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Preface 

Fetal bovine serum (FBS) is a widely used supplement in cell culture media which provides cells with 
vital factors including growth factors, hormones, and vitamins essential for cell survival, growth, and 
division. However, the use of FBS in in vitro cell culture is controversial. FBS is a variable and undefined 
medium supplement with unknown and complex composition which can even change between 
batches. These unpredictable factors have an influence on cell responses and outcomes of the 
experiments. Thus, FBS containing medium should be avoided wherever possible. In tissue 
engineering studies, the influence of the unknown and complex composition of FBS should be avoided 
by formulating a defined and more controlled medium supplement. The aim of this thesis is to develop 
defined serum substitute media for bone tissue engineering studies. Such medium formulations 
should not only diminish the influence of unknown factors of FBS but should also enable the study of 
the effect of different soluble factors on cell behavior and in vitro bone tissue formation/resorption. 
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1.1 Bone 

Within the musculoskeletal system, bones have a variety of functions such as providing structural 
support, facilitating movement, protecting internal organs, serving as a reservoir for minerals and 
growth factors, maintaining mineral homeostasis, and providing a site for hematopoiesis within the 
marrow space [1]. Bones are hierarchically organized over multiple length scales spanning from the 
macroscale to nanoscale. At the macroscopic level, two structural types of bone can be distinguished, 
namely, cortical (or compact) and trabecular (or cancellous) bone each with different structure, 
porosity, mechanical strength, and metabolic activity (Figure 1.1). Cortical bone constitutes 80% and 
trabecular bone 20% of the skeletal mass [2]. Cortical bone is highly organized and densely packed 
which forms the outer shell of bone. At the microscopic level, cortical bone consists of osteons, highly 
ordered cylindrical structures, with blood vessels running longitudinally through the center of each 
osteon within channels called Harversian canals. Trabecular bone is encapsulated beneath the cortical 
bone and forms a sponge-like network of trabecular plates with interconnecting spaces containing 
bone marrow and vascular system [1], [3]. At the nanoscale, by weight, the inorganic matrix accounts 
for 60% and the organic matrix makes up 30% of the bone tissue, while the remaining is water [4]. The 
organic matrix is primarily collagen type 1 molecules assembled into collagen fibrils and a small 
portion of non-collagenous proteins (NCPs), and inorganic matrix is mainly hydroxyapatite 
nanocrystals deposited within and along the collagen fibrils [5], [6].  

 

 

 
Figure 1.1 Multiscale structure of bone. Created with BioRender.com. 
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Bone maintains its integrity through a lifelong bone remodeling process which is essential for fracture 
healing, adaptation to mechanical loading, as well as maintaining mineral homeostasis. In this process 
old, micro-damaged bone is replaced by new, mechanically stronger bone. Bone remodeling is 
believed to be a cycle of four phases starting with recruitment of mononuclear osteoclast progenitor 
cells from circulation through biochemical or mechanical stimuli to the site of bone remodeling where 
they attract to the bone surface and form multinucleated osteoclasts. Then, these mature osteoclasts 
initiate organic and inorganic bone matrix resorption which is followed by the reversal phase. In this 
phase, bone resorption transitions to bone formation by osteoclasts leaving the bone surface, 
smoothing the resorbed surface by macrophages, and recruiting mesenchymal stromal cells (MSCs), 
as osteoblast progenitor cells, to the site of remodeling. Subsequently, MSCs differentiate towards 
osteoblasts which produce new bone by secreting a collagenous matrix, osteoid, and controlling its 
mineralization. Once the matrix gets mineralized, a large portion of osteoblasts embed within the 
mineralized matrix differentiate into osteocytes (Figure 1.2) [1], [7], [8]. During bone remodeling in 
the healthy situation, a balance between bone resorption and bone formation is maintained through 
biochemical factors and biomechanical stimulation. An imbalance in this process results in metabolic 
bone diseases such as osteoporosis or osteopetrosis [9]. They can change bone remodeling balance 
positively or negatively, resulting in excessive bone formation or resorption [10], [11].  

 

 

 
Figure 1.2 Bone remodeling process. Created with BioRender.com. 
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1.2 Bone tissue engineering 

Tissue engineering is a discipline that integrates biology with engineering to repair, restore, or 
regeneration of living tissue using biomaterials, cells, and biochemical factors alone or in combination. 
Bone tissue engineering has emerged to facilitate the regeneration of large bone defects resulting 
from trauma, metabolic diseases, infection, or tumor removal [12], [13]. Specific scaffolds made of 
natural polymers, synthetic polymers, ceramics, metals, etc. have been designed and developed to 
induce in situ bone regeneration. These scaffolds, which could also be decorated with specific growth 
factors such as recombinant human bone morphogenic proteins 2 and 7 (rhBMP-2 and rhBMP-7) to 
induce bone formation, need to meet several criteria [14]. The developed scaffolds or grafts should 
be osteoconductive, osteoinductive, biocompatible, and mechanically stable [12], [15]. Besides this 
cell-free approach to induce bone regeneration, bone tissue engineering principles have been applied 
to develop functional engineered tissue in vitro for subsequent implantation into the bone defect [16]. 
In this approach, cells are seeded onto a three-dimensional (3D) scaffold with or without the presence 
of bioactive molecules to form an in vitro tissue. The use of such engineered tissue remained mainly 
experimental with limited clinical success for bone regeneration. However, the advances in 
development of such engineered tissue could be applied to create 3D in vitro human models. These 
tissue models could facilitate the investigation of complex physiological and pathological processes 
and evaluation of new therapeutic approaches [17]. Besides the use of sophisticated scaffolds (to 
mimic the 3D environment of the tissue), cell types, bioreactors (to apply mechanical loads needed 
for tissue growth), and biochemical factors (to control the cellular differentiation and activity) need 
to be considered in bone tissue engineering studies and developing engineered bone-like tissues [18].   

1.2.1 Cell types 

Different cell types such as immortalized cell lines, primary cells isolated directly from the tissue, 
induced pluripotent stem cells (iPSCs), and progenitor cells have been used in bone tissue engineering 
studies. In such studies and more importantly development of in vitro bone models, bone-specific 
progenitor cells, namely, MSCs and monocytes, are the most promising cell types due to their 
availability, relative ease of isolation, and their physiological relevance to the in vivo situation. MSCs, 
as osteoblast progenitor cells, can be isolated from wide variety of tissues such as bone marrow, 
adipose tissue, peripheral blood, dental pulp, umbilical cord, umbilical cord blood, and placenta [19]. 
Bone marrow and peripheral blood have also been the main sources to isolate monocytes, the 
osteoclast progenitor cells [20]. In the development of in vitro bone models using human cells, also 
the donor variability should be considered. The cell heterogeneity among patients and their different 
characteristics caused by diseases such as changes in cell receptors need to be considered when 
developing in vitro tissue models [21]. Development of in vitro personalized tissue models using each 
individuals’ cells could potentially revolutionize the development of new treatments [22]. For 
instance, such personalized in vitro models could potentially reveal the genetic contribution to the 
development of specific diseases or even assist in formulating novel personalized drugs for these 
diseases [22], [23]. 
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1.2.2 Mechanical stimuli  

Mechanical forces are essential for bone homeostasis, formation, resorption, and adaptation. Loss of 
mechanical stimulation can result in weakening of the bone structure. These mechanical forces are 
applied to the load bearing bones through body movement and contractile activity of muscles [24]. 
Bone tissue engineering makes use of different types of bioreactors to provide mechanical stimuli in 
vitro. For instance, in vivo, shear stress is generated through movement of interstitial fluid in the 
narrow channels located within the mineralized bone matrix (where osteocytes are located) and on 
the surface of the bone matrix with bigger porosities (where osteoblasts and osteoclasts are located) 
[25]. Also, MSCs located in the periosteum and bone marrow are exposed to some shear stress 
generated by micro-deformation of bone due to external mechanical stimuli such as stretching and 
compression [26]. To induce such environments in vitro, several types of bioreactors have been 
developed such as spinner flasks, rotating wall bioreactors, and perfusion systems [27]. Using such 
bioreactors could improve the creation of physiologically relevant in vitro bone-like models [7]. 

1.2.3 Biochemical environment  

The cellular behavior is greatly influenced by their biochemical environment, more specifically the 
culture medium composition. In bone tissue engineering, the cell culture medium is typically 
composed of a basal medium supplemented with fetal bovine serum (FBS) and osteoblast or 
osteoclast specific factors depending on the used cell type.  

FBS 

FBS is a widely used cell culture supplement for more than 60 years. It provides cells with a broad 
spectrum of macromolecules, proteins, lipids, trace elements, vitamins, and attachment factors 
essential for cell survival and growth [28]. The discovery of FBS dates back to 1958 when Theodore 
Puck tried to culture cells for a long period of time. Using a medium supplemented with 15% of FBS, 
he could establish a stable culture of fibroblasts isolated from human skin for up to 9 months [29]. 
After this discovery, the use of FBS increased significantly to the point that now it is considered as a 
standard cell culture supplement. Despite the common use of FBS in in vitro experiments, many 
disadvantages have been attributed to FBS [28], [30]. First, the ethical issue which is mainly focused 
on the methods of collecting FBS that may cause suffering to animals. Briefly, bovine fetuses are 
obtained from pregnant cows in slaughterhouses where the fetus is separated, and fetal blood is 
collected under aseptic conditions [31]. To maximize the collection of blood, it is collected by syringe 
from the beating heart [28]. This might induce pain or discomfort to the fetus until death. Second, FBS 
can be a potential source of microbial contaminants including fungi, bacteria, or viruses which might 
put laboratory personnel at the risk of being infected [28]. Moreover, this issue makes use of in vitro 
expanded cells in cell-therapy applications or implanting developed in vitro engineered tissues in 
patients challenging [32], [33]. Third, FBS is an undefined mixture of components displaying non-
physiological levels of components with high batch-to-to batch variation. Moreover, the components 
of FBS could be different depending on the season or the location of harvesting serum [28]. These 
variations could impact the cells in culture and result in unreliable/unpredictable experimental 
outcomes. Thus, the use of FBS in tissue engineering studies needs to be reconsidered.
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Development of serum substitute medium 

The issues raised by using FBS in in vitro experiments were the reasons to move towards development 
of a defined serum free medium [34]. Over the past few decades, many attempts to recognize the role 
of serum in cell growth resulted in identifying the essential factors and nutrients that are required for 
cellular growth and function, and finally development of a broad selection of a serum substitute media 
[35]. In 1976, three different studies have shown that a trace element of selenium [36], a combination 
of transferrin and albumin [37], and a combination of several hormones and growth factors [38] could 
be used instead of FBS in cell cultures. Following these discoveries, various serum substitute media 
(Table 1.1) were developed, with each medium tailored to a specific cell type. The development of 
such serum substitute medium depends on many factors such as cell type, cell culture conditions, cell 
sources, application, and species. These variations indicate that a development of one universal 
defined medium would not be possible, and the defined medium needed to be developed for each 
specific cell type and/or application. To date, many of these medium types with different formulations 
are commercially available for specific cell types. However, the compositions of such media are often 
not provided due to for example commercial reasons, which limits the possibility of the investigating 
the impact of soluble factors or drugs on cellular behavior and function.  

 

Table 1.1 Various types of serum substitute media. 

 

Opposite to FBS, serum substitute media have several advantages including elimination of animal 
suffering, reduced variability in culture medium composition, and support of cell survival and growth 
in a more defined medium (Table 1.2). The known composition of serum substitute medium makes it 
feasible to systematically investigate the influence of soluble factors, drugs, and more complex 
biological components such as extracellular vesicles (EVs) on tissue development in a less variable 
environment.

Types of serum 
substitute medium 

Characteristic 

Serum-free medium Contains protein fractions such as bovine serum albumin as supplements 
Protein-free medium Does not contain high molecular weight proteins or protein fractions, contains 

peptide fractions (protein hydrolysates) as supplements 
Xeno-free medium Contains no animal components, might contain plant extracts or human serum 

albumin 
Chemically defined 

medium 
Contains highly purified components such as recombinant proteins as supplements 
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Table 1.2 Comparison of FBS containing medium and serum substitute medium. 

 FBS containing medium Serum substitute medium 

Complex composition Unknown/complex Known/defined 
Animal welfare Low High 

Reproducibility of experimental 
outcomes 

Low High 

Risk of contamination High Low 
Availability for all cell types High Low 

 

Extracellular vesicles (EVs) 

EVs are phospholipid-enclosed nanoparticles containing lipids, proteins, and nucleic acids produced 
by almost all cell types and involved in many biological processes. During bone remodeling, 
osteoblasts and osteoclasts can communicate through EVs. This communication can occur, for 
instance, via interaction of cells with ligands that are present on the surface of EVs or transferring EV 
cargoes [39]. A subset of EVs produced by osteoblasts are known as matrix vesicles (MtVs). The 
membrane of these vesicles is enriched with phosphatidylserine (PS)-binding annexin proteins such 
as annexin A5 and phosphatases such as alkaline phosphatase (ALP). These membrane proteins 
facilitate entry of calcium and phosphate ions into MtVs. These ions then form amorphous or 
crystalized minerals inside the MtVs which can rupture the membrane and form mineral nodules in 
the extracellular matrix (ECM) [40], [41]. MtVs have shown to target bone in vivo and induce bone 
formation in vitro and in vivo [42]–[45]. Considering the role of MtVs in the bone formation process, 
they could be used as natural delivery vehicles and biological components for bone regeneration and 
fracture healing through, for instance, integration with biomaterials to target bone formation locally. 

1.3 Thesis outline 

In this thesis, we aimed to develop osteoblast- and osteoclast- specialized and defined serum 
substitute media to replace the undefined and complex composition of FBS in bone tissue engineering 
studies.   

Chapter 1 provides a general overview on bone tissue engineering and its potential in developing in 
vitro bone models, FBS and its use in in vitro studies, and the need to replace FBS with defined serum 
substitute medium. 

The selection of cells in bone tissue engineering studies as a tool to develop human in vitro bone 
models is crucial. Chapter 2 reviews the cell sources for human in vitro bone models. In this review, 
the importance of using osteoblast and osteoclast progenitor cells as the most promising cell types 
for development of in vitro bone models is discussed. Furthermore, osteoblast and osteoclast 
progenitor cells obtained from bone marrow and peripheral blood, the main two cell sources to obtain 
bone-specific progenitor cells, are compared in terms of their ease of cell isolation, proliferation 
capacity, and differentiation potential of progenitor cells. 
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In bone tissue engineering, the deposited mineralized matrix is one of the main outcome parameters, 
but using different brands/batches of FBS can result in great variations in mineralized matrix 
deposition [46]. In Chapter 3, we hypothesized that alkaline phosphatase (ALP), an enzyme produced 
by osteoblasts during bone formation, is present in FBS and contributes to changes in phosphate 
concentration of medium, mineral deposition within produced ECM in vitro, and osteogenic 
differentiation. The results of this study highlight the importance of development of specialized serum 
substitute medium for tissue engineering studies. 

In Chapter 4, we aimed to develop an osteoblast-specific serum substitute medium in a stepwise 
approach. Essential components were added to the medium while human bone marrow MSCs 
(hBMSCs) were cultured in 2D well-plates or 3D scaffolds (in static and dynamic conditions). The 
developed serum substitute medium supported cell survival, osteoblast differentiation, and 
deposition of extracellular matrix.  

In Chapter 5, we aimed to develop an osteoclast-specific serum substitute medium in a stepwise 
approach. Essential components were added to medium while peripheral blood monocytes were 
cultured in 2D well-plates. The developed serum substitute medium could support the differentiation 
of monocytes into resorbing TRAP-positive multinucleated osteoclasts.  

Osteoblasts shed a subset of EVs known as matrix vesicles (MtVs), which contain phosphatases, 
calcium, and inorganic phosphate. These MtVs have a major role in matrix mineralization and feature 
innate bone-targeting and bone formation properties. In Chapter 6, we reviewed the EVs secreted by 
bone-specific cells, with a focus on MtVs, their biogenesis, characteristic, and contribution to bone 
mineralization. Finally, the potential therapeutic application of MtVs to treat bone related diseases or 
to support fracture healing was discussed. 

Considering the role of MtVs in bone mineralization, in Chapter 7, we aimed at isolating the released 
EVs during osteogenic differentiation of hBMSCs in the human 3D in vitro woven bone constructs 
previously developed by our group. The EVs secreted into the culture medium were characterized 
based on their morphological, biological, and functional properties. These results indicated that a 
complex 3D environment mimicking bone development is favorable to stimulate MtV-producing cells 
to produce targeted MtVs in vitro. 

In Chapter 8, the main findings of this thesis are presented and discussed, as well as potential future 
directions. 
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Abstract 

Purpose of Review One aim in bone tissue engineering is to develop human cell-based, 3D in vitro 
bone models to study bone physiology and pathology. Due to the heterogeneity of cells among 
patients, patient’s own cells are needed to be obtained, ideally, from one single cell source. This 
review attempts to identify the appropriate cell sources for development of such models.  

Recent Findings Bone marrow and peripheral blood are considered as suitable sources for extraction 
of osteoblast/osteocyte and osteoclast progenitor cells. Recent studies on these cell sources have 
shown no significant differences between isolated progenitor cells. However, various parameters such 
as medium composition affect the cell’s proliferation and differentiation potential which could make 
the peripheral blood derived stem cells superior to the ones from bone marrow. 

Summary Peripheral blood can be considered a suitable source for osteoblast/osteocyte and 
osteoclast progenitor cells, being less invasive for the patient. However, more investigations are 
needed focusing on extraction and differentiation of both cell types from the same donor sample of 
peripheral blood. 
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2.1 Introduction 

Bone is a complex multifunctional organ that sustains the integrity of the vertebrate skeleton, 
provides mechanical support for locomotion, protects internal organs and acts as a mineral storage 
[1]. Throughout life, bone tissue continuously undergoes a physiological process called bone 
remodeling to adapt to environmental changes, repair old and damaged bone and maintain its shape 
and strength. Bone remodeling occurs via balanced activities of its specialized cells which are tightly 
regulated and controlled through biochemical pathways [2]. In vivo, bone remodeling is composed of 
four consecutive phases: recruitment and activation of mononuclear progenitor cells, resorption of 
the organic and inorganic matrix of bone by mature osteoclasts, preparation of the resorbed surface 
of matrix deposition, and deposition of new bone by osteoblasts [1], [3].  

2.2 Bone cells 

Osteoblasts 

Osteoblasts are bone-forming cells derived from mesenchymal stromal cells (MSCs). MSCs 
differentiate into osteoblasts under appropriate mechanical and/or biochemical stimuli [4], [5]. 
Osteoblasts are responsible to produce the organic matrix of bone extracellular matrix composed of 
mainly collagen type 1 and a small percentage of non-collagenous proteins (NCPs) [6]. Moreover, they 
are involved in inorganic matrix deposition through mechanisms in which NCPs play important roles 
[7], [8]. At the end of the bone forming phase, osteoblasts can have one of the following fates: become 
embedded in the mineralized matrix and differentiate into osteocytes, transform into inactive bone 
lining cells, or undergo apoptosis (Figure 2.1) [9].  

Osteocytes 

Osteocytes as terminally differentiated osteoblasts form 95% of the cellular component of bone; thus, 
they are the most abundant bone cell type [10]. During bone formation, a large portion of osteoblasts 
becomes embedded in the mineralized matrix, decrease their cell body volume, and attain a stellar 
shape morphology with long processes which form a network with their neighboring cells and cells on 
the bone surface [10]. These cells are thought to orchestrate the activities of bone formation and 
resorption by translating mechanical loading into biochemical signals [11], [12].  

Osteoclasts  

Osteoclasts are bone resorbing cells that dissolve the inorganic matrix and enzymatically degrade 
extracellular matrix proteins by secreting acid and lytic enzymes [13]. These cells are large, 
multinucleated cells originating from the monocyte/macrophage lineage which differentiate from 
hematopoietic stem cells (HSCs) (Figure 2.1). These stem cells are situated in bone marrow and can 
be mobilized into the peripheral blood [14]. Osteoclast differentiation and activation is thought to be 
regulated by neighboring stromal cells and osteoblasts [15]. 

Other 

Besides the cell types that are involved in bone remodeling process, bone consists of other cell types 
which are less known to have a direct role in the bone remodeling process; they will not be addressed 
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in this review. These cells are for example bone lining cells, which are inactive osteoblasts at the end 
of the bone formation phase, chondrocytes, endothelial, and perivascular cells due to the vascularized 
nature of bone tissue [10], [16], [17].  

 

 
Figure 2.1 Bone progenitor cells and their differentiation into osteoblasts/osteocytes and osteoclasts. 

 

2.3 Bone metabolic diseases 

Disturbing the bone remodeling process results in the development of metabolic bone diseases 
including osteoporosis characterized by an altered bone turnover balance as a result of high osteoclast 
activity and impaired bone formation. Osteoporosis is the most common bone metabolic disease. It is 
characterized by decreased bone strength and increased bone fracture risk [18], [19]. Apart from 
osteoporosis, there are more diseases related to an impaired bone remodeling process including 
osteopetrosis, Paget’s disease, renal osteodystrophy, and rickets. They are less prevalent, which limits 
our current knowledge on their pathology and their efficient treatment [20]. Thus, the development 
of in vitro models that mimic bone-related pathologies could enhance the understanding of these 
diseases and the design of more efficient treatments. 

2.4 The need for personalized in vitro models 

The current gold standard in developing novel treatments for bone pathologies and pre-clinical drug 
screening is using animal models. However, these often fail to represent human conditions due to 
interspecies differences in physiology [21], [22]. Moreover, the need for indicating the appropriate 
species to model a specific disease, ethical concerns due to genetic mutations and/or nutrient 
deficiency to induce the disease and high costs of maintenance limit the use of animals as models and 
thus our knowledge on specific bone metabolic diseases. Animal models often result in poor 
translation of pre-clinical studies to human clinical trials and promising new treatments might fail prior 
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to clinical testing [22]–[24]. The development of new therapies requires an in-depth and detailed 
understanding of bone physiology and pathology and how the different cells are affected in their 
interaction. Over the past few years, bone tissue engineering techniques have been applied to create 
3D in vitro bone models based on human cells that can be used as an alternative to in vivo models 
[18], [23]. These in vitro bone models require the (co-)culture of the specific bone cells to work closely 
together under physiological conditions. Because there is a large cell heterogeneity among patients 
and their diverse characteristics caused by diseases include changes in cell receptors, there is a need 
to use patient-specific cells for personalized in vitro bone models [19], [25]. Thus, in order to represent 
the patient’s bone biological system, representative in vitro models require the patient’s own cells. 
The ideal and efficient way to achieve this approach is to isolate progenitor cells of osteoblasts and 
osteoclasts with high efficiency, to expand them in vitro, and to differentiate them towards 
osteoblasts/osteocytes and osteoclasts, respectively, ideally from one cell source with minimal 
invasiveness for the patient (i.e., either from peripheral blood or from bone marrow).  

This review attempts the following: to (a) briefly identify what kind of cells can be used for bone-
related studies, (b) explain the importance of progenitor cells as the most promising cell types for 
developing in vitro bone models, (c) discuss bone marrow and peripheral blood as sources to obtain 
both osteoblasts/osteocytes and osteoclasts progenitor cells, and (d) finally, the isolation method, 
proliferation capacity, and differentiation potential of progenitor cells from bone marrow and 
peripheral blood are discussed. 

2.5 Cells in development of in vitro bone models 

Advancement in development of in vitro bone models requires the selection of suitable cell models 
which can behave similarly to the ones in vivo. Cells that have been used in bone-related studies might 
be originated from one of the following: immortalized cell lines, primary cells which are isolated 
directly from the tissue, induced pluripotent stem cells (iPSCs), and progenitor cells. 

Immortalized cell lines such as MC3T3-E1, MLO-A5, and MG-63 have been used extensively in bone 
tissue engineering due to their ease of access, high expansion capacity, and reproducibility of 
outcomes [3]. However, these cell models do not always behave similarly to primary bone cells [26]. 
For instance, in murine calvarial cell line MC3T3-E1, the gene expression of specific transcripts coding 
for extracellular matrix proteins such as osteopontin may differ compared with primary osteoblastic 
cells [27], [28]. Besides, as immortalized cell lines are not patient-specific, it is clear that they cannot 
be considered as suitable candidates for personalized human in vitro bone models. 

iPSCs, which are generated by transferring a mixture of nuclear transcriptional factors including Oct4, 
Sox2, Klf4, and c-Myc to human primary cells, exhibit high similarity to human embryonic stem cells 
[29]. Due to their robust proliferation capacity, differentiation potential into many cell types, and the 
ability to generate patient-specific stem cells, iPSCs gained high interest in disease modeling, drug 
screening, and transplantation therapies [29]. Several studies have shown the ability of iPSCs to 
differentiate into osteoblasts and osteoclasts, suggesting that iPSCs could be considered as a cell 
model for the generation of in vitro bone models [30]–[33]. However, approaches to generate iPSCs 
might be complex, expensive, and time consuming with low reprogramming efficiency and possible
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alternations of gene expression profiles and pathways, which make iPSCs less appropriate for 
development human in vitro bone models, at least for the moment. 

Primary osteoblasts and osteocytes can both be directly isolated from bone tissue and provide an 
alternative to cell lines for bone-related studies. Several protocols and methods are available for the 
isolation of human osteoblasts including enzymatic digestion and spontaneous outgrowth cultures 
from bone biopsies [34], [35]. Isolation of primary osteocytes is more challenging due to their location 
within the mineralized bone matrix which requires multiple digestion and decalcification steps [36]. 
As an alternative, human osteocytes can be obtained in culture through differentiation of isolated 
osteoblasts under osteogenic stimulation [37], [38]. For primary osteoclasts, it has been reported in 
early studies that they can be isolated from human bone tissue [39], [40]. However, isolation of 
primary osteoclasts from bone tissue requires multiple steps which might affect the number of 
extracted cells and their survival rate [41]. Primary cells have greatly enhanced the knowledge of bone 
biology; for instance, a recent study has shown development of an in vitro model to investigate the 
interaction of primary human osteoblasts and osteocytes [38]. But due to their need for a bone biopsy, 
slow proliferation rate, short lifespan, decreased doubling time after two or three passages, long 
isolation procedures, limited accessibility, restricted pool of potential donors (they are usually 
acquired during orthopedic surgery) [34], [42], their use for developing personalized human in vitro 
models is restricted. 

The use of progenitor cells of the bone-specific cell types could be more promising to develop human 
in vitro bone models. MSCs are osteoblast/osteocyte progenitor cells which were primarily extracted 
from bone marrow and later from other tissues such as adipose tissue, muscle, peripheral blood, 
dental pulp as adult tissue sources and umbilical cord, umbilical cord blood, placenta, amniotic fluid 
as fetal and perinatal tissue sources [43]–[45]. MSCs can differentiate into various lineages such as 
adipogenic, chondrogenic, and osteogenic lineage under appropriate stimuli [46]–[48]. In addition to 
their multi-potency, their availability and relative ease of isolation and expansion have made them 
popular for use in many in vitro models. Bone marrow derived MSCs have shown significant roles in 
bone regeneration and fracture repair in vivo; furthermore, in vitro studies demonstrated a high 
osteogenic differentiation capacity under biochemical and/or mechanical stimuli [49]–[53]. In bone 
tissue engineering, bone marrow has so far probably gained the greatest attention as a source of 
MSCs, but due to the invasive and painful procedure of bone marrow aspirate collection which can 
also cause donor site morbidity, other adult and fetal tissue sources have been studied as the source 
of MSCs [54]. For instance, several studies have indicated the osteogenic differentiation and bone 
formation potential of adipose derived MSCs, which can be isolated from the tissue obtained during 
liposuction, lipoplasty, or lipectomy procedures with less discomfort and complications compared 
with bone marrow aspirate collection [55], [56]. Further, MSCs derived from umbilical cord blood and 
peripheral blood with less invasive cell collection methods have also shown their potential for bone 
defect repair [57]–[59]. 

Hematopoietic stem cells (HSCs) are multi-potent and self-renewing cells that can give rise to immune 
and blood cells [60], [61]. HSCs are primarily located in the bone marrow and can be mobilized into 
the bloodstream which makes bone marrow and peripheral blood the common tissue sources for HSC 
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extraction [62]–[64]. Moreover, it has been shown that these cells can also be isolated from umbilical 
cord blood [65], [66]. HSCs differentiate into the monocyte/macrophage lineage and further into 
osteoclasts under stimulation with receptor activator of nuclear factor kappa-B ligand (RANKL) and 
monocyte-colony-stimulating factors (MCSF), both of which are secreted in vivo by osteoblasts and 
osteocytes [67], [68]. 

Taken together, the most promising cell types for generation of personalized human in vitro bone 
models are progenitor cells. To develop these models, the patient’s own progenitor cells should ideally 
be extracted from one source which makes the procedure more convenient for the patient, as well as 
results in less demanding clinical procedure. Among all adult tissue sources, due to the possibility to 
extract both MSCs and HSCs from bone marrow and peripheral blood, they can be considered being 
the most suitable sources for the isolation of osteoblast/osteocyte and osteoclast progenitor cells 
(Figure 2.2). 
 

 
Figure 2.2 Cell sources for personalized in vitro bone models. 

 

2.6 Bone marrow derived MSCs vs. peripheral blood derived MSCs 

The frequency of MSCs derived from bone marrow and peripheral blood is very low, representing 
approximately 0.001– 0.01% and 0.000001% of isolated mononuclear cells, respectively [69], [70]. The 
number of isolated MSCs can be changed depending on the gender, donor age, health condition, and 
in case of bone marrow derived MSCs, skeletal site of isolation such as anterior or posterior iliac crest, 
vertebral body or femoral head [71]–[73]. It has been shown that the frequency of circulating MSCs 
in peripheral blood can be enhanced in response to pathological conditions such as bone fracture, 
osteoporosis, breast cancer, and bone sarcomas; for instance, a 9-fold increase in the number of MSCs 
has been reported in the bloodstream of patients with osteosarcoma compared with control subjects 
[74]–[78]. This could be as a result of released cytokines and chemical signals to recruit MSCs and 
mobilize them into the bloodstream. Several methods have been used to mimic these signals to 
increase the number of MSCs in blood circulation such as administration of granulocyte-colony 
stimulating factor (G-CSF) and activation of the sympathetic nervous system by electro-acupuncture 
[79]–[82]. These methods could result in elevated number of isolated peripheral blood derived MSCs 
which might be an advantage to develop patient-specific in vitro bone models; however, due to the 
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eukaryotic cells that are delimited by a lipid bilayer [25]–[27]. The first use of an “extracellular vesicle” 
in the title of a scientific publication was in 1971, when Aaronson et al. showed that the eukaryotic 
alga Ochromonas danica could produce a large variety of small and large intra- and extracellular 
membrane-bound vesicles. These vesicles were recovered in the centrifugates of the cell-free 
Ochromonas danica after ultracentrifugation [28]. In 1967, Peter Wolf had found that fresh plasma 
freed of intact platelets through ultracentrifugation contained particulate material which he called 
platelet-dust. This platelet-dust was the first scientific appearance of platelet-derived EVs [29]. 

EVs are found in most biological fluids; for example, cell culture supernatant, blood, urine, saliva, 
amniotic fluid, milk, synovial, and seminal fluids [30]–[32]. Furthermore, EVs can be extracted from 
tissues such as brain, tumor, bone, and cartilage [21], [33]–[36]. In general, EVs are heterogenous in 
their size and morphology, and they can contain a variety of organic and inorganic cargoes such as 
lipids, proteins, genetic materials (DNA/RNA), and minerals derived from their parent cells [20], [25], 
[26], [37].  

6.2.1 Biogenesis of EVs 

Consensus has not yet emerged on specific markers of EV subtypes; therefore, assigning an EV to a 
particular biogenesis pathway remains a challenge. Nevertheless, based on the current knowledge in 
the field, EVs can be classified into three subtypes: (i) plasma membrane-derived ectosomes (shedding 
microparticles/microvesicles); (ii) endosome-originated exosomes; and (iii) apoptotic bodies (Figure 
6.1) [32], [37]. 

 

Figure 6.1 Subtypes of extracellular vesicles (EVs) based on their possible biogenesis pathways. EVs can appear as 
ectosomes that bleb from the cell membrane, as exosomes that are formed inside the cell after endocytosis, or as 
apoptotic bodies that derive from cells undergoing apoptosis. MVB, multi vesicular body; ILV, intra luminal vesicle; 
ER, endoplasmic reticulum; PS, phosphatidylserine. The figure was modified from Servier Medical Art, licensed 
under a Creative Common Attribution 3.0 Generic License (http://smart.servier.com/, accessed on 20 January 
2021).
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Table 6.3 Approaches for therapeutic uses of MtVs. 

Possible approaches to 
use MtVs   

Methods of MtV secretion or 
production 

Methods for delivery of MtVs   

Stimulate MtV secretion in 
vivo 

- Physical stimulation [194] - Locally applied on the region of 
interest 

Stimulate MtV secretion in 
vitro 

- Physical stimulation [197] 
- Chemical stimulation 

[134,186,188] 

- Localized injection 
- Biomaterial implantation 

Engineer biomimetic MtV - Proteoliposomes [201] 
- Polymeric vesicles [11], [211] 

- Localized injection 
- Biomaterial implantation 

 

6.7 Conclusion  

MtVs are a subset of EVs that are secreted by, e.g., osteoblasts, chondrocytes, and odontoblasts, to 
directly induce mineralization of the organic matrix. Multiple biogenesis pathways are described for 
MtVs, and consequently, they are very heterogenous. Regardless of their biogenesis and 
heterogenicity, MtVs are all located in the extracellular matrix and all contribute to biomineralization 
through multiple mechanisms. In addition to their role in biomineralization, MtVs also feature innate 
bone-targeting potential and osteo-inductive properties. These features of MtVs imply their 
therapeutic potential in bone regeneration or for treating bone pathologies such as osteoporosis. The 
therapeutical use of MtVs is still in its infancy; therefore, further characterization of MtVs, their 
cargoes, and their biomineralization potentials are important. Finally, exploiting in vivo and in vitro 
approaches to generate MtVs including to design biomimetic MtVs will accelerate the research on 
MtVs for therapeutic purposes. 
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