCs displayed significantly higher expression of BMP4 and OPN both in the 

undifferentiated state and after stimulation with osteogenic factors. BMP4 is known to be 

involved in skeletal development, remodeling and repair 106, and its overexpression has recently 

been reported to promote the osteogenic differentiation of rabbit adult stem cells in vitro and in 

vivo 370. Further, the expression level of BMP4 was shown to correlate with the formation of 

large bone-like nodules in osteogenic cultures of hESCs 371. OPN instead, which functions as a 

bridge between the organic and mineral component of bone tissues 93, is recognized to play a role 

in the early formation of bone matrix 372 and generally used as a marker of osteogenic 

differentiation. The finding that BMP4 and OPN were identified as hub genes in PPI networks 

suggest they may play a central role in the molecular pathways leading to osteogenic 

differentiation of MFG-hESCs. On the other hand, the transcriptional activator RUNX2 and the 

downstream gene COL1A1 156, 157 displayed higher expression in hMSCs compared to MFG-

hESCs, although the expression differences between the two cell types markedly diminished 

during differentiation, indicating a substantial upregulation of these genes in hMFG-hESCs 

following osteogenic stimulation. In a different fashion, ALP displayed higher expression in 

undifferentiated hMFG-hESCs compared to hMSCs but was significantly upregulated in hMSCs 

after osteogenic stimulation, indicating again a rather different responsiveness of the two cell 

types to the osteogenic factors. Similar results were observed by Shimko et al. when comparing 

murine embryonic and adult stem cells cultured under osteogenic conditions, corroborating the 

idea that embryonic stem cells undergo osteogenic differentiation using nontraditional 

osteoblastic pathways 373. ALP is recognized to play a role during osteogenesis 99 and its 

upregulation during osteogenic differentiation is considered to favor the mineralization of the 

bone matrix 374. Nonetheless, hMSCs displayed significantly higher transcriptional levels of 
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SRGN compared to MFG-hESCs both in the undifferentiated state and during osteogenic 

differentiation. SRGN is a proteoglycan found to influence the bone mineralization process 

through inhibition of HA crystal growth 375, and its high expression in hMSCs may 

counterbalance the effects of ALP in promoting the deposition of calcium phosphate crystals 

within the matrix.  

 

8.4 MFG-hESCs display higher mineralization properties than hMSCs 
The ECM of mature bone tissue is composed of 60-70 percent of calcium phosphate crystals 

in the form of HA 95, which provide mechanical strength and stiffness 110. In this view, the 

content of calcium phosphate deposits within the matrix synthesized by the cells is of particular 

interest to assess their potential for bone engineering applications. Our study demonstrated a 

higher content of calcium phosphate deposits within the matrix synthesized by MFG-hESCs 

compared to hMSCs, in accordance with recently reported studies showing higher mineralization 

properties displayed by murine embryonic stem cells compared to adult stem cells 373. An 

explanation for this may be the higher expression of SRGN observed in hMSCs as discussed in 

paragraph 8.3, as well as the higher expression of NCPs with inhibitory effects on HA 

crystallization and growth such as ON and OC 102, 376. On the other hand, the observed difference 

in mineral content between MFG-hESCs and hMSCs may be associated with the specific 

macromolecular organization of the collagen fibers 377 and the overall charge distribution of the 

molecules within matrix 108. In support of this idea there is the knowledge that collagen alteration 

in several pathological conditions influence HA crystallization and deposition 378. In addition, the 

observed difference may result from the higher expression of TGFβ1 found in hMSCs, which 

was recently demonstrated to inhibit mineralization in culture of rat calvarial osteoblasts 379, 

although the biological mechanism responsible for this effect has not yet been elucidated. On the 

other hand, the difference in mineral content may be associated with a different osteogenic 

commitment of the investigated cells upon stimulation. In fact, after osteogenic stimulation, 

hMSCs displayed codifferentiation toward the adipogenic lineage, which likely influencd their 

capacity to produce a matrix with high content of mineral deposits. The ability of MFG-hESCs to 

synthesize a matrix with high content of calcium phosphate deposits underscore their potential 

for a future use in bone engineering applications. Nevertheless, additional studies are need to 

investigate the size and composition stoichiometry of the calcium phosphate crystals within the 

matrix, and how these affect the mechanical properties of the newly formed tissue in 3D systems. 
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Owing to their potential to synthesize a mineralized matrix, the MFG-hESCs certainly represent a 

suitable technology platform for the screening of novel agents with an effect on bone 

mineralization for the treatment of bone degenerative disorders. 

 

8.5 Osteogenic differentiation of MFG-hESCs is associated with 

downregulation of hESC-specific genes 
The use of ESCs in biomedical applications is today limited by their ability to form 

teratomas after in vivo implantation 285. The tumorigenic capability of hESCs is associated with 

the expression of specific stemness genes, including genes involved in self-renewal and 

pluripotency such as OCT4, NANOG, SOX2 and TDGF1 380-383. The expression of these genes is 

recognized to be downregulated following in vitro differentiation during embryoid body 

formation 384, as well as in stem cells derived from adult tissues 385. The expression of the above 

genes displayed a gradual decrease upon osteogenic differentiation of MFG-hESCs in monolayer 

cultures to a similar level as observed in hMSCs. This finding suggests that preliminary 

differentiation of MFG-hESCs may abolish their tumorigenic potential and enable their use for 

future applications in bone engineering. Supporting this idea is the finding reported by Bielby et 

al., showing that prestimulation of hESCs with osteogenic supplements was sufficient to avoid 

the formation of teratoma after subcutaneous implantation in SCID mice. Nonetheless, additional 

in vivo studies are needed to validate the above assumption in order to fully assess the safety of 

MFG-hESCs for clinical applications. In fact, additional genes may be responsible for the 

tumorigenic potential of undifferentiated MFG-hESCs and no sufficient data exist regarding the 

threshold expression of these genes to guarantee their safety after implantation. On the other 

hand, osteogenic stimulation may not result in the terminal differentiation of the entire cell 

population, raising the concern that some cells may still display tumorigenic potential following 

osteogenic stimulation and compromise the outcome of the intervention. However, hES-MPs and 

hMSCs displayed limited survival and proliferation following in vivo implantation, suggesting 

that the microenvironmental conditions at the implantation site may play an important role in 

further contrasting a possible uncontrolled proliferation of MFG-hESCs after application in 

clinical settings.  
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8.6 hES-MPs and hMSCs display comparable gene expression profiles 
hES-MPs resemble cells of the mesenchymal lineage in terms of morphology, surface marker 

profile and mesodermal commitment 35, suggesting they may replace hMSCs for a large variety 

of applications, including development biology studies, drug screening, production of human 

biologics and stem-cell based therapies. The reported similarities likely result from the profound 

alterations observed in the global gene expression profile of hES-MPs following the derivation 

process. In fact, scatter plot analysis demonstrated that hES-MPs and hMSCs displayed similar 

transcriptomes, with 90 percent of the genes exhibiting a FC ≤3, while much larger variations 

were observed when comparing hES-MPs with the parental cell lines. Important alterations 

involved the downregulation of several signature genes of undifferentiated hESCs, including 

genes responsible for pluripotency and self-renewal such as the OCT family of genes (POU5F1, 

POU5F1P3 and POU5F1P4), NANOG, SOX2, TDGF1, LIN28, GDF3, ALP, GAL, DPPA4, 

GABRB3, and ZIC3 344, 386-391. The repression of these genes during hES-MPs derivation 

provides a molecular evidence for the lineage commitment restriction observed in hES-MPs 35. In 

line with this observation, hES-MPs derivation did not result in increased expression of the 

keratin genes KRT18, KRT19, KRT7 and KRT8, and was associated with downregulation of 

several claudins, including CLDN3, CLDN6, CLDN8 and CLDN10 to a similar level as observed 

in hMSCs. Keratin genes encode for intermediate filaments typical of epithelial tissues 392, 

whereas claudin genes encode for the membrane proteins constituting the tight junctions in 

epithelial and endothelial cell sheets 393. The low expression of these genes demonstrates lack of 

differentiation toward the ectodermal and endodermal lineage upon hES-MPs derivation, and is 

in accordance with previously reported findings showing that hES-MPs were negative for 

markers typical of the ectodermal and endodermal lineage 35. On the other hand, hES-MPs 

derivation was associated with upregulation of a panel of genes characteristic of mesodermal 

tissues, including COL1A1, COL1A2, COL3A1, COL5A1, COL11A1, COL6A1, COL6A2, 

DDR2, BGN, FN1, FBN1, MFAP5, and genes encoding for proteins involved in cell-to-cell and 

cell-to-matrix interaction such as CD44, CD58, CD47 and CD166. Interestingly, the expression 

level of these genes was similar in hES-MPs and hMSCs, underlining functional similarities 

between the two cell types. Other signs of hES-MPs commitment toward the mesodermal lineage 

include the increased expression of genes encoding membrane receptors responsive to growth 

factors inducing mesodermal differentiation such as TGFβR2 and BMPR2 394, 395, and 

overexpression of RUNX2 and TFAP2A, which are known to direct osteogenic differentiation 
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157, 396. The equivalent gene expression profiles observed support the idea that hES-MPs and 

hMSCs are functionally comparable cell types, and substantiate the potential of hES-MPs to be 

used as source of cells for engineering tissues of the mesodermal lineage. In addition to reflect a 

similar phenotype, the observed high similarities in gene expression suggest that hES-MPs may 

follow similar biological response to environmental stimuli and represent pertinent models for the 

screening of different substances and the development of new pharmaceuticals. 

  

8.7 hES-MPs display higher proliferation potential than hMSCs 
Engineering tissue substitutes requires employing highly proliferative cells showing high 

degree of stability upon expansion, especially in view of the reproducible and large-scale 

production of replacement tissues for future tissue engineering applications. hMSCs display 

limited proliferation capability and this ability tend to decrease with donor age 272-274, 397 raising 

concerns about their practical use for the large scale production of engineered tissues. On the 

other hand, in study II we demonstrated that hES-MPs display high proliferative capacity, 

characterized by retained proliferative potential over prolonged expansion (up to P30) and shorter 

PD time compared to hMSCs. In fact, the proliferative ability of hMSCs started decreasing after 

8-10 passages and was completely abolished at P25. In addition, prolonged expansion of hMSCs 

was associated with important morphological aberrations as previously reported by other groups 
272, reflecting a senescent phenotype characterized by profound cellular alterations. The decrease 

in proliferation potential of hMSCs during long-term in vitro culture has earlier been 

demonstrated to be associated with shortening of the telomeric sequences 274. In contrast, hES-

MPs were found to display longer telomeres compared to hMSCs both a PD5 and PD50, although 

no differences in telomerase activity was detected. Therefore, the different length of the telomeric 

sequences observed in hES-MPs and hMSCs plausibly reflects the intrinsic different origin of the 

two cell types. In fact, the isolation from adult tissues implies that hMSCs have undergone a 

higher number of cell divisions (which is also proportional to the donor age), resulting in the 

shortening of their telomeric sequences 398. On the other hand, alternative telomere lengthening 

mechanisms 399 may be active in hES-MPs and responsible for the observed difference. The 

extended cellular lifespan observed for hES-MPs represents a significant advantage for their use 

in tissue engineering applications. Of additional interest for such applications is the shorter PD 

time observed for hES-MPs during expansion because it allows the fast production of a sufficient 

number of cells needed for treatment. The different proliferation potential of hES-MPs and 
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hMSCs is attributable to differences in the expression level of genes involved in cell 

proliferation. In regard to this, microarray data showed that hES-MPs displayed higher 

expression of HELLS, CDC25A, MCM5, MCM10, BUB1, ORC1L and FGF5 compared to 

hMSCs. For example, HELLS encodes for a helicase which is ubiquitously expressed in rapidly 

dividing cells 400, 401, and targeted disruption of HELLS was shown to result in increased 

replicative senescence and alteration of the gene expression pattern of the senescence-related 

genes CDKN2A and BMI1 402. On the other hand, MCM5, MCM10 and ORC1L are required for 

DNA replication 403-405, whereas the mitogens FGF5 and CDC25A are known to accelerate S-

phase entry 406, 407. The higher expression of these genes in hES-MPs may be responsible for the 

increased proliferation observed compared to hMSCs. The higher proliferation potential of hES-

MPs may also be associated with the increased expression of EREG and the related receptor 

EGFR. EREG is a member of the EGF family and able to promote cell proliferation via the EGF 

signaling pathway 408. In line with the results observed in monolayer cultures, hES-MPs 

displayed higher proliferation rate also when cells were cultured in 3D systems as demonstrated 

in study IV. Three days after seeding onto biocoral scaffolds, constructs of hES-MPs displayed a 

2.8-fold higher content of DNA compared to constructs of hMSCs, indicating a shorter PD time 

displayed by hES-MPs compared to hMSCs. The difference in DNA content became even larger 

following flow perfusion stimulation of the cell/scaffold constructs, resulting in a stark increase 

in tissue formation both in terms of density and area of formed tissue. A possible explanation for 

this finding may be the higher expression of EGFR observed in hES-MPs, which was recently 

demonstrated to be activated following mechanical stimulation of the cells 409, although other 

unknown mechanisms may account for the observed differences. In fact, no data exist today 

regarding the expression level of the above genes in hES-MPs and hMSCs following osteogenic 

stimulation, and additional studies are required to better validate the above assumptions. Overall, 

the higher proliferative potential of the hES-MPs provides these cells with a great advantage over 

hMSCs for bulk production of cells for therapy and tissue engineering applications. 

 

8.8 hES-MPs do not exhibit tumorigenic potential 
Transplantation of hESCs into immunodeficient animal models leads to the formation of 

teratomas. On the other hand, hES-MPs were previously demonstrated not to form teratomas 

following implantation under the kidney capsule of SCID mice 35. In line with this finding, 

constructs of hES-MPs did not show any sign of uncontrolled proliferation after subcutaneous 
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implantation in the immunodeficient Nude and Fox mice. The lack of tumorigenic potential in 

hES-MPs may be ascribed to the significant dowregulation of genes involved in pluripotency 

occurring during the derivation process. In fact, pluripotency is strongly associated with teratoma 

formation as discussed in paragraph 8.5, and one of the most well known genes to induce these 

processes is TDGF1 383, 410. Further, hES-MPs displayed decreased expression of EPHA1, known 

to be overexpressed in many tumors 411-413, and DNMT3B known to silence tumor suppressor 

genes in cancer cells 414. Another important tumor suppressor gene is p53, whose inactivation is a 

common feature in many tumors 415 and whose transcription is induced upon binding of NR2F2 

to the p53 promoter 416. The significantly increased expression of NRF2F during hES-MP 

formation, as well as the downregulation of the p53-associated transcription factor TFAP2A 417, 

likely represent additional mechanisms for the hES-MP cells to decrease their tumorigenicity. 

Other tumor suppressor genes significantly upregulated upon hES-MPs derivation were 

CDKN2A (p16) and CAV1. In regard to this, Rubio et al. recently reported that the initial steps 

leading to hMSCs transformation in vitro were the activation of c-myc and repression of p16 418. 

On the other hand, CAV1 is a protein marker for caveolae organelles, which functions as 

negative regulator of cell transformation with a central role in the pathogenesis of tumors and 

metastasis 419-421. Their identification as hub genes in PPI suggests that CDKN2A and CAV1 may 

play a central role in regulating cell proliferation and limiting cell transformation of hES-MPs. 

hESCs express high level of telomerase, which allows them to divide repeatedly by ensuring a 

constant extension of the telomeric sequences at the chromosome ends 422. Similarly, high level 

of telomerase activity are seen in many human cancers 423, suggesting that the cell immortality 

conferred by telomerase plays a key role in tumor development. Interestingly, our data 

demonstrated that hES-MPs displayed decreased expression of genes encoding for the telomerase 

subunits compared to hESCs, and similar telomerase activity as seen in hMSCs both at low and 

high passage, providing additional support for a potential use of hES-MPs in clinical settings. 

Nonetheless, the higher proliferation ability of hES-MPs compared to hMSCs raises the concern 

for a potential accumulation of chromosomal aberrations, which may occur during cell division 

and eventually lead to neoplastic transformation of the cells. For example, during each cell 

division cycle, the newly duplicated chromosomes must be distributed evenly into the two 

daughter cells so that each cell receives exactly one copy of each chromosome. Errors in this 

process result in abnormal balance of chromosomes and, overcome a certain threshold of 

aneuploidy, may lead to the generation of cancer-specific phenotypes independent of gene 
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mutation 424. Accurate sister chromatid segregation relies on the attachment and alignment of 

chromosomes to the mitotic spindle. This process is controlled by the spindle assembly 

checkpoint, which prevents anaphase onset until all replicated chromatids have formed proper 

attachments to a functional bipolar spindle 425. Several genes encoding for proteins with a role in 

this process, such as CDC20, MAD2, BUB1B, NDC80, NUF2, CENPA, ERCC6L, SPC24, 

MLF1IP, AURKB, SPC25, CENPM, ZWINT and CDCA8 were identified as hub genes in PPI 

networks of genes showing significantly increased expression in hES-MPs compared to hMSCs, 

indicating a strong control function of mitosis important in order to reduce the risk of tumor 

formation. Taken together, the results presented in this thesis, in addition to the previously 

reported data 35, provide strong evidence for the lack of tumorigenic potential of hES-MPs, which 

is a prerequisite for possible future applications of these cells. However, additional studies are 

needed to investigate genome integrity and mutation rate of the investigated cells, especially in 

relation to the degree of in vitro expansion, in order to fully validate their stability and safety for 

clinical applications. 

 

8.9 hES-MPs display optimal osteogenic potential and higher 

mineralization properties compared to hMSCs 
Engineering bone substitutes requires using stem cells with the potential to differentiate 

toward the osteogenic lineage and synthesize a matrix with high content of calcium phosphate 

deposits. When cultured under osteogenic conditions in monolayer cultures, hES-MPs and 

hMSCs displayed similar levels and patterns of expression for genes involved in osteogenic 

differentiation and encoding for proteins constituting the matrix of bone tissue such as RUNX2, 

COL1A1, OC and OPN 77, 157, 164, indicating a similar responsiveness of the two cell types to the 

osteogenic factors. This assumption is in line with the expression results observed in monolayer 

cultures, showing similar level of RUNX2 and COL1A1 in undifferentiated hES-MPs and 

hMSCs. Interestingly, after protracted expansion, both cell types manifested a significant 

reduction in the expression of RUNX2 compared to the expression levels detected at low 

passage, in accordance with results reported by others in late-stage culture of hMSCs 426. 

However, the observed decrease was lower for hES-MPs compared to hMSCs, denoting a rather 

higher sensitivity of hES-MPs to osteogenic stimulation after prolonged expansion. A different 

behavior was observed when cells were interfaced to the biocoral scaffolds and cultured in 3D 
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conditions. First of all, before osteogenic stimulation, the cells displayed significant differences 

in the expression of the investigated genes, including RUNX2 and COLA1A, in contrast with the 

results observed in monolayer cultures, indicating a possible role played by the properties of the 

biomaterial in affecting cell behavior. In support of this idea, Rochet et al. demonstrated that 

gene expression was affected when culturing osteoblastic cells on calcium phosphate substitutes 

compared to classic monolayer cultures 427. On the other hand, the discrepancy observed in gene 

expression between monolayer and 3D cultures in biocoral scaffolds may result from the intrinsic 

differences in culture dimensionality. In fact, cell orientation and adhesion are important factors 

influencing cell functionality 428, and data have recently been published demonstrating the effects 

of culture dimensionality on cell behavior irrespective of the biomaterial used 429. Secondly, the 

expression of the marker genes investigated was differently affected following the osteogenic 

stimulation of the cell/coral constructs both under static and dynamic conditions. Interestingly, 

when cultured under dynamic conditions, hES-MPs displayed significantly increased expression 

of COL1A1, ALP, ON and OPN compared to static conditions, whereas hMSCs displayed 

increased expression of RUNX2, COL1A1, ON and OPN, indicating a different responsiveness 

of the two cell types to mechanical stimulation. The finding may find explanation in the 

differential levels of key genes involved in the signaling pathways leading to osteogenic 

differentiation as discussed in paragraph 8.7, although no clear understanding exists today. 

Despite the general differences observed, hES-MPs displayed an overall higher expression of 

genes involved in bone histogenesis compared to hMSCs, demonstrating optimal differentiation 

ability and high potential for a successful use in bone engineering applications.  

ALP is recognized to play a role during osteogenesis 99 and its upregulation during 

osteogenic differentiation is considered to favor the mineralization of the bone matrix 374. 

Undifferentiated hES-MPs and hMSCs displayed low level of ALP expression both in monolayer 

and 3D cultures in biocoral scaffolds, indicating that ALP was not affected by the culture 

conditions in both cell types. However, following osteogenic stimulation, both cell types 

displayed a gradual increase in ALP expression and activity along the experimental period, 

although the ALP activity was generally higher for hMSCs than hES-MPs. Similar results were 

previously reported by Arpornmaeklong et al. when comparing the osteogenic potential of 

hMSCs and human embryonic-derived MSCs 430, underscoring a different responsiveness of the 

two cell types to the osteogenic factors used for stimulation. Noteworthy, this trend was inversed 

after flow perfusion of the cells, indicating that hES-MPs are more sensitive to mechanical 
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stimulation compared to hMSCs. The different sensitivity of hES-MPs and hMSCs likely result 

from the observed differences in the global gene expression profile, although no clues regarding 

the exact mechanisms underlying the different biological response to the used chemical and 

mechanical stimulation exist today. Despite the differences in the activity of ALP detected, hES-

MPs displayed higher mineralization properties compared to hMSCs in monolayer cultures, 

suggesting that the composition and macromolecular properties of the matrix synthesized by 

hES-MPs may provide more optimal conditions for the deposition and growth of calcium 

phosphate crystals compared to hMSCs as discussed in paragraph 8.4. Nonetheless, our results 

demonstrate that the amount of calcium and phosphate deposits within the matrix produced by 

both cell types was inversely proportional to the number of passages, underlining an impaired 

mineralization potential owing to prolonged expansion. The decrease in mineral content may be 

in part due to alteration in the structural and chemical characteristics of the matrix associated with 

the protracted expansion and in part to the decline in ALP activity observed for both cell types. 

However, the decrease in mineralization observed after protracted expansion was higher for 

hMSCs compared to hES-MPs, and likely associated with the senescence-related alterations as 

discussed in paragraph 8.7. On the other hand, no similar changes were observed for hES-MPs, 

suggesting that an extended or more appropriate stimulation may still result in the synthesis of a 

sufficiently mineralized matrix, showing optimal characteristics for bone engineering 

applications. Differently, the decreased mineral content in late-passage hES-MPs may be 

attributable to the upregulation of OC observed, in relation to the results reported by Ducy et al., 

demonstrating increased bone mineralization in OC-deficient mice 102.  

The ability of hES-MPs to synthesize a matrix with high content of calcium phosphate 

minerals was also observed when cells were interfaced to coral scaffolds and cultured in 3D 

conditions. In accordance with the results observed in monolayer cultures, mineralization 

appeared to take place preferably at the interface with the substrate. However, as opposite to 

hMSCs, under flow perfusion stimulation constructs of hES-MPs displayed calcium phosphate 

deposits further down inside the scaffold pores, which represent an essential requirement for the 

construction of functional substitutes for bone engineering applications. The more extensive 

mineralization observed for constructs of hES-MPs under dynamic conditions possibly reflects 

the denser network of collagen fibers seen under these conditions, which provide the natural 

substrate for the HA crystals to form.  
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In addition to the properties discussed above, optimal cells for bone engineering applications 

must display specific and stable commitment toward the osteogenic lineage. In regard to this, 

hES-MPs displayed full commitment toward the osteogenic lineage when properly stimulated, as 

opposed to hMSCs that displayed sign of codifferentiation toward the adipogenic lineage. The 

osteogenic and adipogenic differentiation pathways have recently been shown to be overlapped 
431, and considerable evidence exists to support that unbalance in hMSCs differentiation toward 

the osteogenic and adipogenic lineages contributes to bone loss in aged patients 127, 432. Based on 

this knowledge, it is important to note that hMSCs derived from aged patients may fail to provide 

a sufficient number of cells with optimal osteogenic potential for the construction of functional 

bone substitutes. In fact, the osteogenic properties of the hMSCs used in this thesis were 

inversely proportional to the donor age, and only the hMSCs with higher osteogenic potential 

were used for the above comparison, indicating that even larger differences could be observed if 

using hMSCs derived from older patients. Moreover, it is important to note that standard culture 

conditions for the osteogenic differentiation of cells of the mesenchymal lineage were used, and 

that more optimal conditions specifically established for hES-MPs may further increase their 

osteogenic potential and mineralization properties.  

 

8.10 hES-MPs are hypoimmunogenic and do not elicit immune response 

in vivo 
The derivation from adult tissues allows the use of hMSCs in autogeneic conditions and 

overcome possible complications associated with an immune reaction against the transplanted 

cells. However, as discussed in paragraph 8.9, hMSCs derived from aged patients may fail to 

provide a sufficient number of functional cells for the construction of bone substitutes, and 

allogeneic hMSCs may be required for treatment in similar situations. In fact, increasing evidence 

exists regarding the hypoimmunogenic and immunomodulatory properties of hMSCs 268, 269, 433, 

which support the idea the hMSCs may be exploited in allogenic settings, although conflicting 

results have been reported 269, 434. Particularly, the hypoimmunogenicity of hMSCs has been 

linked to the low surface expression of HLA class I (HLA-ABC) and II (HLA-DR) molecules 435, 

and lack of the costimulatory molecules CD80 and CD86 433, 436. Interestingly, undifferentiated 

hES-MPs displayed similar surface profile for the above immunological markers as hMSC, 

which suggests they may equivalently find application for the construction of bone substitutes in 
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allogeneic settings. In support of this idea, the expression of HLA-DR in hES-MPs was not 

stimulated following treatment with IFN-γ as opposed to hMSCs. In fact, transplantation of an 

allograft triggers an inflammatory response with concomitant release of a panel of different 

cytokines including IFN-γ, which is know to stimulate the expression of HLA molecules, and in 

turn promotes the allorecognition of the transplanted cells. Based on this model, the stimulation 

of HLA-DR molecules may be responsible for the cell-mediated immune response against MSCs 

observed following transplantation in allogeneic conditions 269. Cell-mediated immune rejection 

to non-syngeneic cells and tissues is principally driven via recognition of HLA class I and II 

molecules by CD8-positive T cytotoxic (Tc) and CD4-positive T helper (Th) lymphocytes, 

respectively 437. Therefore, the lack of HLA-DR molecules observed in hES-MPs suggests that 

they exhibit an immunoprivileged phenotype and do not elicit the activation of T lymphocytes 

after implantation in non-syngeneic hosts. In line with this, knocking out the HLA class II 

molecules has been proposed as a possible strategy to prevent immune rejection in allogeneic 

tissue engineering applications 438. Upon expansion and differentiation toward a specific lineage, 

cells may undertake profound alteration in the expression of several genes, and this may result in 

the modification of the expression profile of HLA molecules, therefore affecting the 

immunological properties of the cells. However, the immunological profile of hES-MPs was not 

affected following expansion and osteogenic differentiation, substantiating their possible use for 

bone engineering applications in allogeneic settings. In accordance with the above findings, hES-

MPs did not seem to elicit an immune response following implantation in xenogeneic conditions. 

Immune rejection to non-syngeneic transplants results in massive cell death caused by the 

combined action of the innate and adaptive compartment of the host immune system 439, with an 

important role played by NK cells, as well as T and B lymphocytes 440-442. However, after 

transplantation in immunocompetent and immunocompromised mice, the survival rate of hES-

MPs showed similar trends irrespective of the presence of the above immune cells, thus 

providing evidence that no cell-mediated response occurred against the transplanted cells. 

Furthermore, episodes of acute rejection often result in a variation in the number of white cells in 

the peripheral blood, characterized by either a decline (leucopenia) or an increase (leucocytosis) 

in leukocyte count 443, 444. The decline in peripheral leucocytes may be associated with a direct 

involvement of leucocytes locally at the implantation site, and has been reported to be associated 

in some cases with unfavorable clinical outcomes 444. However, hES-MPs transplantation did not 

provoke any significant variation in the number of leucocytes, therefore excluding any possible 
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activation and clonal expansion of alloreactive lymphocytes and other inflammatory cells. 

Following recognition of HLA class II molecules, Th cells specialize in two different subsets 

such as Th1 and Th2 cells 445. Th1 lymphocytes produce mainly IL-2, TNF-α and IFN-γ, which 

promote the cytotoxic activity of Tc lymphocytes 446, 447, whereas Th2 lymphocytes produce e.g. 

IL-4 among others 448. On the other hand, NK cells have the ability to kill target cells lacking or 

expressing low level of HLA molecules 449, and release IFN-γ and TNF-α following activation in 

the acute phase 450. Transplantation of hES-MPs did not result in an increase in the serum 

concentration of these cytokines, indicating no activation of Th lymphocytes associated with 

allorecognition, in accordance with the results observed in study II and III showing lack of 

expression of HLA-DR molecules, and excluding any activation of NK cells. Not least, gene 

expression data showed that hES-MPs and hMSCs display similar level of the non-classical 

HLA-G molecule. HLA-G, which is expressed by fetal tissues during pregnancy, is recognized to 

inhibit monocyte, dendritic, NK, B and T cells through interaction with inhibitory receptors 

expressed on these cells 451, 452. Its expression in hES-MPs may play an additional role in 

determining the tolerogenic properties observed, although its expression at a protein level must 

be verified in order to confirm this assumption. Taken together, the data demonstrate that hES-

MPs display favorable immune properties and do not elicit any major reaction after in vivo 

transplantation in non-syngeneic conditions. However, for a clinical use of hES-MPs in bone 

engineering applications additional studies are needed to fully assess their tolerogenic properties 

in vivo. 

 

8.11 hES-MPs are not affected by the chemical composition of cp-Ti and 

Ti6Al4V scaffolds 
Interfacing hES-MPs with EBM-fabricated cp-Ti and Ti6Al4V scaffolds represents an 

appealing strategy for the fabrication of customized third-generation biomaterials for orthopedic 

and dental applications, although leaching of vanadium from the Ti6Al4V alloy may exert an 

adverse effect as previously demonstrated 453. However, despite the different chemical 

composition of the building materials, both the EBM-fabricated cp-Ti and Ti6Al4V scaffolds 

displayed similar surface properties with respect to topography, oxide thickness and composition, 

suggesting that fabrication using the EBM technology may circumvent any alleged disadvantages 

associated with the presence of vanadium within the scaffolds. In accordance with this 
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assumption, hES-MPs displayed similar behavior when interfaced to cp-Ti and Ti6Al4V 

scaffolds, in terms of attachment, proliferation and expression of genes involved in osteogenic 

differentiation. The main objective of interfacing stem cells with biomaterials is to cover the 

biomaterial surface with a layer of cells able to foster integration of the material into the natural 

tissue and stimulate the local tissue repair by providing specific functional cues. Frosch et al. 

recently reported improved joint resurfacing using MSC-coated titanium implants, suggesting a 

positive effect played by stem cells in promoting tissue regeneration 454, although no clear 

understanding about the underlying mechanisms exists today. Soon after seeding, hES-MPs 

formed a dense layer of cells in tight contact with the geometrical features of the scaffolds 

independently of the chemical composition of the material used, and displayed a similar profile 

of survival during the 6 weeks under investigation, thus excluding any short-term cytotoxic effect 

associated with the presence of vanadium within the Ti6Al4V alloy. At the implant site, 

circulating progenitor cells migrate, adhere and differentiate into functional osteoblasts, 

eventually favoring bone tissue formation and healing. In this view, it is important to investigate 

whether the materials used in this study influence the expression of genes involved in osteogenic 

differentiation and constituting the matrix of bone tissue. No significant differences in the 

expression of RUNX2, COL1A1, OC and OPN, as well as in the activity of ALP were observed 

when hES-MPs were interfaced to the cp-Ti and Ti6Al4V scaffolds, providing further evidence 

that, despite the different chemical composition of the building materials, both the EBM-

fabricated scaffolds investigated in this thesis may be employed for the design of third-generation 

biomaterials for orthopedic and dental applications, especially in conditions characterized by 

poor bone quality.  
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9. SUMMARY AND CONCLUSIONS 
 

In study I, the osteogenic potential of MFG-hESCs and hMSCs was compared in monolayer 

cultures, and their ability to synthesize a mineralized matrix was investigated in relation to the 

expression of genes involved in ossification. The results show that despite MFG-hESCs and 

hMSCs seem to undergo dissimilar signaling pathways leading to osteogenic differentiation, 

MFG-hESCs exhibit higher mineralization properties compared to hMSCs, thus showing high 

potential for bone engineering applications. 
 

In study II, the gene expression profiles of hESCs, hES-MPs and hMSCs were investigated under 

expansion in order to explore the molecular changes occurring upon derivation of hES-MPs and 

assess any similarities and differences in gene expression profile between hES-MPs and hMSCs. 

Further, the proliferation potential and the immunological profile of hES-MPs and hMSCs were 

studied and compared. The results show that hES-MPs and hMSCs display comparable gene 

expression profiles, whereas hES-MPs exhibit higher proliferation ability and lower expression of 

immunological markers compared to hMSCs. 
 

In study III, the objective was to investigate and compare the osteogenic properties of hES-MPs 

and hMSCs, as well as the surface expression of immunological markers following osteogenic 

stimulation. The results show that hES-MPs express key markers of osteogenic differentiation, 

exhibit specific osteogenic commitment and display higher mineralization properties compared to 

hMSCs, along with a more favorable immune profile.  
 

In study IV, the effect of flow perfusion on the proliferation and osteogenic differentiation of 

hES-MPs and hMSCs interfaced with biocoral scaffolds was studied and compared. The results 

show that flow perfusion promotes proliferation and osteogenic differentiation of both cell types. 

Further, constructs of hES-MPs display significantly increased proliferation, osteogenic 

differentiation and tissue formation compared to hMSCs under dynamic conditions.  
 

In study V, the objective was to investigate the immunological properties of hES-MPs in vivo 

after subcutaneous implantation in non-syngeneic conditions. The results show that hES-MPs do 

not elicit any major immune response during the acute phase following implantation.  
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In study VI, the main objective of the study was to investigate the potential of hES-MPs to be 

interfaced to EBM-fabricated cp-Ti and Ti6Al4V scaffolds, and study the possible effect of the 

material chemical composition on hES-MPs behavior. The results show that both scaffolds 

support cell attachment and growth, and do not seem to alter the expression of genes involved in 

osteogenesis.  

 

In conclusion, this thesis demonstrates that cells of embryonic origin, under experimental in vitro 

conditions, display comparative advantages over stem cells derived from adult tissues. In 

particular, in comparison with hMSCs, hES-MPs reveal higher proliferation potential and 

biosynthetic activity, as well as a more favorable immune profile, which are essential features for 

the large-scale production of bone substitutes for replacement therapies. Nonetheless, further 

investigation is required to validate the functionality of MFG-hESCs and hES-MPs in vivo and 

assess their safety for possible future clinical applications.  
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10. FUTURE DIRECTIONS 
MFG-hESCs and hES-MPs represent optimal technology platforms for the generation of 

experimental models to study bone histogenesis and explore tissue functionality in different 

conditions, and display comparative advantages over hMSCs from a bone engineering 

perspective. However, many scientific hypotheses remain and additional comparative studies are 

needed to fully determine the relative potential of the investigated cells for clinical applications. 

 

First of all, it is of great importance to define more appropriate cultivation conditions, specifically 

established for MFG-hESCs and hES-MPs, with the objective to further improve their osteogenic 

commitment and biosynthetic activity. Following this, systematic studies are fundamental to 

assess the relative functionality in vitro using proper 3D models, as well as in vivo using different 

animal models with defects of critical size. The effect of protracted expansion on lineage 

commitment and biological functionality must also be addressed for a potential use of these cells 

for the large-scale production of functional bone substitutes. Cell survival, composition and 

properties of the synthesized matrix, as well as the role of substrate properties on cell 

differentiation, matrix synthesis and mineral deposition are important aspects to be addressed 

before MFG-hESCs and hES-MPs may be used for the construction of bona fide substitutes for 

bone engineering applications. 

 

Not least, for an eventual clinical application of MFG-hESCs and hES-MPs, it is of crucial 

importance to verify their relative safety, with regards to their potential to undergo cellular 

transformation and/or elicit any inflammatory and immune adverse reaction. The relative 

mutation rate and related apoptotic sensitivity to DNA damage of the investigated cells must also 

be assessed, with special emphasis on the effect of prolonged expansion on genomic integrity and 

accumulation of biological alterations in general. In particular for MFG-hESCs, it is necessary to 

understand whether the commitment toward the osteogenic lineage is associated with a reduction 

in their ability to form teratoma after in vivo implantation and, mostly important, the time frame 

when this phenotypic switch occurs. Finally, it is paramount to investigate the ability of MFG-

hESCs and hES-MPs to be tolerated in non-syngeneic conditions, both in the acute and chronic 

phase after transplantation. Alternatively, it is interesting to investigate the possibility to derive 

patient-specific MFG-hESCs and hES-MPs by means of nuclear reprogramming technologies 

with the objective to generate large amount of cells for personalized bone engineering 
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applications, thus bypassing the problem of a possible immune rejection and need for immune 

suppression. 
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