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Figure 1. Scaffold fabrication pathway. The 3-TCP powder is grinded and mixed with 10 %
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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.

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
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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
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TOWARDS GENERATION OF B3-TCP SCAFFOLD BASED OSTEOGENIC NICHES IN
MICROFLUIDIC BIOREACTORS

Ibrahim 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 B-tricalcium phosphate (3-TCP) scaffolds using a
polymeric foam replication method. And it is tailorable with any bioreactor setup, shapes and
volumes with desired porosity percentages. The 3-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



cells (mBMMSCs) and monocytes/macrophages (mBMM®@) was used to form basic cellular
components of the bone. The osteogenic niche seeded on B-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



MIKROAKISKAN BiYOREAKTORLERDE B-TCP ESASLI DOKU iSKELELERI
KULLANILARAK OSTEOJENIK NIS GELISTIRILMESI

Ibrahim Halilullah Erbay, izmir Uluslararas1 Biyotip ve Genom Enstitiisii, Dokuz Eylul
Universitesi, Saghik Kampiisii, Balcova, 35340, izmir / Tiirkiye

OZET

Geleneksel kemik doku miihendisligi uygulamalar1 genellikle terapotik ¢oziimler gelistirmeyi
amaclamaktadir. Bu ¢abalarin ¢ogu, optimum sonuglar1 elde edebilmek i¢in biyomalzemelerin
kullanimi  etrafinda  donmektedir. Bununla birlikte, kemik doku miihendisligi
biyomalzemelerinin biyolojik 6zellikleri in vivo sistemleri taklit etmede tek basina yetersiz
kalmaktadir. Bu alandaki sorunlarin ¢ogu her bireyin birbirine gosterdigi farklilik ve bu
bireylerdeki sistemleri taklit edecek sistemlerin basarisiz olmasindan kaynaklanmaktadir. Bu
nedenle, in vivo ortamlarin toplam taklidini saglayabilen ve osteojenik ortamin degisen
davraniglar1 hakkinda bilgi saglayabilen fizyolojik olarak uygun bir sistem gereklidir. Biyolojik
sistem modellemesi ve manipiilasyonu i¢in gii¢lii bir ara¢ oldugu kanitlanmis mikroakiskan
cihazlar ve biyoreaktorler gibi dinamik sistemler, bu tiir bir ¢abaya ulasmak i¢in ¢ok uygun bir
metodolojidir. Mikro akiskanlar, kimyasal ve mekanik ipuglarini kontrol etmekten, hiicre-
malzeme etkilesimlerini degerlendirmek igin hiicreler arasi iletisime kadar in vivo benzeri bir
sistem olusturmak i¢in 6nemli gereksinimleri karsilar. Son on yilda bir¢ok doku modeli rapor
edilmistir, buna ragmen kemik dokusu bu alanda geride kalmistir. Bu calismada gelistirilen
biyoseramik, dinamik kemik ko-kiiltiir platformlar1 i¢in 6zel bir ortam saglamaktadir. Bu
calismada, kemik rezorpsiyonu / sekresyonu gerceklestirebilen fonksiyonel bir osteojenik nis
modelinin  gelistirilmesi  amaclanmistir. Bunu basarmak ic¢in, uyarlanmis seramik
biyomalzemeler, mikroakiskan biyoreaktorler ve primer fare kemik iligi hiicreleri
kullanilmistir. Dinamik ko-kiiltiir yontemlerine dayanan tez, dinamik araglar kullanarak in vivo
benzeri bir mikro-ortam saglarken osteojenik nisin islevsellestirilmesi i¢in daha basit ve giiglii
bir yaklasimi da tartigmaktadir. Gelistirilen platform, polimerik kopiik replikasyonu yontemi
kullanilarak B-trikalsiyum fosfat (3-TCP) yapi iskeleleri igin basit ve verimli bir liretim yontemi

ile elde edildi. Uretilen iskele, herhangi bir biyoreaktdr diizenegine gore istenen gozeneklilik



yiizdelerinde ve istenen geometride iiretilebilmektedir. Doku iskelesine, iiretim Oncesi ve
sonrasi kristal yapiy1 belirlemek icin X-1s1n1 kirnim analizi yapildi. iskelenin kemigin dogal
yapisina benzerligini dogrulamak i¢in mekanik analize tabi tutuldu. Osteojenik nis i¢in, proje
kapsaminda izole edilmis fare kemik iligi mezensimal kok hiicreleri (mBMMSC'ler) ve
monosit/makrofajlar (mBMM@), kemigin temel hiicresel bilesenlerini olusturmak igin
kullanildi. Daha sonra B-TCP iskelesine ekilen hiicreler ile birlikte olusan osteojenik nis,
mikroakigkan biyoreaktore yerlestirildi. Tarama elektron mikroskobu (SEM) analizi, 21 giinliik
kiiltiir siirecinden sonra hiicreler tarafindan salgilanan ECM'in iskele hacminin g¢ogunu
kapsadigin1 gostermistir. Ayrica, ger¢ek zamanli polimeraz zincir reaksiyonunun (qPCR),
osteoblast ve osteoklast hiicrelerinin olusumunun bir gostergesi olarak osteokalsin, ALP ve

katepsin-K proteinlerinde 6nemli bir artis oldugu dogrulandi.

Anahtar sozciikler: Kemik Doku miihendisligi, Osteojenik Nis, Mikroakiskan Biyoreaktor,
Biyoseramik,



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 gPCR, electron microscopy (EM), micro-computed tomography

(uCT), immunohistochemistry (IHC), and immunocytochemistry (ICC).



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 B-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 Obijectives

1.2.1 Objective 1

The first objective was to manufacture the bioceramic scaffold from f-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



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 B-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%) 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 B-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.
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Figure 1. Scaffold fabrication pathway. The B-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.

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



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 B-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