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TOWARDS GENERATION OF ß-TCP SCAFFOLD BASED OSTEOGENIC NICHES IN 

MICROFLUIDIC BIOREACTORS  

İbrahim Halilullah ERBAY, Izmir International Biomedicine and Genome Institute, Dokuz 

Eylul University Health Campus, Balcova, 35340, Izmir / Turkey 

 

ABSTRACT 

 

Traditional bone tissue engineering applications often aim to develop therapeutic 

solutions. Most of these efforts are circled around a biomaterial or composites to provide 

optimum results. However, reliable generation of biological properties of bone tissue 

engineering biomaterials suffers from the poor recapitulation of in vivo systems in laboratory 

conditions. Much of the problems stem from the variation among the individuals and poor 

mimicry systems. Therefore, a physiologically relevant in vitro system, which can provide a 

total mimicry of in vivo environment thus assist to access the dynamic behavior of osteogenic 

environment is needed. Dynamic systems such as microfluidic devices and bioreactors, which 

have already proven to be a powerful tool for biological system modeling and manipulation is 

a well-suited methodology to achieve such endeavor. From controlling chemical and 

mechanical cues to cross talk among cells to evaluate cell-material interactions, microfluidics 

satisfies crucial requirements for an in vivo-like system. Many tissue models have been reported 

over the past decades, nonetheless, bone tissue has been slow to catch up. The developed 

bioceramic here enables a tailored environment for dynamic bone co-culture platforms. In this 

study, a functional osteogenic niche model, which can perform bone resorption/secretion was 

intended. To achieve this, primary mouse bone marrow cells, a tailored biomaterial and 

microfluidic bioreactors was used. Building upon the dynamic co-culturing methods, this thesis 

discusses a simpler and robust approach to functionalize the osteogenic niche while providing 

an in vivo-like microenvironment using dynamic tools. The developed platform achieved a 

simple and robust manufacturing method for ß-tricalcium phosphate (ß-TCP) scaffolds using a 

polymeric foam replication method. And it is tailorable with any bioreactor setup, shapes and 

volumes with desired porosity percentages. The ß-TCP was subjected to mechanical analysis 

to confirm its resemblance to native inorganic bone and X-ray diffraction analysis to determine 

crystal structure. For osteogenic niche, freshly isolated mouse bone marrow mesenchymal stem 
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cells (mBMMSCs) and monocytes/macrophages (mBMMØ) was used to form basic cellular 

components of the bone. The osteogenic niche seeded on ß-TCP scaffold was then placed in a 

microfluidic bioreactor to complete the setup. Scanning electron microscopy (SEM) analysis 

showed that after 21 days of culture the ECM secreted by cells covered most of the scaffold 

volume. Moreover, real-time polymerase chain reaction (qPCR) was confirmed significant 

increase of osteocalcin, ALP and cathepsin-K proteins as an indication of formation of 

osteoblast and osteoclast cells.  

 

Keywords: Bone Tissue Engineering, Osteogenic Niche, Microfluidic Bioreactor, Bioceramics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

MİKROAKIŞKAN BİYOREAKTÖRLERDE B-TCP ESASLI DOKU İSKELELERİ 

KULLANILARAK OSTEOJENİK NİŞ GELİŞTİRİLMESİ  

 

İbrahim Halilullah Erbay, İzmir Uluslararası Biyotıp ve Genom Enstitüsü, Dokuz Eylul 

Üniversitesi, Sağlık Kampüsü, Balçova, 35340, İzmir / Türkiye 

 

ÖZET 

 

Geleneksel kemik doku mühendisliği uygulamaları genellikle terapötik çözümler geliştirmeyi 

amaçlamaktadır. Bu çabaların çoğu, optimum sonuçları elde edebilmek için biyomalzemelerin 

kullanımı etrafında dönmektedir. Bununla birlikte, kemik doku mühendisliği 

biyomalzemelerinin biyolojik özellikleri in vivo sistemleri taklit etmede tek başına yetersiz 

kalmaktadır. Bu alandaki sorunların çoğu her bireyin birbirine gösterdiği farklılık ve bu 

bireylerdeki sistemleri taklit edecek sistemlerin başarısız olmasından kaynaklanmaktadır. Bu 

nedenle, in vivo ortamların toplam taklidini sağlayabilen ve osteojenik ortamın değişen 

davranışları hakkında bilgi sağlayabilen fizyolojik olarak uygun bir sistem gereklidir. Biyolojik 

sistem modellemesi ve manipülasyonu için güçlü bir araç olduğu kanıtlanmış mikroakışkan 

cihazlar ve biyoreaktörler gibi dinamik sistemler, bu tür bir çabaya ulaşmak için çok uygun bir 

metodolojidir. Mikro akışkanlar, kimyasal ve mekanik ipuçlarını kontrol etmekten, hücre-

malzeme etkileşimlerini değerlendirmek için hücreler arası iletişime kadar in vivo benzeri bir 

sistem oluşturmak için önemli gereksinimleri karşılar. Son on yılda birçok doku modeli rapor 

edilmiştir, buna rağmen kemik dokusu bu alanda geride kalmıştır.  Bu çalışmada geliştirilen 

biyoseramik, dinamik kemik ko-kültür platformları için özel bir ortam sağlamaktadır. Bu 

çalışmada, kemik rezorpsiyonu / sekresyonu gerçekleştirebilen fonksiyonel bir osteojenik niş 

modelinin geliştirilmesi amaçlanmıştır. Bunu başarmak için, uyarlanmış seramik 

biyomalzemeler, mikroakışkan biyoreaktörler ve primer fare kemik iliği hücreleri 

kullanılmıştır. Dinamik ko-kültür yöntemlerine dayanan tez, dinamik araçlar kullanarak in vivo 

benzeri bir mikro-ortam sağlarken osteojenik nişin işlevselleştirilmesi için daha basit ve güçlü 

bir yaklaşımı da tartışmaktadır. Geliştirilen platform, polimerik köpük replikasyonu yöntemi 

kullanılarak ß-trikalsiyum fosfat (ß-TCP) yapı iskeleleri için basit ve verimli bir üretim yöntemi 

ile elde edildi. Üretilen iskele, herhangi bir biyoreaktör düzeneğine göre istenen gözeneklilik 
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yüzdelerinde ve istenen geometride üretilebilmektedir. Doku iskelesine, üretim öncesi ve 

sonrası kristal yapıyı belirlemek için X-ışını kırınım analizi yapıldı. İskelenin kemiğin doğal 

yapısına benzerliğini doğrulamak için mekanik analize tabi tutuldu. Osteojenik niş için, proje 

kapsamında izole edilmiş fare kemik iliği mezenşimal kök hücreleri (mBMMSC'ler) ve 

monosit/makrofajlar (mBMMØ), kemiğin temel hücresel bileşenlerini oluşturmak için 

kullanıldı. Daha sonra ß-TCP iskelesine ekilen hücreler ile birlikte oluşan osteojenik niş, 

mikroakışkan biyoreaktöre yerleştirildi. Tarama elektron mikroskobu (SEM) analizi, 21 günlük 

kültür sürecinden sonra hücreler tarafından salgılanan ECM'in iskele hacminin çoğunu 

kapsadığını göstermiştir. Ayrıca, gerçek zamanlı polimeraz zincir reaksiyonunun (qPCR), 

osteoblast ve osteoklast hücrelerinin oluşumunun bir göstergesi olarak osteokalsin, ALP ve 

katepsin-K proteinlerinde önemli bir artış olduğu doğrulandı. 

 

 

 

 

Anahtar sözcükler:  Kemik Doku mühendisliği, Osteojenik Niş, Mikroakışkan Biyoreaktör, 

Biyoseramik, 
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1 SCOPE OF THESIS 

 

1.1 Motivation 

 

Historically, bone tissue engineering has been focused on developing better implants or 

grafts for enhanced bone regeneration[1]. Over the last decade, the focus has been shifted into 

engineering in vitro models to carefully study the physiology and pathology[2]. The consensus 

strategy to develop such a model consists of several steps. These steps include i) manufacturing 

a biomaterial to serve as the tissue scaffold, ii) seeding cells on the scaffold, iii) culturing the 

cells for a period of time, and iv) analyzing the structure. For the first step, plenty of polymers, 

ceramics, and composite materials have been studied and are available in the literature. The 

advantage each type offers is also bringing undesired disadvantages that may fail the ultimate 

goal. For instance, polymers offer tunable properties and reproducibility, while biodegradation 

can cause toxicity[3]. Additionally, many chemical or physical alterations are made to tailor an 

ideal scaffold, such as the addition of ceramic particles to polymer networks. Biomaterial 

research has brought a cascade of selection options, which can be overwhelming and often fail 

to deliver basic clinical needs. The main reason behind this is the primary focus of many studies 

is to add a component ‘’a.’’ to a known biopolymer and evaluate the cellular response. One can 

use combinations of several additives on different polymers and conduct many studies, none of 

which will significantly contribute to the field[4]. The same approach can be seen in ceramic 

materials, as many different ceramics are studied to the atomic level with different additives, 

which allegedly increase osteoinductivity[5]. Concerning biomaterial research, properties of 

materials including mechanical, chemical, physical, and biological properties are vast and may 

not be advantageous for a bone model study to try to tailor each individually. For the second 

step, several strategies are used. These include the utilization of cell lines, primary cells 

harvested from either human or mice or in vivo implantation of the scaffold prior the in vitro 

seeding and culture. For the third step, tissue engineered cell-material construct is cultured 

statically or dynamically in an in vitro platform. The usage of dynamic systems such as 

microfluidic devices allows a better recapitulation of in vivo environments. Finally, the cultured 

construct is often analyzed by qPCR, electron microscopy (EM), micro-computed tomography 

(µCT), immunohistochemistry (IHC), and immunocytochemistry (ICC).  
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As bone is perhaps the most heavily studied tissue, each of these steps is expanded to 

encompass many disciplines[6]. Nonetheless, currently, there is no functional bone tissue 

model that can allow studying neither physiology nor pathology[7]. Although there is an 

avalanche of reasons as one try to understand, the complexity of bone challenges scientists to 

succeed. Moreover, engineered bone tissue models often lack the complexity of the native 

microenvironment in terms of structural hierarchy, vascularization, and cellular 

composition[8]. Bone regeneration and cellular dynamics are highly dependent on the non-

immunological regulatory roles of macrophages/monocytes, which are often neglected. In this 

context, we developed a ß-TCP based scaffold for 3D dynamic culture systems including 

bioreactors and microfluidic systems that are aimed to model an osteogenic niche that can 

perform bone secretion and resorption. Generation of the osteogenic niche relied on culturing 

primary bone marrow cell-laden scaffolds. 

The model holds the potential to allow cell-cell interactions and bone remodeling process 

in a simplified dynamic microfluidic chamber, which might improve the current view of in vitro 

bone models. Such a system might be useful for therapeutic tools for many bone diseases, close 

investigation, and experimentation for osteogenic niche cross talks and processes. Moreover, 

the system may allow alterations in bone regulation and repair mechanisms using additional 

tools. Overall, system developed in this thesis study holds promise for a high-performance 

functional tissue platform.  

 

1.2 Objectives 

 

1.2.1 Objective 1 

 

The first objective was to manufacture the bioceramic scaffold from β-TCP using a foam 

replication method (Fig. 1). Tailoring a bioceramic was a necessary step since it profoundly 

affects the overall performance of the tissue formed and offers better suitability than the 

commercial products[9]. However, it may also be problematic to decide which properties are 

to be tailored. To allow cellular migration, the construct should be porous[4]. Nonetheless, the 

shape, diameter and distribution of these pores are of importance since they will be affecting 

the cellular proliferation. Besides, tailoring the pore structure is closely related to the particle 

size and sintering regime. Furthermore, the mechanical properties such as compressive strength 
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and stiffness are other parameters that must be taken into consideration while tuning the 

porosity[5]. After considering all these factors, we decided to use β-TCP since it is balanced in 

terms of absorption, degradation and new bone formation while preserving stability due to the 

calcium (Ca2+) and sulfate (SO4
2-) ion release, which are essential for de novo bone formation. 

Moreover their chemical similarity to the inorganic part of the bone and being non-toxic, 

biocompatible and most importantly bioactivity makes it one of the best choice for bone tissue 

engineering applications[10], [11]. More importantly, the physicochemical interaction between 

native bone and the ß-TCP is known to be osteoconductive, which supports osteoblastic 

differentiation, adhesion and proliferation on the scaffold. Nonetheless, reproducibility of 

bioceramics is cumbersome and, disturbance of the cell-scaffold structure is often necessary to 

analyze the structure after the culture period[12], [13]. Namely, after the establishment of the 

osteogenic niche, the structure needs to be characterized, however, the analysis methods 

available often require irreversible disturbance of the niche-scaffold setup. Therefore, a new 

scaffold with new cells needs to be prepared for further experimentation and naturally the new 

construct will have significant differences with the previous system. In this context we provide 

several strategies and suggestions to overcome such limitations.  

 

 

 

 

 

1.2.2 Objective 2 

 

Another objective was the manufacturing of a microfluidic bioreactor. Traditional 2D 

monolayer static cell culture methods do not accurately represent the cell organization in an in 

vivo microenvironment[14]–[16]. Moreover, such systems fail to recapitulate the complex 

Figure 1. Scaffold fabrication pathway. The ß-TCP powder is grinded and mixed with 10 % 

PVA binder solution. Later the laser cut polymeric foams are immersed to the solution in a 

pressure chamber. Further, the green body is dried and sintered to obtain the final structure. 
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physiological and mechanical microenvironment. Therefore, a total in vivo-like model with 

physiologically relevant cues for cellular growth and proliferation is hindered[17]. Especially, 

mechanical stimulation in developed models both 2D and 3D is often not included, which 

profoundly affect cellular response and overall success of the model[7]. Dynamic systems such 

as microfluidics and bioreactors, can be utilized for many biomaterial types such as porous 

ceramics or hydrogels. Moreover, these systems can be incorporated with pumps or valves to 

introduce additional shear stress to the model allowing modeling a more in vivo-like 

system[18]–[21]. Previously, such setups often utilized single cell types with simpler designs. 

Current models on the other hand, exhibit complex design parameters and co-culture of 

different cell types seeded in various types of biomaterials are utilized. Such systems allow 

recreation of complex tissues and tissue interfaces and studying multiple functions on a single 

model[22]–[24]. Moreover, usage of laminar flow also allowed fluidic manipulations to create 

concentration gradients in the system which added another layer of natural environment 

recapitulation[21], [22]. In terms of methodology to manufacture such devices received 

increased attention causing various different techniques and protocols for a device that fits best 

for any application with precise control on the microenvironment[25]. In this context, we 

designed and manufactured a polymethyl methacrylate-based microfluidic device that can the 

dynamic culture environment and open for implementation of in situ analyses. After obtaining 

cell-scaffold construct, the scaffold is press-fitted into the microfluidic device and a syringe 

pump is used to supply cell culture medium at a specific flow rate (Fig. 2).  
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Figure 2. 3D dynamic environment setup. After manufacturing of the ß-TCP scaffold and 

sterilization, harvested cells are seeded on the scaffold. Later, the scaffold is placed in a press-

fit chamber in a dynamic setup. The system is then supplied with culture medium at a specific 

flow rate. 

 

1.2.3 Objective 3 

 

In order to obtain a functional method, the system should closely resemble in vivo 

microenvironment. Tissue engineering studies often require proper selection of the cell source, 

which significantly affects the outcome[26]–[29]. Whether autologous, allogenic or xenogenic, 

depending on various factors selection of the cell source may vary. For instance, if the generated 

model to be implanted, autologous cells are the most suitable source because of near no 

rejection rate after implantation. However, as difference in cell source to the implantation site 

increase for instance in case of a xenogenic source, the immune response becomes impossible 

to prevent[30]. In this study, implantation is not a direct objective and therefore, such issues are 

ignored. However, for the model’s success, primary cells are the best option[7]. Therefore, we 

decided to use primary bone marrow cells since it can provide both osteoblast and osteoclast 

precursor cells and easier to adapt for osteogenic differentiation[31]–[33]. We used primary 

mouse bone marrow cells, which were further sorted to mesenchymal stem cells and monocyte 

derived macrophages (Fig. 3).  
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1.3 Hypothesis 

 

In this thesis study, we hypothesize that a dynamic microenvironment is one of the key 

factors for modeling a functional osteogenic niche and conventional static cell culture methods 

is insufficient to fulfill this aim. Further, monocyte/macrophage derived osteoclasts and MSCs 

derived osteoblasts can allow formation of a functional bone unit that can resorb and secrete 

bone tissue.  

 

 

 

 

 

 

 

 

 

Figure 3. Cell isolation procedure. 4-8 weeks old mice were sacrificed, and their femur and tibia 

were isolated. Later, the bones were incised, and the marrows were flushed. After culturing of 

the harvested cells, flow cytometry analysis was used to identify cell populations. 
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2 INTRODUCTION 

 

2.1 The osteogenic niche 

 

The osteogenic niche is the concept of a physical entity that consists of osteoprogenitors, 

pre- and mature osteoblasts, osteocytes and osteoclasts[34]. The niche represents a local tissue 

microenvironment that maintains and regulates the osteogenic processes.  Together, they form 

a multifunctional tissue that plays a role in mechanical support of the body and protection, 

mineral homeostasis and endocrine functions[35]–[37].  The bone formation, also known as 

ossification, is the process of bone synthesis, which begins in the third month of a fetus in 

humans and continues by late adolescence. Once the bone tissue formation is completed, the 

tissue is remodeled throughout life[38]. Bone remodeling is a continuous and dynamic process, 

which involves bone resorption by osteoclasts and new bone formation by osteoblasts (Fig. 4). 

Resorption and formation of bone are performed in a balanced homeostatic equilibrium between 

osteoblasts and osteoclasts.  The process is controlled by various local factors such as growth 

factors and cytokines and systemic factors including calcitonin and estrogens and finally 

osteocytes, acting as mechano-sensors[39], [40]. The key events can take several remodeling 

signals such as calcium ion dissociation from the bone matrix, bone initiatory growth factor 

release via osteocyte due to a mechanical strain on the bone or hormones[8], [41]–[43]. After 

the activation phase, osteoblasts, which have differentiated from mesenchymal precursors, 

recruit osteoclast precursors that are differentiated from macrophages/monocytes to the site. 

Later, osteoblasts induce osteoclastogenesis to which results in multinucleated osteoclasts to 

start the resorption phase. During resorption, osteoclasts isolate the site and pump hydrogen 

ions, creating an acidic zone to resorb the mineralized bone. Moreover, the remaining organic 

bone matrix is degraded by the release of cathepsin K, which is a collagenolytic enzyme. 

Following the resorption, the collagen remnants are removed, and the formation phase is 

initiated where osteoblasts secrete new bone matrix, which is a combination of type I collagen 

and hydroxyapatite (HA) with other salts. Once the bone matrix formation is completed, a 

number of osteoblasts remain entrapped in the bone as osteocytes and others flatten to cover 

quiescent bone surfaces as bone lining cells while the rest die by apoptosis[44]–[50]. Bone 

remodeling process relies on dynamic interactions and equilibrium among osteogenic niche 

cells. A disruption in these interactions leads to bone pathologies, often difficult to treat. 
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Therefore, it is important to elucidate the complete interactions among the key players and their 

regulation to benefit better therapeutics. 

Figure 4. The bone remodeling process is a continuous cycle of bone resorption by osteoclasts 

and formation of new bone tissue by osteoblasts. Later, the osteoblasts can differentiate into 

osteoids and stay in the calcified tissue. The cycle may be initiated by several factors such as 

damage[51]. 

 

2.2 Biomaterials for bone tissue engineering 

 

Tissue engineering applications investigate biological tissues in the hope of creating 

therapeutic solutions for diseased or damaged tissues and organs[52]. The basic strategy of the 

principle is to use stem cells and biomaterials to form an in vitro engineered tissue[53]–

[55]. Further, the constructed tissue is either implanted for therapeutic purposes[56]–[59] or 

further investigated to elucidate cellular mechanisms[7], [60]–[64] and possible drug 

discoveries[65]–[68]. The role of the biomaterial is to provide cells a scaffold on which new 

tissue can be constructed. Over the decades, numerous natural and synthetic materials have 

been investigated, and their performance reviewed, for each tissue, one can find thousands of 

different materials and their chemically or physically altered, biomolecule impregnated and 

composite forms[17], [69]–[72]. From the material point of view, properties of materials, 

including mechanical, chemical, and biological properties, are of importance for this purpose. 

Therefore, material selection, design, and manufacturing processes are dependent on the type 

of tissue[54].  
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Bone is a hard tissue and provides mechanical support to the body. Although the bone 

remodeling process can allow self-healing in bone tissue, as the defect size increases, the 

mechanism fails to heal the defect[73], [74]. These defects disrupt the biomechanical balance 

and can lead to severe damages. To tackle this problem, the defect is often filled with 

biomaterials to serve as a scaffold for cells to proliferate and form new tissue[75]. On the other 

hand, if the defect size is too large to be restored, the tissue replacement surgery is 

performed[76]–[78]. Ideally, the biomaterial should not induce a robust immune response and 

provide mechanical stability to the site[79]. Further, if the defect is within the range for assisted 

healing, the biomaterial should eventually be replaced by new tissue and therefore, must be 

resorbable for ideal results[80]. Moreover, cell adherence, proliferation, and ingrowth should 

be favorable to allow new tissue formation[81]. All together, these restrictions provide a 

baseline for material selection. Since the variability of defect characteristics is high, numerous 

biomaterials are widely used, including metals, polymers, ceramics, and composites[82], [83]. 

Frequently used biomaterials for bone tissue engineering are listed in Table 1. 

 

Table 1. Biomaterials frequently used in bone tissue engineering 

Biomaterials Characteristics Advantages Disadvantages Reference 

Natural bone 

~60 % Inorganic 

mostly HA 

~23 % Protein 

mostly collagen  

~9 % Water 

  [84], [85] 

Titanium and 

titanium alloys 

 

High corrosion 

resistance 

Consistent modulus 

of elasticity with 

natural bone 

Good 

osseointegration 

Non-

degradable 
[86], [87] 

Magnesium 
Porous 

Biodegradable 

Consistent 

mechanical 

properties with 

natural bone 

Biodegradable 

Ion toxicity or 

particle 

leaching risk 

[88], [89] 

Gelatin Denatured collagen 

Forming 3D 

structure by 

cross-linking 

Poor 

mechanical 

properties 

[90]–[93] 

Silk fibroin Fibrous protein 
Tunable 

biodegradation 

Low 

osteogenic 

capacity 

[94]–[97] 
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Collagen 
Forming organic part 

of natural bone 
Biodegradable 

Swelling  

Poor 

mechanical 

properties 

[73], [98]–[101] 

PCL 
Synthetic 

Biocompatible 
Injectable 

Slow 

degradation 

rate 

Poor cell 

adhesion 

[102], [103] 

PVA 
Synthetic 

Biodegradable 

Flexible 

characteristics 

e.g. porosity, 

shape and 

degradation rate 

Poor cell 

adhesion 
[104], [105] 

HA 
Forming inorganic 

part of natural bone 

Osteoconductive 

Non-toxic 
 

[98], [106]–

[108] 

TCP 
Close Ca/P ratio to 

natural bone 
 

No rejection 

New tissue can 

benefit from 

calcium and 

phosphorous 

Biodegradable 

 

 

[80], [109]–

[111] 

Bioactive  

glass 

Composed of Na2O, 

CaO, SiO2 and P2O5 

Activates 

osteogenesis 

Bonds strongly 

to hard and soft 

tissue 

Brittleness [112]–[115] 

 

 

2.3 Perfusion bioreactors for bone tissue engineering 

 

Traditional approaches for bone tissue engineering often require high cell number to be 

seeded on a scaffold to succeed. However, expansion of cell in in vitro conditions at a 3D setup 

suffers from nutrient transfer limitations which lowers the feasibility of the application[116]. 

Bioreactor systems emerge as a solution improving the culture media circulation and convective 

transport of nutrients in the structure. In addition to the mass transport benefit, bioreactors allow 

controlling and monitoring of environmental conditions including pH, O2 and CO2 

concentrations in the system[117]. Further, the shear stress created by the fluid flow also 

contributes to the mechanical stimulation sensed of cells in the structure. This stimulation is 

particularly important in bone tissue engineering applications due to the increase in production 
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of alkaline phosphatase (ALP), collagen type I and mineralization of osteoblasts[118], [119]. 

In the natural bone, mechanical loading influences the cell lining in lacunar and canalicular 

spaces and results in differentiation and proliferation[120]. Therefore, bioreactors provide 

significant benefits for such applications. Over the years, this strategy has been proved to be 

effective to obtain higher cell densities, improve cell seeding efficiency, cell proliferation, 

contamination risk and MSC to osteoblast differentiation[118], [121]. For instance, as Wendt 

et al. reported, that cell seeding of 3D scaffolds by continuous perfusion significantly enhanced 

cell uniformity and number of viable seeded cells compared to static cultures[122]. Moreover, 

due to the matrix secretion in bone cells, static conditions create an oxygen gradient depleting 

in the core of the scaffold thereby causing cell death[123]. Bioreactors have been shown to 

overcome this problem, hence providing greater cellular viability. Generally, four types of 

bioreactors in bone tissue engineering are often used which are spinner flasks, rotating wall 

bioreactors, hollow-fiber bioreactors and perfusion systems (Fig. 5)[117]. 

 

 

 

 

 

 

 

 

 

 

Figure 5. Bioreactors in tissue engineering. (A) Spinner flask bioreactors are usually used for 

cell seeding of scaffolds. Although mass-transfer is enhanced, generation turbulent could 

hinder tissue development. (B) Rotating-wall vessels allow dynamic culturing of scaffolds with 

low shear stress. Due to forces applied to the system are balanced the construct remains in free-

fall state while operating. (C) Hollow-fiber bioreactors can enhance mass transfer especially 

for sensitive cell types such as hepatocytes. (D) Direct perfusion bioreactors allow medium to 

flow directly through the scaffold pore structure and can be used for both cell seeding and 

continuous culturing [184]. 

A 

B 

C 

D 
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Among bioreactor types, perfusion systems are more effective for homogenous perfusion 

of culture medium throughout the scaffold. In addition to osteogenic markers, Alvarez-Barreto 

et al. showed that bioreactors with oscillatory flow regime can improve cell seeding into 

scaffolds with different architectures[124] while Janssen et al. reported homogenous cell 

growth and ability to O2 consumption measurement in perfusion bioreactors[125]. Moreover, 

perfusion bioreactors are shown to upregulate osteoblastic markers and calcium deposition. In 

a study published by Bancroft et al., rat marrow stromal cells seeded on titanium scaffolds were 

perfused at varying flow rates. The study suggested that, mineral matrix deposition was 

dramatically increased with increasing flow rates. Moreover, their data suggested that 

osteoblastic differentiation was accelerates as the flow rate increased[126]. In an another study, 

Holtorf et al. used rat BMSCs seeded on porous calcium phosphate ceramics suggested that 

osteoblastic differentiation of the cells were increased with the perfusion bioreactor[127]. 

Moreover, the same group showed that under flow perfusion rat BMSCs can differentiate into 

osteoblasts without osteogenic supplements[128].  Similarly, Gomes et al. and Bjerre et al. 

separately reported that flow perfusion enhances the calcium deposition and expressions of 

ALP, TGF-β1, VEGF, BMP-2, BSP, RUNX2, OPN and FGF-2 were increased of the scaffold 

seeded cells[129]–[131]. Wang et al., reported a similar outcome in porous ceramic materials 

as the osteogenesis of bone marrow derived osteoblastic cells improved in perfusion bioreactor 

systems[132]. Such efforts allowed successful implantation of tissue generated in in vitro 

settings as Timmins et al. reported that human BMSCs in a perfusion bioreactor and obtained 

construct capable of inducing ectopic bone formation in nude mice[133]. Finally, 

Papadimitropoulos et al. reported a 3D bone organ model using a human-origin osteoblastic-

osteoclastic-endothelial co-culture system to mimic bone turnover process under a perfusion 

bioreactor setup. The cells were perfusion-seeded into a ceramic scaffold and cultured under 

dynamic conditions. They showed that, after 3 weeks of culture, formation of bone-like tissue, 

blood vessels and osteoclasts after ectopic implantation to nude mice[134]. From enhanced 

mineralized matrix deposition to signal expression, bioreactors offer many advantages and 

results have been promising. Many studies with significant improvements compared to static 

systems have been proved that such systems could play a key role in bone tissue engineering 

applications.   
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2.4 Microfluidic devices for bone tissue engineering 

 

Microfluidic environments provide an ideal setup for generation of functional 3D tissue 

models using various type of cells[23]. Similar to bioreactors, with the addition of shear stress 

factor, the generated tissue becomes an in vivo-like substitute which can be used in many studies 

including injury and disease models[135], drug safety and discovery[136], [137], organ specific 

models and multi-organ systems[138]. The main difference of microfluidics to bioreactors is 

that the microfluidic systems allow spatial control over fluids in microscale channels which 

increase physiological relevance of the system[139]. In other words, microfluidics can be used 

as microscale bioreactors with more control on environmental conditions. As a result, 

microfluidic bioreactors allow for the establishment of dynamic mechanisms that can be used 

to adjust the environment of the cells as an almost in vivo environment[21]. Over the years, 

such an advancement caused a broad focus on co-culture environments and cross-talks which 

are difficult to observe under any other setup[140]–[146]. Such efforts is hoped to achieve better 

tissue/organ models due the in depth understanding of cellular interactions. Using such systems 

several applications have been reported including lung, liver, heart, kidney and gut models (Fig. 

6). Regarding the bone tissue, as mentioned before dynamic conditions are highly effective 

toward the regeneration and homeostasis of the tissue. Currently, a complete model of bone 

tissue which can perform bone remodeling processes is still challenging to generate[147]–

[149].  

 Due to the complex and synchronous cellular interactions, many studies on bone cell 

response for mechanical stimulation are carried out in inadequate in vitro environments with 

single cell type. However, significant number of studies on osteogenesis in 3D setups have been 

reported. For instance, Middleton et al. reported one such study using 3D circular 

microchambers in a microfluidic device to study osteocyte formation and concluded that 

osteocytes can be cultured in 3D architecture and elucidated mechanotransduction mechanisms 

which is not possible with conventional techniques, however the setup contains sophisticated 

and time-consuming methods[150]. Another behavioral study was reported by Occhetta et al., 

bone barrow-derived MSCs were cultured under continuous flow in a microfluidic device with 

a morphogen gradient, the authors were able to obtain 34-fold higher percentage of proliferating 

cell pellets compared to traditional culturing techniques in the period of a week[151].  
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Another aspect that affects the cell behavior is the design of the microfluidic channels. The 

configuration and the dimension of the device may potentially provide misleading results. Wei 

et al. reported that reducing the channel width 4 times and the height 5 times increases osteocyte 

cell death due to the insufficient nutrient transport[152]. Moreover, dynamic studies have been 

Figure 6. Organ-on-chip devices [185]. (A) Microfluidic lung-on-a-chip device that can mimic 

physiological breathing movements using vacuumed side chambers[186]. (B) Perfused 3D liver 

culture in a microfluidic setting[187]. (C) The microfluidic device mimicking structure of 

hepatic cord[188]. (D) The microfluidic kidney model with in vivo-like tubular 

environment[189]. (E) The microfluidic device with structure of renal tubule[190]. (F) The 

microfluidic gut model containing two separate compartment[191]. 
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reported involving 3D scaffolds. For instance, Cartmell et al. used a 3D cellular construct and 

a stainless-steel perfusion block to investigate effects of perfusion rate on the cell-laden 

constructs. They reported that higher perfusion rate than 0.2 mL/min upregulates expression of 

Runx2, ALP and OCN and thereby enhancing osteoblastic activities[153]. After utilization of 

microfluidic devices took place in tissue engineering, Leclerc et al. used a 3D scaffold and 

polydimethylsiloxane (PDMS) based device to study osteoblastic cells in a PDMS based 

microfluidic device. The authors reported that cellular activity is highly dependent on flow rate 

induced stress, which is in range of 0.05 Pa to 1 µPa. Moreover, the design of the microfluidic 

channels has affected ALP activity and resulted 7.5 fold enhancement compared to 

conventional static conditions[17].  As the co-culturing of different cell types showed more 

promising results, the view of bone tissue engineering has shifted into investigation of cross-

talks in in vitro studies. Correia et al. used a decellularized bone scaffold to co-culture human 

umbilical vein endothelial cells (HUVECs) and human MSCs under varying conditions to 

create a vascularized bone tissue. The study was performed under static conditions and 

proposed that this system can mimic endothelial-osteogenic precursor interactions in vivo[33].  

The same group used the same strategy using a microfluidic device and achieved a human bone 

perivascular niche model on microfluidic device for metastatic colonization studies[154]. 

Bersini et al. used a similar methodology to determine extravasation process of breast cancer 

on bone metastasis. The authors achieved to provide a 3D quantitative data on extravasation 

and micrometastasis generation of breast cancer cells into the bone microenvironment for 

cancer biology and therapeutics[155]. Later, Park et al. compared adipose and bone marrow 

derived stem cells in a mechanically stimulated microfluidic device in terms of osteogenesis. 

The study suggests that mechanical stimulation upregulates integrin and osteogenic gene 

transcripts. In addition, the authors showed that bone marrow derived mesenchymal stem cells 

are more sensitive to the mechanical stimulation compared to adipose tissue derived stem 

cells[156].  As a different perspective, Torisawa et al. used a different approach to produce a 

bone-marrow on chip model to study haematopoiesis and hematologic diseases. Authors used 

an engineered bone marrow placed into mice model and later implemented the scaffold into a 

microfluidic device. Authors reported that after one week of culture, in vivo-like structures were 

seen in the microfluidic environment[157]. A similar study was conducted by Sieber and 

colleagues, using only primary human cells the authors were able to expand the culture time up 

to four weeks which is suggested that is a sufficient time span for drug testing[158]. Finally, 
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Jusoh et al. used a microfluidic device, which was incorporated with microvascular networks 

in hydroxyapatite extracellular matrix and endothelial/stromal cells to create a vascularized 

bone tissue microenvironment. The authors reported that angiogenesis was affected by 

mechanical stimuli and were able to generate enhanced angiogenic processes including sprout 

length, speed, number and lumen diameter[159]. Middleton et al. presented a microfluidic 

device containing different cell populations at physiologically relevant distances in the channels 

and exposed to different levels of shear stress to study osteocyte-osteoclast communication. 

The authors suggested that the device can be applicable for multicell population cross-talk 

studies[150]. George et al. developed a microfluidic system for both stimulating osteocytes and 

quantifying bone remodeling. The system provides a basic model for remodeling interaction 

using standard mechanotransduction tool which is isolated activity is quantified as a function 

of load[160]. 

Microfluidics provide the optimum conditions of the cells in a dynamic system and the 

ability of the cell signal molecules to interact more realistically and to make sudden 

interventions through the designed system. In addition, more than one type of analysis can be 

tried at the same time in microfluidic devices and can provide high-resolution in situ imaging. 

However, bone has been one of the most challenging tissues for in vitro modeling due to the 

lack of information about cross-talk and cellular interactions. Cellular responses, which are 

triggered by physical forces, are studied under mechanotransduction and one of the most 

important aspects of bone tissue generation is the presence of physical forces. Mechanical 

stimuli cause rearrangement of the cytoskeleton and cell attachment and consequently cell fate. 

Microfluidic systems can provide mechanical forces to the cells in several ways. These include 

shear stress and compressive forces, as the cells are encapsulated in the 3D setup, axial pressure 

can be applied to the system. In addition, the fluid flowing through the channels can induce a 

shear stress on cells, which is reported to be effective for bone cells. The cellular response to 

the applied force is dependent on the magnitude, frequency and the strain field[161]. Bone-

microfluidic system can be adjusted further to improve the results by controlling such physical 

parameters[162]. Currently, many studies have been completed and such aspects of the field 

have started to be elucidated. Therefore, it is expected that the generated bone tissues in 

microfluidic setups soon will replace the conventional graft technology and provide a cheap, 

fast, low-risk and widely available solution for bone pathologies. 
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3 MATERIALS AND METHODS 

 

3.1 Type of research 

 

The research encompasses in vitro experimental studies. 

3.2 Time and location of research 

 

All of the research was conducted in September 2018 - March 2020 at Izmir Biomedicine 

and Genome Center. 

3.3 The universe and sample of research 

 

The universe in this study is the mouse bone tissue. Sample of the research include all 

bone cells and bone remodeling process. 

3.4 Materials of research 

 

Porous ß-TCP scaffolds were used for achieving 3D environment, ß-TCP powder was 

given by Bonegraft Co., Izmir. Bone marrow cells were isolated by sacrifice of C57/B6 mice 

by cervical dislocation at Izmir Biomedicine and Genome Center vivarium. All isolations were 

completed between September 2018-March 2020. 

3.5 Variables of the research 

 

Independent variables: cell culture medium, the ratio of fetal bovine serum and penicillin-

streptomycin. 

Dependent variables: Cell seeding density, porosity, volume and stiffness of the ß-TCP 

scaffolds.  
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3.6 Data collection methods 

 

3.6.1 Porous β -TCP scaffold synthesis 

 

For bioceramic scaffold synthesis existing protocols were modified[163]–[166]. Firstly, 

commercial β-TCP (Bonegraft Biomaterials Co. Izmir) in powder form was grinded using an 

agate mortar and pestle to achieve fine particles. Later, 10 % polyvinyl alcohol (PVA) (Sigma) 

w/v was prepared using a magnetic stirrer and mixed at a ratio of 1:1 w/w with the β-TCP 

powder to obtain ceramic slurry. Commercial polyurethane foam with various pore sizes was 

used as the template. Various geometries of foam were prepared with a laser cutter (Epilog 

MINI, Epilog, USA). The slurry was then impregnated to the foam using a pressure chamber 

(Fig. 7). After impregnation, the foams were dried at 60 °C overnight. Then, the dried specimens 

were sintered at 1100 °C for 2 hours. Finally, the specimens were autoclaved for sterilization.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Ceramic slurry impregnated polymer foams. (A) Polymeric foam impregnated with 

ceramic slurry. (B-C) The impregnation can be evaluated by compressing the foam. (D) Ceramic 

slurry is removed as the pressure is applied from top and bottom sides. 

A B 

C D 
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3.6.2 Scaffold characterization 

 

The particle size and distribution of the ß-TCP powder was measured before and after 

grinding (Mastersizer 3000, Malvern, UK).  

Crystal structures of the ß-TCP powder before and after sintering procedure were 

determined by XRD analysis (Malvern Panalytical, UK) in powder form. The analyses were 

carried out at Izmir Kâtip Celebi University Central Laboratory Research Unit. 

Compression strength measurements were acquired at Izmir Kâtip Celebi University 

Central Laboratory Research Unit in a universal testing machine (Shimadzu AG-IC, Japan). 

Sintered circular scaffolds were compressed uniaxially and compression strength and Young’s 

modulus were calculated 

The porous structure and interconnectivity of the scaffold were analyzed with SEM 

imaging (Zeiss, Germany). The specimens were coated with gold prior to imaging. 

Additionally, µCT analyses were carried out at Hacettepe University-HUNITEK (Bruker) to 

determine the porosities and inner structures of the scaffolds. 

 

3.6.3 Microfluidic bioreactor fabrication 

 

Microfluidic bioreactor was fabricated using rectangle polymethyl methacrylate sheets 

with dimensions 3 mm in height and 300 mm x 300 mm in cross-section. The bioreactor was 

designed in AutoCAD (Autodesk) and the sheets were cut using a laser cutter (Epilog MINI, 

Epilog, USA) (Fig. 8-9). Later, the bioreactor was sterilized using 70 % ethanol and UV curing.  

Figure 8. 2D drawing of the microfluidic bioreactor. (A) Channel layer that holds the 

ceramic scaffold, (B) top layer that tubings are attached to infuse medium, (C) bottom layer. 

A B C 



24 

 

 

 

 

After sterilization the bioreactor was assembled using leak-proof double-sided adhesive 

(3M). For dynamic culture syringe pump (Harvard) and silicon tubing (Tygon) were used. The 

cell-laden bioceramic scaffolds were placed in microfluidic bioreactor and dynamic cultures 

were initiated (Fig. 10). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Laser prototyping of the microfluidic bioreactor. (A-C) Laser engraver followed a 2D 

CAD design and cut the PMMA sheets top to bottom. 

Figure 10. Dynamic culture experimental setup. (A-C) assembling procedure of the bioreactor, (D) 

syringe pump, (E) incubator setup. 

A B C 

D E 

A B C 
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3.6.4 In vitro cell culture studies  

3.6.4.1 Cell culture 

    

Mesenchymal stem cells and monocytes/macrophages were harvested and cultured from 

4-8 weeks old Balb/c and C57BL/6 mice bone marrows with following procedure[167], [168]. 

Mice were euthanized by cervical dislocation and placed in a 70 % ethanol solution in 

a P100 cell culture dish (Orange Scientific) for 3 minutes. Further, all claws were dissected at 

the carpal joints and ankles and incisions were made around the connection between trunks and 

hindlimbs, forelimbs and trunks. Later, the skin was removed by pulling and soft tissues were 

carefully disassociated from tibias, femurs and humeri with micro dissecting scissors and 

surgical scalpel. After the dissection, tibias, humeri and femurs were cut from the joints and 

transferred onto sterile gauze. The bones were scrubbed to remove any soft tissue and 

transferred into a culture dish with 10 mL complete α-MEM (Pan Biotechnology, Germany) 

supplemented with 15 % FBS (Gibco) and 1 % penicillin-streptomycin (Thermo-Fisher) on ice. 

After all soft tissues were completely removed; the bones were washed twice with PBS. Later, 

the bones were transferred into a new culture dish with 10 mL complete α-MEM. The bones 

were held with forceps and the both ends were cut below the marrow cavity using scissors.  

For mesenchymal stem cells, a 26-gauge needle attached to a 3 mL syringe is inserted 

to the marrow cavity and cells were flushed into the culture dish (Fig. 11). After flushing the 

cells were incubated at 37 °C and 5 % CO2. The cells were cultured for 5 days. Later, the cells 

were washed twice with PBS and 2.5 mL of 0.25 % trypsin was added for digestion for 2 min. 

at 37 °C. Later, 7.5 mL of α-MEM supplemented with 15 % FBS was used to neutralize the 

trypsin and the plate was flushed with pipet-aid. The cells were then collected into a 15 mL 

centrifuge tube (Isolab) and centrifuged at 800 x g for 5 min. Later the cells were resuspended 

in a 75 cm2 cell culture flask (SPL Lifesciences). The cells were passaged every 4-6 days at a 

split ratio of 1:3 (Fig. 12).  

 

 For monocyte/macrophages, a 26-gauge needle attached to a 10 mL syringe is inserted 

to the marrow cavity and cells were flushed with R5 medium, composed of RPMI supplemented 

with 5 % heat inactivated FBS, into a P100 culture dish and placed into an incubator at 37 °C 
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and 5 % CO2. The next day, non-adherent cells were transferred to a 50 mL centrifuge tube and 

following culture conditions were set; 

10 ml non-adherent bone marrow cells in R5 media  

15 ml R5 medium 

10 ng/ml M-CSF 

 The mix was cultured in an ultra-low attachment 6 well plate (Corning) as 4 ml/well 

and incubated for 7 days. On days 3 and 5, 2 ml of fresh R5 medium with 10 ng/ml M-CSF was 

added. On day 7, cells were centrifuged at 300 RCF for 5 minutes and washed with 1X PBS to 

obtain purified monocyte/macrophage cells. 

 

 

 

 

 

 

 

 

  

Figure 11. Cell isolation procedure. (A) Mice were sacrificed by cervical dislocation. (B-C) 

Femur and tibia bones were carefully dissected and all soft tissues were removed. (D) Marrow 

was exposed by cutting the bone at the ends. (E-F) Cells were flushed with a syringe filled 

with culture medium. 

 

 

 

 

A B C 

D E F 



27 

 

 

 

 

 

 

 

 

 

 

3.6.4.2 Cell seeding and proliferation studies 

 

Sintered ceramic scaffolds were autoclaved, seeded with 1 x 106 cells and incubated at 

37 °C and 5 % CO2 for 6 hours. Later, scaffolds were washed twice and 5 mg/ml MTT solution 

(Sigma) was mixed with phenol-free DMEM (Gibco). After 3 hours of incubation, scaffolds 

were observed for cellular proliferation under stereo microscope (Zeiss). 

 

3.6.4.3 Flow cytometry of isolated and differentiated cells 

 

Bone marrow cells were characterized with flow cytometry analysis (BD LSR Fortessa). 

After isolation of the cells red blood cell lysing buffer was added at a ratio of 5:1 and incubated 

for 2 min. at room temperature and centrifuged at 1200 rpm for 10 min. Later the cells were 

washed with FACS buffer containing 0.1 % sodium azide and 1 % bovine serum albumin and 

counted. The cells then distributed into tubes at a density of 1 x106 cell/tube. CD90 PE (Abcam 

- Cat no: ab24904) and CD105 FTIC (Biolegend - Cat no: 120405) markers were used for 

mesenchymal stem cells and for monocyte/macrophages CD14 PE (BD - Cat no: 553740), 

CD64 PE (BD - Cat no: 558455), CD45.2 APC-Cy7 (BD - Cat no: 560694), and F4/80 PE (BD 

- Cat no: 565410,) were used. Markers were diluted as manufacturer’s recommendations and 

cells were incubated at 4 °C for 45 min. after staining. Then, the cells were washed twice with 

FACS buffer and fixed with 1 % PFA for 20 min. at room temperature. After another wash step, 

the cells were resuspended in 150 µl of FACS buffer before the analysis. 

Figure 12. Isolated MSCs on day 5. (A-B) Light microscopy images show spindle shaped 

mesenchymal stem cells in the culture after 5 days of culture.  Scale bar 100 µm.  

A B 
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3.6.4.4 Gene expression profiles of monolayer differentiated cells  

 

For qPCR analysis, TRIzol (Invitrogen) was used and manufacturer’s protocol was 

followed (Macherey-Nagel, NucleoSpin RNA). First, the medium in the culture plate was 

aspirated and cells were washed by adding cold PBS. After the PBS was aspirated, TRIzol was 

added to the culture. After that, the cells were transferred to the 2 ml Eppendorf tubes and the 

cell lysate was thoroughly pipetted and vortexed to homogenize the cells and then incubated at 

room temperature for 5 min to allow the complete dissociation of nucleoprotein complexes. 

Later, chloroform with the ratio of 20 % per 1 ml of TRIzol was added and the tube was shaken 

vigorously for about 20 seconds and incubated at room temperature for 2-3 min. After the 

incubation step, the sample was centrifuged at 12000 g for 15 min at 4 °C to achieve phase 

separation. After centrifugation, the RNA layer in the aqueous phase was transferred to a new 

DNase, RNase-free Eppendorf and same volume of 70 % ethanol was added. The samples were 

mixed by pipetting up and down and incubated at room temperature for 10 min. Later, samples 

were washed, dried and eluted. Further, qPCR process was initiated using manufacturer’s 

protocol (GoTaq® qPCR Master Mix). The primers used are given in Table 2. 

Table 2. Primers used in gene expression studies 

3.6.4.5  Electron microscopy analysis of seeded ceramic scaffolds 

 

Cell-laden scaffolds were analyzed by scanning electron microscopy on days 7, 14 and 

21 of dynamic culture. Fresh mouse bone was used as positive control. Sample preparation for 

SEM were performed by modifying published protocols[169], [170]. Briefly, scaffold samples 

were fixed with 2.5 % glutaraldehyde (Merck) in 0.1 M cacodylate buffer (Sigma) for 30 min. 

and were washed 4 times. Later, the samples were freeze-dried overnight in a lyophilizer 

(ThermoFisher). After drying process, the samples were coated 5 nm gold prior to imaging. 

Gene Forward (5’ to 3’) Reverse (5’ to 3’) 

ALP CGAGCCGGAACAGACCCTC GGCACAAAAGAGTTGGTAAGGC  

Osteocalcin GTCCAAGCAGGAGGGCAAT   AGATGCGTTTGTAGGCGGTC   

Cathepsin K TAGCCACGCTTCCTATCCGA  ACTGGGTGTCCAGCATTTCC   
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3.6.4.6 Immunohistochemistry of cell seeded ceramic scaffolds 

 

Cells were fixed with 4 % PFA for 20 min prior to staining. Later, cells were stained 

with Phalloidin iFluor 488 (Abcam- Cat no: ab176753) and DAPI (Neofroxx-1322). Finally, 

samples were imaged with fluorescence microscope (Zeiss Olympus IX71). 

 

3.7 Research Plan 

 

Research plan of the thesis is given in the table below. 

Table 3. Research plan of the thesis 

 Sep. 2018 – 

Dec. 2018 

Jan. 2019 – Dec. 

2019 

Jan. 2020 – 

May 2020 

Literature Review X X  

Planning the Experiments X X  

Data Collection and Experiments  X X 

Evaluation of data  X X 

Thesis Writing   X 

 

3.8 Evaluation of Data 

 

For data evaluation, GraphPad Prism 7.1 was used to analyze results. P <0.05 was 

accepted to be statistically significant. 

3.9 Limitation of Research 

 

Due to the global COVID-19 outbreak several experiments were hindered. Initially, it 

was anticipated to perform in vivo analysis after in vitro dynamic culture. However, due to the 

circumstances this was not possible. Therefore, in vivo analysis of cultured cell-seeded scaffolds 

was left out. 
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4 RESULTS 

 

4.1 Characterization of the ß-TCP scaffold 

 

4.1.1 Mechanical testing of fabricated ceramic scaffolds 

 

Compression strength analysis results are given in Table 4. The mean compression 

strength of the scaffolds was found to be 1.72 MPa while mean Young’s modulus was 140.38 

MPa. The primary goal for stiffness was to be as close to natural bone. Changing the particle 

size of the powder and sintering has been significantly important for this aim. Consequently, 

we were able achieve the aim.  

Table 4. Compression strength analysis 

Compression Strength (MPa) Young’s Modulus (MPa) 

1.56 128.02 

1.82 152.06 

1.67 140.52 

1.75 135.62 

1.82 145.67 

1.72±0.11 140.38±9.22 

 

4.1.2 SEM Imaging 

 

The surface morphology and microstructure of the scaffolds without cells are presented 

in Figures 13-14. The scaffold exhibited a well interconnected structure with a microporous 

surface. The pore size was estimated in the range of 50 – 200 µm for macro pores and 1 to 10 

µm for micro pores. Moreover, high magnification micrographs indicate the particle fusion is 

adequate.  
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Figure 13. SEM analysis of scaffold without cells. (A-D) Interconnectivity of the scaffold 

can be observed with various macro and micro pores. (E-F) Surface structure shows uniform 

particle size distribution.  

A B 

C D 

E F 
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4.1.3 Particle Size Analysis 

Particle size analyses before and after grinding of ß-TCP powder is shown in Figure 

33. The Dv90 value for particle size before grinding was measured to be 180 µm while Dv50 

was 52 µm. After grinding the Dv90 was decreased to 33 µm and Dv50 to 3.3 µm (Fig. 14). 

 

 

 

 

 

 

 

 

 

 

4.1.4 µCT Analysis 

 

µCT analysis of the scaffold is presented in Figure 15. In addition, calculated parameters 

for 4 specimens are given in Table 5. Both specimen 1 and 2 were manufactured in a rectangular 

shape with volumes 84 and 253 mm3 respectively. Moreover, their porosity was measured to be 

62.69 % and 73.68 % respectively. Specimen 3 and 4 were in cylindrical shape with volumes 

46 and 211 mm3 respectively. Further, their porosity was measured as 53.23 % and 57.5 % 

respectively. All specimens presented an interconnected structure with varying pore sizes and 

complex network. 

Figure 14. Particle size analysis of the ß-TCP powder before (A) and after (B) manual 

grinding. 

A B 
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Figure 15. µCT analysis of the scaffold. (A-D) Flight simulator throughout the scaffold volume. 

A B 

C D 
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      Table 5. µCT analysis results 

Parameter Specimen 1 Specimen 2 Specimen 3 Specimen 4 

Dimensions(mm) 7.5x7.5x1.5 7.5x7.5x4.5 7.5xØ 2.5 7.5xØ 6 

Volume (mm3) 84 253 46 211 

Number of closed pores  353 2609 764 8645 

Volume of closed pores 

(mm3) 

0.01098 0.09026 0.068591 0.32972 

Surface of closed 

pores(mm2) 

1.45308 11.02504 6.46133 42.01649 

Closed porosity (%) 0.17256 0.17709 0.46376 0.3651 

Volume of open pore 

space (mm3) 

10.70144 142.65143 16.82963 122.214 

Open porosity (%) 62.6932 73.67739 53.2247 57.5044 

Total volume of pore 

space (mm3) 

10.70144 142.74169 16.898221 122.5437 

Total porosity (%) 62.75758 73.724 53.44163 57.6595 

Euler number -2341 -19670 -1545 -26973 

Connectivity 3050 25083 2902 38593 

Connectivity density 

(1/mm3) 

178.85681 129.54919 91.7754 181.5877 

 

 

4.1.5 X-Ray Diffraction Analysis 

 

Figure 16 shows the two samples prepared for the qualitative XRD patterns and analysed 

by the Rietvield method. Both samples indicated highly crystalline samples given by the narrow 

and sharp peaks with even baseline. Three main peaks were observed in both before and after 

sintering at 2Θ 27.781, 31.047 and 34.393, which are consistent with the main peaks of TCP 

(Figure 16). Additionally, XRD phase analysis confirmed that the samples are in ß phase 

(Figure 17). 
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Figure 16. XRD pattern of the unsintered and sintered samples. 

Figure 17. XRD phase analysis of the ß-TCP samples before (A) and after (B) sintering. 

A B 
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4.2 Expansion and differentiation of isolated cells 

 

4.2.1 2D monolayer expansion culture of mBMMSCs  

 

After 7 days of culture, isolated bone marrow cells exhibit various cell characteristics. 

Both spindle-shaped cells and colony-forming phenotypes are visible (Fig. 18).  

 

 

 

 

 

 

 

 

 

After 14 days of culture, spindle-shaped cells and colony-forming cells dominate the 

environment. We anticipated that the spindle-shaped cells are MSCs while colony-forming 

cells are monocyte/macrophages (Fig. 19). 

 

 

 

 

 

 

 

 

 

 

Figure 18. Day 7 of 2D culture scale bar, 50 µm. (A-B) Arrows indicating spindle shaped cells. 

Figure 19. Day 14 of 2D culture scale bar, 50 µm. (A-B) After 14 days of culture, cells 

formed a close cell-cell interaction in the culture. 

A B 

A B 
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Moreover, alizarin red staining showed that the isolated cells can differentiate into 

osteoblasts and deposit calcium (Fig. 20). Consequently, showing that the culture contained 

MSCs. 

 

 

 

 

 

 

 

 

 

4.2.1.1 Flow cytometry analysis 

Flow cytometry analysis before and after culturing are presented in Figures 21-22. Both 

mBMMSCs and monocyte/macrophage populations shows a dramatic increase after culturing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Alizarin Red staining scale bar, 50 µm. (A-B) After the culture calcium deposits 

were visible. 
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F4/80 CD45.2 CD14 

Figure 21. Flow analysis of freshly isolated mouse bone marrow cells. (A) total population 

zones. (B-C) Mesenchymal markers. (D-F) Monocyte/macrophage markers. 
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4.2.1.2 Gene expressions of differentiated cells 

 

PCR analysis results are presented in Figure 23. After 21 days of culture ALP, cathepsin 

K and osteocalcin shows a significant increase in fold change. 

 

 

4.2.2 3D culture 

 

4.2.2.1 SEM Imaging 
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Figure 22. Flow analysis of cultured cells. (A) total population zones. (B) Monocyte/macrophage 

marker. (C) Mesenchymal stem cell marker. 

Figure 23. PCR analysis of cultured mBMMSCs and mMØ co-culture. (A) ALP protein levels 

are significantly higher indicating an osteogenic activity. (B) Increase in Cathepsin K indicates 

osteoclastic activity. (C) Osteocalcin levels shows a significant increase suggesting osteogenic 

activity is present. 

A B C 

A B C 
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Figure 24 show SEM images used to evaluate attachment and proliferation of 

mBMMSCs and monocyte/macrophages on ß-TCP scaffolds. After 7 days of culture under 

dynamic conditions, cells were observed to be attached and formed junctions. Both macropores 

and micropores were observed to be invaded by cells. The adhered cells exhibited elongated 

morphology with several attachment sites. Moreover, cells did not appear rounded or clumped. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. SEM analysis of cell seeded scaffold on day 7. (A-C) shows that the cells have 

started to form connections while attached to the scaffold. (D-F) shows that scaffold surface 

is highly suitable and favourable environment for cellular attachment. 
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Figures 25 show SEM images after 14 days of dynamic culture. SEM micrographs 

indicated an increased cell number on the scaffold. Moreover, cells were seen to form an 

increased amount of connections, covering large areas of the surface. Similar cellular 

morphology continued to be seen. Additionally, different sizes calcium phosphate crystals were 

observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26 shows SEM images of the seeded scaffolds after 21 days of dynamic culture. 

Micrographs indicated an increasing amount of ECM and cellular proliferation on the scaffold. 

Further, the scaffold surface was almost covered with ECM and cells appeared as small circles. 

Moreover, a web-like structure was seen in the layer underneath the scaffold surface. 

 

Figure 25. SEM analysis of cell seeded scaffold on day 14 of dynamic culture. (A) Macro 

pores of the scaffold are inhabited by cells. (B-D) Scaffold surface is partially covered with 

ECM. 
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Figure 27 show SEM images of freshly isolated mouse femur heads as positive control. 

The micrographs showed that a dense ECM with circular cells attached in the structure. 

Additionally, a web-like structure was seen to cover the surface of the femur head. Further, 

several blood cells were seen. 

 

 

 

 

 

 

Figure 26. SEM analysis of cell seeded scaffold on day 21. (A-D) After 3 weeks of dynamic 

culture, scaffold surface was covered with ECM and cells were distinguishable.  Inner 

sections of the structure were reached by cells and a web-like formation was seen.  
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Figure 27. SEM analysis of freshly isolated mouse femur head. (A-C) a dense ECM structure 

can be seen on the surface of the femur tissue. (D-F) Cells in ECM are distinguishable at 

varying densities. 
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4.2.2.2 Distribution of seeded cells 

 

MTT was used to visualize the cell-seeding efficiency into scaffolds. Purple color 

indicates formation of formazan (Fig. 28). Consequently, cell-seeding efficiency can be 

evaluated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. MTT stained scaffolds scale bar, 2 mm. (A-C) Unstained and stained top views 

of cylindrical scaffolds, (D-F) Unstained and stained top views of square scaffolds. 
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4.2.2.3 Immunohistochemistry 

 

Immunohistochemical analysis of unseeded scaffolds are presented in Figures 29-30. 

Results indicate a slight autofluorescence before staining with Phalloidin iFluor 488 and DAPI. 

After staining and repeated washing steps same autofluorescence with unseeded stained 

scaffolds were not observed for both Phalloidin iFluor 488 and DAPI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Autofluorescence measurement of unstained (A-B) and stained (C-D) 

unseeded scaffolds scale bar, 100 µm. 
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After autofluorescence measurement, mBMMSCs and mMØ were seeded on scaffolds 

for immunohistochemical analysis (Figure 31). DAPI-Phalloidin iFluor 488 staining showed 

clear images without any autofluorescence. Cell nucleus and actin filaments are clearly 

observable, on a dark appearing scaffold. 

 

 

 

 

 

 

Figure 30. Autofluorescence measurement of unstained (A-B) and stained (C-D) unseeded 

scaffolds scale bar, 100 µm. 
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Figure 31. DAPI-Phalloidin iFluor 488 stained cell seeded scaffolds scale bar,100 µm. 

(A-C) Fluorescent microscopy showed that the scaffold surface and (D-F) inner layers 

were inhabited by cells. 
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5 DISCUSSION 

 

In the first step of this study we attempted to manufacture a ß-TCP scaffold that can 

provide basic inorganic bone microenvironment. Moreover, we tried to tackle some of the 

problems that are often faced upon using ceramics for tissue engineering applications such as 

imaging difficulties. This attempt proved that it is possible to manufacture a porous ß-TCP 

scaffold that matches mechanical properties of the natural bone with a simple and robust 

protocol while suitable for dynamic culturing conditions (Fig. 1). Being a non-conductive and 

opaque, ceramics pose a challenge for usage in in vitro models. Consequently, these difficulties 

hinder reproducibility of the system. Moreover, manufacturing a tailored scaffold requires 

many considerations for optimum results. These include, imitation of natural ECM, 

biocompatibility, suitable surface properties, adequate mechanical properties, 

interconnectivity, suitable porosity, osteoconductivity and osteoinductivity [31], [171]–[173]. 

In addition to these properties, another important aspect for us was to be able to obtain 

fluorescence images from the structure after the culturing period. In order to achieve this, we 

decided to manufacture the scaffolds as thin as possible, allowing stained specimens to emit 

light. Moreover, while reducing the thickness we tried to keep mechanical properties as close 

to bone as possible. By using a foam replication method with a pressure chamber, we were able 

to fill the polymeric replica densely without losing porosity and strength (Fig. 7 & Table 4). In 

fact, by changing the pore size of the replica, we were able to manufacture different porosity 

percentages (Table 5). In addition, XRD analysis indicated that the structure is mainly ß-TCP 

before and after sintering (Fig. 17). Further, the µCT analysis confirmed an interconnected 

structure resembling the native bone environment (Fig. 15). Moreover, using a polymeric 

sponge allowed manufacturing various shapes and sizes that can be tailored for any bioreactor 

setup. After reaching to less than 2 mm, florescence images significantly improved (Fig. 31). 

Another aspect in the manufacturing process was the surface shape. The importance of this step 

stemmed from the necessity of providing an easy anchorage site for cells. Also, easy ECM 

formation between cells using micro pores on the surface. Due to the seeding of the cells was 

from top to bottom, this step has been of importance to form a dense ECM network all over the 

scaffold volume. In order to achieve this, we decided to lower the particle size of the ß-TCP to 

Dv50 of less than 10 µm by a grinding process. The initial particle size was Dv50 of 52 µm, at 

the end of grinding process we achieved Dv50 of 3.3 µm (Fig. 14). This process not only reduced 
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the particle size significantly, but also allowed uniform particle shape, which was crucial to 

form a ceramic network (Fig. 13). As Saiz et al. reported, smaller grain size not only increases 

the mechanical strength but also provides a more favorable anchorage site for attachment and 

proliferation of cells [174]. Supporting the article, SEM micrographs showed that the network 

contained micro pores that cells can reach from the surface to deeper sections of the scaffold 

(Fig. 13). Moreover, after 21 days of culture the scaffold surface has been covered with ECM. 

In addition, macro pores allowed cellular transport during cell seeding and allowed cells to 

invade deeper sections (Fig. 26). Therefore, the cells on higher levels were able to form 

junctions and secrete ECM with the cells on lower levels with ease. Further, MTT assay was 

used to visualize the cellular proliferation on scaffold. After 6 hours of culture, the formazan 

formed can confirm that majority of scaffold sites were invaded by cells (Fig. 28). 

Another important aspect was the cell source for the model. Although, many single cell 

type cultures are developed, most are for the intention of studying cell morphology[175], 

differentiation patterns[176] or molecular pathways[177] for regenerative medicine and tissue 

engineering applications. However, as mentioned before, signals traded between osteoblasts 

and osteoclasts are crucial for bone remodeling process and thus, an in vitro system aiming to 

mimic this process requires simultaneous presence of these cross-talk processes and molecular 

mechanisms. For osteoblast cells, although different cell sources are used, isolation site can 

affect the final cellular feature. Among these sources, BMMSCs provide several advantages 

including easy cell isolation, high proliferative activity and osteogenic differentiation[178]. 

Osteoclast cells on the other hand, can be differentiated from BM monocytes which can differ 

from the ones that are harvested from peripheral blood[179]. Isolated monocytes are usually 

differentiated using M-CSF and RANKL factors which promote the fusion of monocytes and 

are essential for commitment toward osteoclastic differentiation[180]. Therefore, using only 

BM is sufficient for both MSCs and monocytes required to create a basic bone organ model 

that can perform bone remodeling using standard techniques. Additionally, using the tailored 

scaffold, these cells can retain their morphology and phenotype to accomplish their functions. 

Finally, a dynamic bioreactor the setup can allow engineering physiological, biomechanical and 

biochemical microenvironment all together. Therefore, we decided to use primary mBM cells 

as our cell source. 

A co-culture model requires selection of suitable parameters such as culture reagents, 

imaging, biochemical/biomechanical stimulation and time points for the culture, which 
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ultimately influence the well-being of the system and effective analysis of the results[181]. An 

important design parameter is whether to have a direct or in-direct co-culture. A direct contact 

culture provides physical interactions and allows better signaling among cells however, diverse 

and heterogeneous cell environment may hinder analysis in identification of specific 

contributions to a process. Given that our system aims to analyze overall structure rather than 

specific interactions, an indirect method would not be suitable due to it lacks physical receptor-

mediated cell-cell interactions[182]. However, such a system is influenced by parameters 

including cell types, seeding, density ratio of the cell types and culture medium compositions. 

In our system, initially mouse bone marrow was extracted and cultured as whole.  As reported 

by Huang et al., complete culturing of the bone marrow can allow obtaining high MSCs 

numbers[167]. In agreement with the article, after 14 days of culture we observed spindle-

shaped cells and as the cells were passaged the number increased significantly (Fig. 19) 

Additionally, the same protocol suggested that as the passage number increases the 

monocyte/macrophage number in the culture would decrease. Therefore, we decided to use an 

earlier passage than suggested to obtain both MSCs and monocyte/macrophages. The initial 

flow analysis of freshly isolated BM cells confirmed that the protocol is able to provide both 

mesenchymal and monocytic cell types (Fig. 21). This allowed a single step culture for 

obtaining cells both for osteoblast and osteoclast differentiation. Moreover, after the third 

passage, the cultured population was subjected to flow cytometry analysis. It was observed that 

the numbers of both cell types were increased in the cultured populations (Fig. 22). In order to 

evaluate the osteogenic differential potential of MSCs, alizarin red staining carried out. Calcium 

deposition on ECM has been observed, supporting the presence of osteogenic cells 

differentiation (Fig. 25). Finally, qPCR analysis after 21 days of differentiation showed that 

ALP, cathepsin K and osteocalcin levels were significantly increased (Fig. 23). 

 

Using a femur head for positive control allowed a comparison between the dynamically 

cultured engineered scaffold and native environment (Fig. 27). Although the engineered system 

consists of only mesenchymal and monocytic cells that were cultured and differentiated for 21 

days, several similarities such as cellular morphology, ECM secretion and cell-cell interactions 

were observed. An important indication of favorable environment was the ECM secretion. As 

the positive control shows a dense ECM structure covering almost all surfaces, the engineered 
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scaffold showed a similar structure. Moreover, in a similar manner, cellular extensions cover 

large areas forming junctions between cells and a web-like structure can be observed (Fig. 32).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32. Comparison of dynamically cultured engineered scaffold with mouse femur head. 

(A-D) The engineered structure highly resembles native environment in terms of ECM 

formation. (E-F) Although cellular density of the native bone is higher, engineered cell 

structure is highly mimicry. 
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As in vivo methods often bring ethical considerations; in vitro models using primary 

cells may represent a valid alternative. Moreover, basic mechanisms in both healthy and 

diseased bone states can be recreated using 3D dynamic methods. Current advances in in silico 

models and imaging modalities can enhance the models and may allow fine-tuning in 

parameters. Finally, additional counterparts including macrophages and angiogenic processes 

have been identified and can be adopted in such studies. 

 

In conclusion, co-culturing cells allow a deeper exploration of cellular interaction and 

offer a replica of naturally occurring processes in miniaturized mimicries, which can bring 

novel methods and help developing reliable bone organ models. An optimal 3D co-culture 

protocol for bone tissue cells to accurately model the microenvironment is currently lacking, 

however, a plethora of data is available which can be helpful. 

 

 

6 CONCLUSION AND FUTURE PERSPECTIVES  

 

The goal of this thesis was to develop a co-culture system with a tailored bioceramic that 

can be used in bioreactors to model bone microenvironment. The flow cytometry analysis 

indicated that after in vitro culture period of primary mBM cells both MSCs and MØ phenotype 

cells were present. Together, these cells can differentiate into osteoblasts and osteoclasts and 

form basic bone microenvironment. This finding is supported with the higher expression levels 

of ALP, cathepsin-K and osteocalcin levels after the culture period. However, in order to create 

a functional an accurate model, the system requires much more than the co-culture of these cell 

types. ß-TCP is a resorbable bioceramic with osteoconductive and osteoinductive capabilities. 

Tailoring this ceramic in terms of thickness and porosity may help for such a system. The SEM 

analysis showed a complete ECM formation on the surface and inner structure after 3 weeks of 

dynamic culture. Our cell-seeded scaffold can be implemented into different types of 

bioreactors with differently shaped chambers.  

Although this study can be used to create a tailored cell-scaffold environment, the 

dynamic culturing parameters such as flow rate and shear stress are not covered. Thus, further 

investigations must be made to fully understand the effect of such parameters in this system. 
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Moreover, the system can be used to model a mathematical simulation to calculate stress and 

strain distribution, fluid shear stress and scaffold properties to form a realistic view to studies. 

Further, most studies include an in vivo trial to confirm the data, which may require 

consideration of endothelial cells for the formation of vascular network and increase cell 

viability on scaffolds upon implantation.  

Another aspect that can be considered is to design an in situ environment by incorporating 

sensors such as O2 and pH sensors to simultaneously determine the physiological changes in 

the system without the need of experimentation that may require extensive invasive cellular and 

histologic analysis. Moreover, addition of mechanical actuators to the system may allow better 

mimicking of the bone environment.  
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