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ABSTRACT

BONE TISSUE ENGINEERING WITH MESENCHYMAL STEM
CELL SEEDED SCAFFOLD ASSISTED PERFUSION BIOREACTORS

Alper CENGIz
Master of Science, Department of Bioengineering
Supervisor: Prof. Dr. Menemse GUMUSDERELIOGLU

July 2017, 97 Pages

This study was financially supported by Turkish Scientific and Research Council (Tiibitak)
Project no: 214M100. In the present thesis study, it was aimed to investigate the potential of
proliferation and osteogenic differentiation of human mesenchymal stem cells (hMSCs) in
perfusion bioreactors.

In the first step of this study, chitosan-hydroxyapatite superporous hydrogel (chitosan-HA
SPHC) scaffolds were prepared by using sodium bicarbonate (NaHCO3) as a foaming agent
and glyoxal as a cross-linking agent. The microwave assisted gas foaming technique has
produced tissue scaffolds that are faster to obtain, in high yield and higher reproducibility in

vitro studies.

In the second step of the experimental study, the installation of the perfusion bioreactor
system, in which leakage and diffusion problems can be solved and which provides
sustainable sterility through long-term dynamic culture studies has been completed. At the
next stage of the study, dynamic cell culture studies were carried out for 21 days using hMSCs



at different flow velocities and tissue scaffolds of different sizes (P3D-6: 0.1 mL/min, P3D-6:
0.2 mL/min; P3D-10: 0.27 mL/min) and media changes were made on certain days (days 3, 6,
9, 12, 15 and 18) of the culture. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium
bromide) analysis was performed to observe viability and proliferation of cells on certain days
of cell culture studies. SEM (Scanning Electron Microscopy) analysis was performed to
observe cell morphologies and penetrations. At the end of the cell culture studies, RT-PCR
(Real Time Polymerase Chain Reaction) analyzes were performed to determine the expression
levels of Collagenl (Coll), Runt Associated Transcription Factor 2 (RUNX2), Osteocalcin
(OCN) and Osteopontin (OPN) genes in hMSCs.

In the last part of the thesis study, flow and mass transfer simulation studies were carried out
in the perfusion bioreactor using COMSOL software. The accuracy of the model was tested
with models developed for low and high flow rates in a bioreactor without a tissue scaffold
and in the presence of a non-porous tissue scaffold. Affterwards the flow model and mass
transfer model in perfusion bioreactor in the presence of a permeable tissue scaffold took
place. The results obtained from the Computational Fluid Dynamics (CFD) modeling studies
conducted within the scope of the thesis seem to support the experimental findings.

In the light of all these analyzes and findings, it has been shown that the dynamic culture
approach performed with P3D-6 scaffolds at 0.1 mL/min and 0.2 mL/min flow rates support
the osteogenic differentiation of hMSCs in the perfusion bioreactor. In addition, it can be seen
that the CFD approach is the decisive factor in achieving successful results in vitro production
of engineered bone grafts when different operating parameters are considered.

Key Words: bone tissue engineering, human mesenchymal stem cells, dynamic cell culture,
chitosan-hydroxyapatite superporous hydrogels, P3D-6 and P3D-10 scaffolds, perfusion

bioreactor, computational fluid dynamics.



OZET

MEZENKIMAL KOK HUCRE EKILMi$ DOKU iSKELESiI DESTEKLI
PERFUZYON BiYOREAKTORLERLE KEMiK DOKU MUHENDISLIiGI

Alper CENGIz
Yuksek Lisans, Biyomuhendislik Anabilim Dali
Tez Danismani: Prof. Dr. Menemse GUMUSDERELIOGLU

Temmuz 2017, 97 Sayfa

Bu c¢alisma, Tirkiye Bilimsel ve Teknolojik Arastirma Kurumu (Tiibitak) Projesi No:
214M100 tarafindan maddi olarak desteklenmistir. Bu tez ¢alismasinda, duragan hiicre kiiltiirii
ve dinamik yaklagim olan perflizyon biyoreaktorlerinde farkli ebat ve farkli boyuttaki doku
iskelelerine dayanan hiicre kiiltliri ¢aligmalarinin insan mezenkimal kok hiicreleri (hMSC)

tizerindeki lireme ve osteojenik farklilasmanin potansiyelinin arastirilmasi amac¢lanmistir.

Deneysel ¢aligmalarin ilk asamasinda, kitosan-hidroksiapatit siipergézenekli hidrojel (kitosan-
HA SGPH) doku iskeleleri, kdpiiklesme ajani olarak sodyum bikarbonat (NaHCO3) ve ¢apraz
baglayici olarak glioksal kullanilarak hazirlanmistir. Mikrodalga destekli gaz kopiiklesme
teknigi, in vitro ¢aligmalarda yiiksek verim ve daha yiiksek tekrarlanabilirlik elde etmenin

yaninda doku iskelelerinin tiretiminin hizlandirilmasini desteklediginden tercih edilmistir.

Deneysel calismanin ikinci asamasinda, olasi bir sizintinin 6nlendigi ve besin maddeleri / atik
madde diflizyon sorunlarinin ¢oziilebildigi, uzun vadeli dinamik kiiltiir ¢alismalar1 ile
strdiriilebilir ~ sterilite  saglayan  perflizyon  biyoreaktor  sisteminin  kurulumu
gerceklestirilmistir. Calismanin bir sonraki sathasinda, hMSC’ler kullanilarak farkli akis
hizlarinda ve farkli boyutlarda doku iskeleleriyle (P3D-6: 0.1 mL/dk, P3D-6: 0.2 mL/dk; P3D-



10: 0.27 mL/dk) 21 giin silireyle dinamik hiicre kiiltiirii calismalar1 gergeklestirilmis ve
kiiltiirtin 3, 6, 9, 12, 15 ve 18. giinlerinde ortam degisiklikleri yapilmistir. Hiicre kiiltiirii
caligmalarinin 7, 14 ve 21. giinlerinde hiicre canlilifi ve ¢ogalmasin1 gozlemlemek icin MTT
(3-[4,5-Dimethylthiazol-2-yl]-2,5-Diphenyltetrazolium Bromide) analizi gergeklestirilmis ve
SEM (Taramali Elektron Mikroskopisi) analizi ile hiicre morfolojileri ve penetrasyonlari
gbzlemlenmistir. Hiicre kiiltiirii ¢aligmalarinin sonunda insan mezenkimal kok hiicrelerinin
Kolajenl (COL1), Runt liskili Transkripsiyon Faktorii 2 (RUNX2), Osteokalsin (OCN) ve
Osteopontin  (OPN) ekspresyon diizeylerini belirlemek igin RT-PCR (Ger¢ek Zamanl

Polimeraz Zincir Reaksiyonu) analizi yapilmustir.

Tez galigmasinin son boliimiinde, perflizyon biyoreaktorde akis ve kiitle transferi simiilasyon
calismalart COMSOL yazilimi1 kullanilarak gerceklestirilmistir. Modelin dogrulugu, doku
iskelesi olmayan bir biyoreaktdrde diisiik ve yiiksek akis hizi uygulamalar i¢in gelistirilen
modellerle test edilmistir. Ardindan, farkli akis hizlarinda ve farkli boyutlarda {iretilmis olan
gecirgen doku iskeleleri varliginda perfiizyon biyoreaktoriin akis modeli ve kiitle transferi
modeli ortaya konulmustur. Tez kapsaminda yapilan hesaplamali akiskanlar dinamigi (CFD)
modelleme calismalarindan elde edilen sonuglarin deneysel bulgular1 destekledigi

gOriilmiistiir.

Tiim analizler ve bulgular 1s18inda perfiizyon biyoreaktoriinde 0.1 ve 0.2 mL/dk akis hizi ve
3mm c¢apinda ve 6mm yiiksekligindeki doku iskeleleri ile yapilan dinamik kiiltiir yaklagiminin
insan mezenkimal kok hiicrelerinin osteojenik farklilagsmasini destekledigi gosterilmistir. Buna
ek olarak, CFD yaklagiminin, farkli ¢alisma parametreleri géz oniine alindiginda, miithendislik
iriinii kemik yamalariin in vitro iiretiminde basarili sonuglar elde edilmesinde belirleyici

faktor oldugu sonucuna varilmistir.

Anahtar kelimeler : kemik doku miihendisligi, insan mezenkimal kok hiicreleri, dinamik
hiicre kiiltiiri, kitosan-hidroksiapatit siipergdzenekli hidrojeller, P3D-6 ve P3D-10 doku

iskeleleri, perfiizyon biyoreaktor, hesaplamali akiskanlar dinamigi.
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1. INTRODUCTION

Bones are the essential components of the skeletal system in terms of acting as a framework
that supports and protects internal organs and enabling the ability to move. Furthermore, bones
participate in adjusting mineral homeostasis, and endocrine regulation of energy metabolism
[1]. Bone tissue, unlike most other tissues, possesses the ability of self-renewal and even
displays spontaneous healing capacity when damaged [2]. Numerous bone deformations, like
craniofacial deformity, due to congenital anomalies, tumor resections or hurtful injuries, may

be treated through reconstruction of the bone [3].

The bone grafts consist of autografts, allografts, xenografts, synthetic materials or
demineralized bone matrix, and have been widely used for the treatment of large bone defects
[5]. Among them, autologous bone graft treatment proves to be the most successful approach
for large bone defects, due to the minimal immune rejection rate when transplated to the target
tissue [4]. However, this treatment is restricted due to the limited availability of bone, which is
harvested from the iliac crest and medical complications following the harvesting such as
infection, nerve and arterial injury and chronic pain [6-8]. Due to these complications,
alternative strategies for bone healing that would allow absolute shape reconstruction,
mechanical strength and biocompatibility in both the short and long term are needed. To this
end, bone tissue engineering has evolved as a practical method of regenerating large bone
defects [4].

Renewal and regeneration of a defective bone without expecting one or multiple adverse side
effects can be done by promoting osteogenesis with the aid of appropriate scaffolds including
biocompatible carriers and specific growth factors via tissue engineering [9]. The
biocompatible and biodegradable materials [10] possess osteoconductive [11] and/or
osteoinductive properties [12]. In addition, tissue engineering approach contributes to the
formation of autologous bone tissue grafts that can be acquired from cells cultured on
scaffolds, hence proving an alternative for the shortage of donor tissue. Osteogenic cells from
suitable sources, biocompatible scaffolds, bioreactor culture systems and subsequent
functional integration with the host are critical components for the production of engineered

functional bone grafts [13].



Present bone formation modelling in vitro assumes that cellular differentiation and
functionality may be modified with the aid of signal molecules that play a significant part as
embryonic development takes place [14]. To design and imitate the conditions that would
enable the bone development, the combination of biosignals must be presented to the cells in a
3D setting in a way that would allow cellular interactions with the cells that surround the
formation and the extracellular matrix (ECM), while considering the complexity of signaling

presents significant challenges for fully applicable, functional bone [15].

The scaffold, which considerably affects the cell behaviour while granting structural and
formal frame for the development of the tissue, is considered as an integral element of the in
vitro bone modelling. Numerous types of scaffolds known for their porosity proved to support
in vitro bone development when treated with human cells. The mentioned scaffolds are

reported to be made of ceramics [16,17], polymers [18,19], and composites [20].

Properties of the scaffolds that are essential for bone development may be listed as the size,
distribution and shape of the pores [21]; roughness of the surface [22]; the location of cell
attachment sites [23]; and biomechanic features of both the material [24] and the scaffold.
Generally, it is expected from a suitable scaffold for bone tissue to have large and
interdependent pores, an inner surface based on osteoconductive materials and mechanical
properties that shows resemblance to native bone in order to promote cell infiltration, cell
adhesion and stimulation of osteogenesis respectively while supporting anisotropic structure,
vascularization capacity and anatomically correct shaping [15]. Scaffolds may also organize
and adjust the distribution of molecular signals that control cellular functions [25].

Bioreactor systems may be redesigned to regulate the transportation of nutrients and gases in
appropriately evaluated structures and can provide biological stimulants in numerous parts of
the construct [26]. Furthermore, bioreactor systems enhance the functional and mechanical
properties of the bone graft in order to imitate the physical capacity of the desired tissue.
Bioreactor designs offer to maintain and regulate the physiological properties in the cell
microenvironment by perfusion flow of culture medium. Bioreactors can also be customized
to recapitulate the developmentally related biophysical signals in a periodic manner. To
exemplify, enhanced mass transport and fluid shear [27,28], as well as cyclic loading [30]

appear to promote the osteogenesis and the homogenity of bone constructs. It is expected from
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a bioreactor to coordinate biological, physiological and mechanical stimulants, as well as to
apply these stimulants in a dimensionally and temporally controlled aspect in grafts of clinical
accordance. The scientific utility of tissue engineering chiefly relies on one’s capability to
precisely redirect the cells to differentiate into the right phenotypes in a pattern that is spatially
and temporally predefined [15]. Understanding and evaluation of the environmental
conditioning and the scaffold properties can provide a better understanding on bioreactors that
play an important role in defining the environmental parameters that affect the bone formation

from numerous types of osteocompetent cells.

In order to provide a better understanding on how various flow patterns and shear stress factor
affect the proliferation and differentiation of the cells; the hydrodynamic conditions of
bioreactors need to be characterized numerically and must be analyzed alongside the
experimental data. The ability to establish a correlation between the operational parameters of
bioreactors and cell migration and differentiation using Computational Fluid Dynamics (CFD)
is of great importance in terms of in vitro production of functional tissues as an engineering
product [31]. Although there are alternative experimental techniques to characterize the flow
in the bioreactor, CFD is considered as one of the most important techniques in terms of being
able to simulate three-dimensional flow in a short time and to be expressed with visual
arguments [32]. In this method, microenvironments that affect tissue scaffolds and cells can be

identified by taking advantage of fundamental mass and momentum equations [31,33].

The main aim of this study is to investigate the effect of different flow rates and different sizes
of tissue scaffolds on the differentiation of human mesenchymal stem cells (hnMSCs) to bone
tissue by static/dynamic cell seeding and dynamic cell cultures performed in a perfusion
bioreactor. For this purpose, the studies are divided into two parts: In the first part,
reproduction and differentiation behavior of hMSCs in chitosan-hydroxyapatite superporous
hydrogels under static seeding and dynamic culture conditions were investigated at different
flow rates. Cell viability, relative gene expression and cell morphology were examined and the
effects of perfusion cultures and operating parameters on cell behavior were investigated. The
installation of the perfusion bioreactor system was carried out in order to overcome mass
transfer constraints and mechanically stimulate the cells. To this end, a multichannel syringe

pump suitable for working at different flow rates, a perfusion chamber in which the tissue



scaffolds can be provided to allow operation with tissue scaffolds of different sizes, the use of
suitable fittings, valves and filters were used to prevent contamination during long-term in
vitro culture runs, to control flow rate and flow direction, to allow manipulation and to prevent
leakage. In order to acquire an efficient cell cultivation, dynamic cell culture studies using the
perfusion bioreactor have been completed comparatively with static approach. To examine the
effects of dynamic conditions on the hMSCs in the perfusion bioreactor, MTT assay was used
to measure cell viability and proliferation, SEM analysis for cell penetration imaging and RT-
PCR analysis for the detection of osteogenic gene expression levels in cells. In the second and
final part of the study, shear stress rates and nutrient concentration profiles were calculated by
CFD modeling studies in order to be able to identify the microenvironment affecting the cells
at different flow rates in the perfusion bioreactor. The data obtained from the simulation
studies were evaluated together with the experimental results and interpretations were made on

the appropriate conditions for mesenchymal stem cell proliferation and its differentiation.



2. LITERATURE REVIEW

In this section, the literature on the topics underlying the thesis work is presented under three
headings. In the first section, bone tissue engineering is defined, the current state of clinical
trial of engineered bone grafts are given and the limitations on their usage are discussed. In the
second part, the definition, function and influential applications of tissue engineering
bioreactors are presented. In the third chapter, information about the CFD approach used for
the simulation of flow and mass transfer in bioreactors is presented and examples from the

literature and functional applications are given.
2.1. Bone Tissue Engineering

Bone tissue is a highly uniform and programmed tissue that has the capacity to repair itself
and repair damage, but the treatment of large-scale injuries in the clinic is still a major
problem [34]. The first approach in treatment methods used in case of tissue loss or injury is
graft applications. Among these applications, “autograft” application is preferred as the gold
standard. The autograft is applied in the form of a piece of tissue taken from a healthy area of
the patient, placed in the area of tissue loss or damage. However, major inadequacies,
limitations, and complications have been identified in patching (graft use) procedures
commonly used clinically nowadays [35, 36]. In autografting applications performed with
tissues from patients themselves, surgical interventions lead to increased postoperative
morbidity in patients and consequently high costs in the health care system [37]. The second
option is to transplant the tissue from another source into the patient. When this resource is
human, the application is called “allograft” and when it is an animal it is called “xenograft”
[38]. Although autograft is considered as the gold standard in graft applications, it may cause
complications such as surgical problems and tissue structure [34]. In addition, the
insufficiency of adequate and suitable tissue source to be taken from the patient, treatment cost
problem and infection progression in the surgical area are some of the encountered problems.
In the allograft method, problems such as bacterial and viral infections, rejection by the
immunological system are on the agenda [35,38]. Today, the other treatment method used in
large fractures that occur in the bone tissue is the center of the metal implant, providing both

mechanical and structural support. Metal implants are regarded as materials that will replace



the bone, especially in long bone injuries. However, while metal implants provide advantages
in providing mechanical support, they also introduce some complications such as infection and

corrosion that makes them difficult to use [34].

The emergence of bone tissue engineering as an alternative treatment for bone injuries has a
history of about 30 years. Interest in bone tissue engineering methods and the studies in the
mentioned field are increasing all over the world. Bone tissue engineering products have
begun to be obtained and the clinical trial stages are evaluated. The aim of the studies is to
obtain products that will yield positive results at low cost in clinic. The number of patients
who are treated for bone damage is very high worldwide and the number of the cases are
increasing exponentially. Especially in countries with aging populations, low physical activity
rates and obesity problems, this problem is frequently encountered. Although many steps have
been taken to date from the onset of bone tissue engineering applications, a critical set of

obstacles still does not make possible clinical applications [36,39].

Thanks to the advances in materials science and processing technologies, it is possible to
produce tissue scaffolds with the desired physical and chemical properties. Angiogenic growth
factors may be used to provide tissue integration and vascularization. In preclinical studies,
large animal models are considered to be better models for transportation, patch size, and
healing properties, as opposed to generally preferred small animal studies. [32] Patient-free
practices should be developed instead of patient-specific approaches in order to reduce costs
and increase efficiency. However, single-component systems should be designed instead of
multiple systems so that the approaches developed can more easily be approved for clinical
applications. At this stage it is of utmost importance to improve the cell isolation methods and
to implement pre-implantation culture with bioreactor-based approaches [36]. Table 2.1
summarizes the current limitations and challenges that bone tissue engineering has

encountered with.



Table 2.1; Fundamental, evaluation and clinical challenges and knowledge limitations in bone
tissue engineering [36].

Fundamental Challenges

Selection of Optimal Cell Source, Tissue Scaffold, and Growth Factor
Providing Homogenous Tissue Formation in Scaffolds
Vascularization

Providing Tissue Integration

Knowledge Limitations

Participation of Recipient and Donor Cells in Regeneration
Suitable Agents that Regulate the Immune System

Complications and Side Effects of Donor Cells and Growth Factors
The Most Suitable Animal Model

Evaluation Challenges

e Quality of the Regenerated Bone
e Functionality of the Regenerated Bone
e Long-Term Tracking of the Regenerated Bone

Clinical Challenges

Approval of Food and Drug Administration (FDA)
Single and Multiple Components

High Cost

The Necessity of Patient-specific Approach

2.2. Bioreactors in Bone Tissue Engineering

2.2.1. Definition, Structure and Function of Bioreactors

Bioreactors can basically be defined as devices that enable biochemical and biophysical
microenvironment that mimics physiological environment and provide ease of use, reduce
contamination risk, provide scalability, allowing control over many operating conditions such
as oxygen, temperature, pH, nutrient concentration, carbon dioxide amount, flow rate, and
flow direction [9]. Originally, bioreactors are used in industrial fermentation processes, waste
water treatment, food and pharmaceutical industries, but they have become one of the key
elements of tissue engineering studies since they perform cellular activity in the original tissue

that has been shown to accelerate tissue regeneration and provide controlled, reproducible cell



proliferation [9]. Bioreactors are needed to increase numbers for transplantation of cells such
as hematopoietic cells, embryonic stem cells or mature blood cells. Another important area of
application is the production of 3D tissues to be used in the treatment of damages of bone,
cartilage, skin and blood vessels. Tissue engineering bioreactors help to understand cell and
tissue behavior by providing controlled culture conditions. In addition, organ support systems
are also evaluated as bioreactors, such as the kidney and liver. [33]. Various types of

bioreactors used in tissue engineering and traditional cultures are given in Figure 2.1.

T Flask TCPS Petri Dish

o ® i
. W

Spinner Flask Bioreactor

Rotating Wall Bioreactor

Rotating Bed Bioreactor |Magnetic Force Bioreactor| Hollow Fiber Bioreactor

- -
A

e

Figure 2.1; Conventional culture equipments and bioreactors used in dynamic cell cultures.

There are several major problems encountered in providing controlled conditions during
scaffold based culture studies in bioreactors; primarily based on the insufficiency of nutrients
that the cells require, and the inability to acquire a homogenous cell distribution when seeding
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takes place within the scaffold. Table 2.2 summarizes the parameters expected to allow

controlled monitoring of bioreactors during cell culture and their location in cellular events.

Table 2.2 parameters to allow controlled monitoring of bioreactors during cell culture and
their location in cellular events [40]

Physicochemical Parameters

e pH is a mandatory parameter to be kept within the physiological limit in terms of the
continuity of the cell culture.

e  The temperature must be maintained at 37°C for stem cell cultivation and plays crucial part.

e Osmolarity, being a highly efficient parameter in terms of cell functioning, plays an
important part in the maintenance of cell viability and functions.

o Dissolved oxygen rate can be considered as another important parameter for the growth and
the livelihood of the stem cells. Hypoxia considerably affects the preservation and
differentiation of stem cells, and therefore the dissolved oxygen levels in the fluid
environment is needed to be observed continuously.

e Hydrodynamic shear stress plays an important role in the physiological environment of the
mechanical load bearing tissues. Considering that the stem cells can easily be affected by the
culture parameters, it is important to keep the track of hydrodynamic shear stress in

bioreactors

Biochemical Parameters

e Nutrients are essential for the continuation of cell metabolism and its use as an energy
source in cellular processes.

e Moreover, the presens of waste products can affect the cell viability and therefore must be
monitored.

e Growth factors and cytokines are signal proteins that modulate a variety of cell functions,

such as self-renewal, differentiation, or survival. Therefore, they are essential to acquire.

2.2.1.1. The Role of Bioreactors in Cell Culture

In culture studies conducted with tissue scaffolds and cells, the distribution of cells within the
3D scaffold has a crucial effect on the texture, composition, and functionality of the
engineered tissue. For this reason, it is possible to say that cell seeding is one of the most

critical steps for the production of functional tissues [33]. In many applications, including



clinically applied autologous grafting, the cell source is often limited, so cells must be seeded
both at high yield and at high viability. It is particularly difficult to realize cell cultivation in
an efficient and reproducible manner for 3D scaffolds with complex pore geometry. The most
commonly used seeding technique is a simple application based on the release of a
concentrated cell suspension by pipetting onto the scaffold, which is referred to as “static
seeding”. This method, which depends on the experience of the person performing the
seeding, is not sufficient in terms of control and standardization [33]. Conventional seeding
methods are inadequate because of the quantitative limitations of large bone grafts used for
repairing large bone injuries [41]. Dynamic seeding approaches have been developed by
utilizing bioreactors to provide the high cell yield and the all he at of the cells in the

scaffold. Table 2.3 compares different cell seeding approaches.

Table 2.3; List of cell seeding methods under various parameters [42]

Static  |Rotational | Centrifugal | Vacuum | Cell Sheet | Magnetic |[Electrostatici Hydrogel |Rotational Vacuum| Bioreactor
Efficiency 10%—25% 90% 38% 60%—80% NIA 90%—99% 90% Not shown 60%—-90% 75%—94%
; WST-1 Hemocytomet
Hemocytom . Picogreen, .
Quantification eter, DNA Hemocyto | Picogreen, SEM, Histology assay, SEM Picogreen, Hemocytometer er, DNA
meter MTT assay hemocytom histology assay, MTT
assay histology
eter assay
EC,SMC, EC, SMC, SMC, EC, SMC,
Cell Type BMMNG EC BM-MNC |EC, MDSC fibroblast EC, SMC EC fibroblast EC, MDSC, BMPC EPC. BMSC
Ingrowth Minimal None Good Good NIA Good MNone Good Good Excellent
Phenotype None None None Not shown Yes Yes Yes None None Yes
Matrix + Production Prod[lc’ﬂon f Production Prodaction Production | Production None 11 Production None Production
Reproducibility Yes Yes Yes Yes Yes Yes No Yes No Yes
JCost Effectiveness| T LK) T ) 1 1 ) LI L) 1
In viva In vitro In vitro In vitro Inviva In vitro In vivo In vitro In vitro I vivo
Clinical Use (human) (human) (ammals) (ammals)
High High . High )
Simple, High seeding seeding rt:lslgzre seeding Sel-!g‘r:] Scaffold High seeding G%c;r?ds;fdmg
Advantages rapid, well seeding efficiency, | efficiency, P efficiency, =ding characteristic efficiency, <y,
systems, efficiency, morphological
established | efficiency | increased rapid, . simple, cell manipulation reproducible :
arteries fast maturation
cell simple specific
Adverse :
Slow Culture for effects on Only for " Complex, high
Adverse Complex, endathelial UV light risk of
Variable, (~24h), effects on days to rolon cel cells, lon exposure contamination
Disadvantages operatar risk of weeks, P 9 proliferatio - 10ng- p - Complex, costly !
cell culfure term adverse| untested in prolonged
dependent |contaminat untested in . n, long- . :
: marphology times effects vivo culture times
ion vivo term
unknown (weeks)
adverse

In the perfusion bioreactor system, in which the cell suspension is pumped through a 3D
scaffold with the aid of a pump, it achieves a more productive and efficient cell cultivation
than other methods [44]. Moreover, in dynamic cultivation with perfusion bioreactors,
controlled seeding and non-uniform distribution of cells using anisotropic architectural

scaffolds can be performed [43, 45].
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Figure 2.2 summarizes the bone regeneration strategies followed to obtain bone-like
structures. It has been found that cell cultivation by conventional seeding methods using the
flasks and plates have limited proliferative activity. On the other hand, it has been observed
that 3D tissue scaffolds and dynamic approach support the proliferation and differentiation
potentials of the cells. The goal of dynamic cell cultivation techniques in bioreactors against
conventional cultivation methods is to develop high quality, reproducible, efficient and
homogeneous cell-dispersed cultivation processes, and these processes can be carried out with

a wide variety of bioreactor types allowing specific applications [46].

Strategies for Bone Regeneration :
Bone-like Tissues Formation

Step1 ] Step V (Future
Harvest primary Spongy Bone Inject the bone-like
osteoblasts fromspongy & tissues into the deflect
bones which were site for autogenic
collected at surgery transplantation
¢
e T« Step IT' (2D) Step I (3D Step IV
Seedine the cells onto cell -~ Seeding the cells Collecting bone-like .
Monolayer S : . . .
ColiCutture  culture flasks of plates ../ £ ‘e %, intoCa-Alginate tissuesby @
-f Q' ‘ Scaffolds centrifugation &
' = - =5 @
H A g N Bone-ike
= ‘ “‘e‘} ’ Tissues
20 Culture 30 Culture m i
Step IIT (Dynamic
Incubate the cells inside the Functionally-Close Process Bioreactor
x System for proliferation and differentiation towards bone-like tissues
Step ITT' (Static)
Monolayer cells onlyhave ©7 7 =
limited potential to Limited
proliferate and differentiate p'::::;"'

Not Suitable for Transplantation

Figure 2.2; Strategies for bone regeneration and comparison of static and dynamic approaches
[47]

2.2.1.2. Mechanical Stimulation in Bioreactors

Establishing the physiological microenvironment in the bioreactor according to the type of

tissue targeted for repair is an important step for successful bioreactor application. It is
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noteworthy that biomimetic culture conditions have an important place in mechanical
stimulation as much as mass transduction criterion because bone tissue is vascular, it is
exposed to mechanical stresses and is a load bearing tissue. Physical factors such as
mechanical stress, shear stress, pressure and gravity are important criteria in bone remodeling
and are thought to have effects on the morphology, proliferation and differentiation of the
cultured cells in bone tissue studies. Since conventional culture methods are used for culturing
by stationary approach, it is not possible to obtain mechanical stimulation. However, different
stimuli are provided through bioreactors to obtain the targeted touch. Mechanical stirring is
achieved by continuous mixing in spinner flask bioreactors, by flow induced mechanical
stimulation in perfusion bioreactor. Pressure-based mechanical stimulation can be achieved in

mechanical compression bioreactors [48,49].
2.2.1.3. Mass Transfer in Bioreactors

Mass transfer in cell culture is an important issue in terms of determining the behavior of cells
under different culture conditions. It has been observed that the supply of nutrients supports
the proliferation and differentiation of cells. For this reason, cellular mechanisms at micro
level are supported by molecular factors, while at the macro level engineering approaches for
cell-ECM interaction are needed [33,50]. The greatest challenge to be overcome by
engineering multi-layered tissues is the ability to create large sized and fully live grafts.
Depending on the cause or extent of tissue damage, the graft should be several centimeters in
diameter. This size criterion, coupled with the risk of infection, makes transfer of metabolites
to cells in the graft center difficult [51]. In vitro production of clinically sufficient quantitative
patches is predominant in that tissue engineering bioreactors are systems that can reduce mass
transfer constraints by transporting nutrients through the diffusion pathway to the cells and
provide physical stimuli to the developing tissue [32,52]. In bioreactors, mass transfer of
nutrients and gases occurs by convection and diffusion mechanisms. When mass transfer is
evaluated in bioreactors, the two important components are oxygen and glucose. In aerobic
metabolic cycles, oxygen is the most important factor for cells. However, due to its low
solubility in the culture medium, oxygen is often the limiting component for tissue
development in vitro [48]. After the appropriate design of the bioreactor is completed, it is

required to allow 3D culture for cells growing in vitro and to form 3D tissue. In 2D culture,
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culture is carried out in conventional cell culture vessels, because of mass transfer limitations
the tissues in the complex structure can not be obtained. But in a bioreactor, controlled 3D

culture conditions and more complex structures can be obtained [50].
2.2.2. Design Requirements in Bioreactors

Bioreactors are devices that allow controllable physiological parameters (such as temperature,
pH) to remain at the same level throughout the cell culture. It is preferred that bioreactors
carry out cell seeding and cultivation processes automatically because of their simple
organization and user-friendliness [41]. Restrictions on 3D cultures in bioreactors are specified
in Section 2.5.2. There are specific design requirements of bioreactors to enable cells to
survive through long-term culture after seeding into tissue scaffolds [53]. In the body, cells are
key elements in the formation of tissue and organ architecture. Under appropriate conditions,
they can be modeled into functional tissue units in their microenvironment. While bioreactors
are being developed, designs are carried out by considering the information on this natural-

based approach [54]. Tissue engineering bioreactors must meet the following criteria [45,55]:

e Cells must be able to provide true physiological environmental conditions in vivo.
e Homogeneous cell distribution must be accomplished on the tissue scaffolds.

e Tissue-specific physical or mechanical stimuli must be provided.

e The mass transfer problem must be overcome.

¢ Nutrients, oxygen and carbon dioxide concentrations must be controlled.

e Monitoring of environmental parameters applied to cells must take place continuously.
2.2.3. Types of Bioreactors in Tissue Engineering

Different types of bioreactors are used in studies to provide different working conditions in
consideration of design requirements. It is also observed that the combinations of different
types of bioreactors have a higher ability to mimic bone physiology [55]. Despite the presence
of bioreactors in a wide variety of designs, the following information has been given on the
most widely used bioreactor types for tissue engineering studies. These include spinner flask

bioreactors, rotating wall bioreactors and perfusion bioreactors used in the thesis study.
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2.2.3.1. Spinner Flask Bioreactors

In stirred container bioreactors, tissue scaffolds are held suspended in the culture medium by
being fixed to the needles hanging from the shaft. It has the simplest bioreactor design and is a
widely used bioreactor type in tissue engineering studies [56]. In a glass or plastic container,
with two arms, with a magnetic stirrer at the center, the culture medium is continuously
stirred. Gas exchange is carried out in the arms on both sides. Mixing improves cell cultivation
efficiency when compared to static culture [33,54,55]. This also allows both the composition
of the culture medium to be homogeneous and also improves mass transfer within the scaffold
by reducing the thickness of the stationary boundary layer on the scaffold surface. However,
the cells that are continuously mixed with the magnetic stirrer are exposed to the turbulent
flow and due to the mass transfer, the cells move towards the center of the tissue scaffold [55].
The mixing speed and mixer type in the bioreactor are important because the vortices formed
during mixing can damage the developing tissue [48]. In Figure 2.3, a stirred vessel bioreactor

Is presented schematically.

Three-Neck Flask Incubator

Needle S
=
Scaffold — -

/

Cell Suspension
’” C 3
: /\M 5 ) (St~
Magnetic Bar Stirer

Figure 2.3; A spinner flask bioreactor. Scaffolds are secured in medium and the medium is
stirred using a magnetic stirrer to improve nutrient delivery to the scaffold [57].

2.2.3.2. Rotating Wall Bioreactors

Rotating-wall bioreactors were first used in tissue engineering studies after being designed by

NASA to be used in simulation applications of microgravity conditions. The culture medium
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is continuously mixing by two horizontally positioned concentric cylinders at the same angular
velocity [33,55]. When the velocity of the culture medium being rotated equals to the
sedimentation rate, the cells are subjected to continuous free fall and low shear stress [33,48].
This free motion of the tissue scaffolds provides a microgravity environment, while the fluid
flow created by the centrifugal force of the cylinder is counterbalanced by the gravitational

force [58,59]. In Figure 2.4, a rotating wall bioreactor is presented schematically.

(b)

(c)

Figure 2.4; A schematic representation of a rotating wall bioreactor (a). Scaffolds are mobile
in medium (b) and the rotation within the bioreactor improves the nutrient delivery rate to the
scaffolds (c). [60]

2.2.3.3. Perfusion Bioreactors

Perfusion bioreactors provide a wide range of uses in tissue engineering. They supply flow
through the pores in porous tissue scaffolds, and realize the necessary mechanical stimuli in
this way [54]. It is a system that is able to provide flow-based bone regeneration that can
overcome the mass transfer problems encountered in 3D cultures. Perfusion bioreactors are
devices that can control physical operating parameters such as flow rate, flow direction and
flow rate and provide physical stimulation that is more effective when compared to other
designed bioreactors providing homogeneous cell distribution when the culture medium is
merged with the continuous flow [56]. Perfusion bioreactor types are available in various
designs. Some fundamental parts are commonly used throughout these designs that can be
enlisted as the reservoir, the perfusion ring, the pump and the tubes that provide the
connection. The most important part of the perfusion bioreactor assembly is the perfusion

chamber where tissue scaffolds are maintained throughout the culture. The culture medium
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flows through the pores of the scaffold past the connection points of this chamber and the
sterility of the scaffolds along the flow is preserved [32]. Another important part is the multi-
channel syringe pump, which allows operation at different flow rates and directions. With the
aid of this pump, the flow rate and flow direction are automated, allowing the continuous
monitoring of the flow rate from the front panel [61]. In Figure 2.5-A, a gap between the tissue
scaffold and the circular walls can be observed, so the flow is seen to occur both inside and
around the tissue scaffold. Thus, the physiological vasculature can be mimicked by the pore
flow. In Figure 2.5 B, there is no gap between the tissue scaffold and the chamber walls, so the
flow occurs only within the scaffold and does not provide natural physiological application
[62]. The flow rate is the most important parameter in dynamic cell culture / culture studies to
be performed with a perfusion bioreactor. Studies conducted at high flow rates do not allow to
the cells enough time to adhere, which makes it difficult for the cells to attach to the surface
and the seeding efficiency is reduced [54]. In bone tissue engineering studies conducted with
stem cells, perfusion reactors are widely used and successful results are obtained [52, 63].

7N /IN
b L

i)
|/

Figure 2.5 The perfusion bioreactor. Left : Schematic representation of (A) indirect perfusion,
(B) direct perfusion [64].
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2.2.4. Bioreactor Applications in Bone Tissue Engineering

The most comprehensive bioreactor studies in the relevant literature are, appropriately, on the

comparison of the MSC’s reproducibility and differentiation potentials in different reactors by

using a tissue scaffold. In Table 2.4, examples of studies using bioreactors in bone tissue

engineering are given.

Table 2.4 The related literature review using bioreactors in bone tissue engineering. [65]

Bioreactor Design Results and Findings References
Fluid flow was found to affect matrix deposition positively and promoted the osteoblastic Bancroft et al.
differentiation of rat BMSCs. 2002[66]
Extracellular matrix on titanium scaffolds has promoted osteoblastic differentiation with shear Datta et al. 2006
stress and fluid flow. [67]
Calcium phosphate ceramics have enhanced the osteoblastic differentiation of rat BMSCs in | Holtorf et al. 2005
flow perfusion bioreactor. [68]
Calcium deposition has been found to be promoted by the flow. Alkaline phosphatase Gomes et al.

Flow Perfusion
Culture Bioreactor

expression and proliferation of rat BMSCs have been found to be affected by the porosity of
the scaffolds.

2006/7 [69, 70]

Flow perfusion has found to promote the osteoblastic differentiation of rat BMSCs in the

Holtorf et al. 2005

absence of osteogenic supplements. [71]

Flow perfusion enhances the calcium production, proliferation and differentiation of rat Sikavitsas et al.
BMSCs on nonwoven PLLA scaffolds and improves the cell distribution. 2005 [72]
Flow perfusion augments production and localization of various bone related growth factors: | Gomes et al. 2006
transforming growth factor-p1,A, fibroblast growth factor-2, vascular endothelial growth [73]

factor, and bone morphogenetic protein- 2

Flow perfusion bioreactor has contributed to the seeding potential of rat BMSCs in oscillatory
flow setting.

Alvarez-Barreto et
al. 2007 [74,75]

Constant flow rate and increased shear stress has enhanced the matrix production in rat

Sikavitsas et al.

BMSCs. 2003 [28]
hMSCs have found to increase the expressions of bone morphogenetic protein 2, bone Bjerre et al. 2008
sialoprotein 2, Runt-related transcription factor-2 and alkaline phosphatase in correlation with [76]

fluid flow.

Titanium fiber mesh scaffolds seeded with rat BMSCs and cultured in flow perfusion

Sikavitsas et al.

bioreactor has been successfully used in cranial defect model. 2003 [77]
A novel bioreactor has been used to promote the cell number and distribution and to | Grayson et al. 2008
Radial Channel investigate the osteogenic differentiation potentials of h(MSCS on 3D scaffolds. [27]
Perfusion System Radial channel has promoted the cell distribution and bone matrix formation of human adipose | Frohlich et al. 2010
derived stem cells. [13]
Complex Geometry | hMSCs cultured on a biomimetic scaffold-bioreactor system has enabled the production of | Grayson et al. 2010
Perfusion System | bone grafts of non-uniform geometries. [78]

Central Tunnel
Perfused Scaffold

The 3D flow perfusion system has enabled a constant and homogenous nutrient provision and
proliferation for sheep MSCs seeded on 8 —tricalcium phosphate scaffolds of critical sizes.

Xie et al. 2006 [79]

Shear stress has been found to promote osteoblastic differentiation of hBMSCs, mass transport
has been found to promote differentiation in lower ranges.

Li et al. 2009 [80]

Indirect
Perfusion
Bioreactor

Dynamic approach proved to be more advantageous in terms of the proliferation compared to
the static approach. Convergent flow gave better results than divergent flow, and homogenous
cell distribution has been achieved.

Oliver et al. 2007
[81]

The proliferation and osteogenic differentiation of human bone marrow-derived stromal cells
(hBMSC) on membranes of mineralised collagen type | was investigated. In comparison with
the cells cultured in tissue culture polystyrene, an increase in osteogenic differentiation of
hBMSCs was detected, while a decrease was observed in proliferation rates. Perfusion of the
2D cell matrix constructs was found to be ineffective in terms of improving proliferation and
osteogenic differentiation of the hBMSCs.

Bernhardt et al.
2008 [82]

Osteoblastic differentiation was promoted in tubular perfusion culture in comparison with
static culture due to the high alkaline phosphatase activation in 250 pm pore size group. Bone
morphogenetic protein 2 was also found to be most prominent in 250 pm and 500 pm pore
sized groups. Cellular response to pore size and the culture type were found to promote the
effects given.

Pisanti et al. 2012
[83]

Tubular perfusion bioreactor has enhanced bone tissue regeneration and has shown the importance of
employing the appropriate bioreactor system to culture MSCS for bone tissue engineering.

Yeatts et al. 2014
[62]
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(Continuation) Table 2.4 The related literature review using bioreactors in bone tissue
engineering. [65]

Direct Perfusion
Bioreactor

A homogenous cell growth and distribution of goat BMSCs wes successfully maintained and

Janssen et al. 2006

oxygen consumption was successfully measured during the experiment [84]
Goat BMCSs on calcium phosphatase ceramic scaffolds cultured on a direct perfusion Janssen et al. 2006
bioreactor has successfully produced relevant volumes of bone and has shown bone formation [85]

after its implantation into mice.

A semi-automated perfusion bioreactor system has found to be able to produce tissue

Janssen et al. 2010

engineered bone in mice after dynamic culture. [86]
Tissue Culture Tissue Culture Under Perfusion bioreactor system has enabled the formation of bone when Timmins et al.
Under Perfusion implanted into mice. 2007 [87]

U-tube Cell
Seeding Perfusion
Bioreactor System

A bioreactor system that enables a continuous perfusion through the scaffold pores in
oscillating directions has successfully improved cell viability, uniformity and increased the

Wendt et al. 2003

cell number. [88]
Human BMSCs seeded directly on 3D scaffolds and expanded by perfusion culture, allowing a | Braccini et al. 2005
reproducible, uniform and efficient graft that has produced bone tissue when implanted into [89]

mice.

Stainless Steel

Higher proliferation was detected for lower flow rates while Runt Related Transcription Factor

Cartmell et al. 2003

Perfusion Block 2, Osteocalcin and Alkaline Phosphatase expressions relatively increased. [90]
Axial Perfusion A micro-CT imaging based technique has been developed to measure the rate of mineralized Porter et al. 2007
Bioreactor System | matrix production of rat BMSCs over time. [91]
The viability of hMSCs lasted for 14 days in vitro and 12 weeks in vivo cultures. Seitz et al 2007
Gradient [92]
Container Perfusion system has highly prevented cell death in the central regions of 3D scaffolds due to Volkmer et al. 2008
hypoxia. [93]
Perfusion bioreactor system has found to promote the proliferation and differentiation of Yang et al. 2010
hTERT-hMSCs. [94]
Higher cell densities of hMSCs seeded in non-woven poly ethylene terephthalate fibrous Zhao et al. 2005
matrices and cultured in 3-D perfusion bioreactor system have been reached after 40 days. [95]
Higher metabolic rates and homogenous distributions of hMSCs in perfusion culture have Zhao et al. 2005
been obtained and mathematical modelling has been established. [96]
Shear stress has been shown to regulate the construction and differentiation of hMSCs. Zhao et al. 2007
[97]
The abundance of extracellular matrix proteins suggested that dynamic culture has promoted Zhao et al. 2009
] hMSCs to form organized matrix and their osteogenic ability. [98]
~ Perfusion Perfusion culture has promoted bone morphogenetic protein 2 expressions of MSCs cultured Hosseinkhani et al.
Bioreactor System | jn pGA-reinforced sponge by the perfusion method due to the presence of a high amount of 2005 [99]

plasmid DNA.

The combination of plasmid DNA-impregnated PGA-reinforced collagen sponge and

Hosseinkhani et al.

perfusion bioreactor has enhanced the gene expressions for rat MSCs. 2006 [100]
The combination of MSC-seeded collagen—PGA scaffolds and perfusion bioreactor was found Hosseinkhani et al.
to promote the osteogenic differentiation in ectopic rat model. 2006 [101]
The perfusion culture system has enabled the of bone marrow derived osteoblasts in a porous Wang et al. 2003
ceramic scaffolds to present a higher alkaline phosphatase and osteocalcin expressions, [102]

alongside with a significant enhancement in bone formation.

2.3. Computational Fluid Dynamics in Bone Tissue Engineering

2.3.1. Computational Fluid Dynamics

Partial differential equations are used to express the laws of conservation of mass, momentum

and energy to solve problems related to fluids. Computational Fluid Dynamics (CFD) can be

defined as an analytical approach to solving these equations only with special conditions and

assumptions.
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Fluid motion is encountered in almost all areas; Heat exchangers, chemical reactors,
automobile engines, meteorological phenomena, and the functioning of the human body. In
computational fluid dynamics studies it is possible to perform both qualitative and quantitative
analysis of flow by using mathematical modeling, numerical methods and computer software
[103].

It can be said that scientists and engineers can do numerical experiments through computer
simulations. In order to be able to identify the flow in laboratory experiments, a limited
number of measurements can be taken in small scale systems under certain operating
conditions. Repeatability of the experiments is reduced due to measurement errors and
changes occurring in the system when measurements are made. In simulations that are
accomplished with computational fluid dynamics, it is possible to estimate the values that
would be taken under different conditions for real flow problems without any size and time
constraints. Simulation studies are multi-purposed as well as a much cheaper and faster
application, but it is not possible for simulations to take full advantage of experimental
approaches, for the reliability of CFD simulation results is never 100%. The fact that the
mathematical model is insufficient to identify the real problem, the number of predictions
made when inputs are determined, and the power of the computer used for simulation can
reduce the accuracy of the results. With the use of CFD simulations, however, it is possible to

reduce the number of experiments and the total cost [104].

It is necessary to have some important knowledge about the flow to handle a problem using
the computational fluid dynamics. For systems that are not steady or unsteady, the flow is
compressible or incompressible, and the formation of laminar or turbulent profiles in single-
phase or multiphase flows affects the success of the simulation. It is possible to say that
modeling is easier in systems where there is no laminar flow, single phase and chemical
reactions [104].

The first step for simulation is to create a mathematical model. Fort his purpose, the proper
flow model should be chosen and the forces that cause motion and the geometry of the
calculation must be determined. At the last stage, mass, momentum and energy conservation
equations should be formulated and boundary conditions defined. In order to solve the

functions and partial differentials found in the equations of the model with computer software,
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these equations need to be transformed into a form that the computer can process. The process
of transforming partial differential equations into a group of algebraic equations is called
“discritization” [105].

There are four basic methods of discritization that are used to solve engineering problems:
finite difference method (FDM), finite element method (FEM), boundary element method
(BEM) and finite volume method (FVM). In the finite element method (FEM), the
intermediate values of the physical variables are located on the solution domain. Boundary
conditions are fully provided, while field equations are approximate [105]. Today, there are
many commercial CFD software such as COMSOL, FLUENT and ANSYS CFX. FLUENT
uses finite volume method, while discritization is performed by the finite element method in
ANSYS and COMSOL software [103,106]. Computational fluid dynamics are important in
spatial approaches Periodic discritization, mesh (network structure) selection and installation

equations. Detailed information is provided in the following sections.
2.3.2. Spatial Discritization

Simultaneous solution of partial differential equations is carried out in researches on three
dimensional transport. While there is no analytical solution to all equations, the use of
complex techniques for analytical solutions is also unnecessary. Numerical techniques enable
more direct and faster solution. However, with numerical techniques, approximate results are
achieved instead of actual results. For an accurate solution, the following steps must be fully
implemented in all CFD simulations: (i) the creation of geometry accurately, (ii) the division
of the system into a correct and feasible number of elements so that numerical calculations can
be performed, (iii) choice of mathematical models that estimates the system best, (iv) the

computational fluid dynamics in tissue engineering, appropriate boundary conditions [107].

In order to apply numerical methods, it is necessary to divide the system area into smaller
pieces. The process of discritizing the solution area into smaller nodes is called “hanging” or
“grid production” in numerical calculation and CFD language. Using discretized states of the
conservation equations, solutions are made for each node in the system according to the

conditions of the environmental nodes [105].
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2.3.3. Determination of Mesh Size and Asymmetrical Meshing

The computational fluid dynamics technique is based on partitioning of the solution area into
smaller elements and analyzing each element separately, according to the conditions of the
neighboring elements. In plane problems; Triangular, quadrilateral, polygonal elements are
used, and the edges of these elements can have a straight or curved shape. Four-sided, six-
sided, and parallel prism elements are commonly used in three-dimensional problems [107].

Figures 2.6 a and b show examples of elements used for 2D and 3D systems.

Two Dimensional Elements Three Dimensional Elements

VA

e
Prisms Pyramids

Triangular Quadrilateral

(a) (b)

Geometry
Asymmetric Meshing

Coarse Mesh

Fine Mesh

(d)

(c)

Figure 2.6; Two dimensional elements in CFD (a), three dimensional elements in CFD (b),
mesh types in CFD (c), an example of asymmetric meshing (d). [108]

The accuracy of computational fluid dynamics simulations depends on the degree of
discritization of the solution. The use of large mesh sizes leads to inaccurate, misleading and
inadequate solutions. The reason for this is that when the element size is large, the system
areas where the solution is constructed are far from each other. By reducing the element size,
more localized solutions can be obtained so that the accuracy of the calculations and the
resolution area have sufficient resolution. Although small mesh sizes allow us to achieve more
accurate and accurate results, the availability of more elements in the system area increases the

number of calculations required to achieve results, and therefore the need for computational
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resources. For this reason, it is necessary to determine the most suitable mesh size in terms of
resolution as well as the required source [37]. Figure 2.6.c shows images of the lattice
structures obtained by using large and small elements of the rectangular geometry created in a
2D system. Because of the high aspect ratio of the tissues in general, the possibility of
asymmetric meshing in CFD applications is very important in terms of tissue engineering
researches. When asymmetric meshing is used, large elements are used in low-activity (low-
gradient) regions, while regions where rapid change occurs can be divided into smaller

elements (Figure 2.6 d).
2.3.4. Grid Independence

Grid independence is a matter of direct mesh size selection. Mesh size selection is a trial-and-
error procedure without exact rules, so when selecting the node size, a good prediction is
needed and the results are not guaranteed to be correct. For this reason, it is necessary to
repeat the solution by reducing the mesh size and to compare the obtained results with the
previous ones. If the difference between the two solutions is within a certain range of
tolerance, then the ideal mesh size is reached. Thanks to the latest developments in CFD
packages such as COMSOL, mesh selection can be done automatically. New meshing
algorithms can detect areas that require higher resolution within the solution area and can re-

adjust mesh size.
2.3.5. Periodic Discritization and Time Sequence

Due to its inherent transitional process, in studies on tissue regeneration, solutions are needed
that can show the system change over time. This need makes periodic discritization as
important as at least spatial discritization. The more critical the mesh size selection is to reach
the right solutions, the more the time step values are determined. Incorrectly chosen time steps
lead not only to incorrect solutions, but also to problems of convergence and unreasonable
results such as negative concentration [107]. The time step (At) has been investigated deeply
in the CDF literature for non-decentralized solutions and various rules have been established

in order to be able to find the maximal At as a function of the mesh size.
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The most general suggestions are:

(1) a typical particle moving in the system domain should not pass from one element to
another within a time step,
(i) aparticular particle should not be diffused farther than an element in a time step,

(iii)  momentum should not diffuse farther than an element in a time step.

In addition to these rules, maximum time step values can be calculated from the setup
equations. For systems with transient behavior, the time step value should be optimized

separately from the mesh size [107].
2.3.6. Determination of Installation Equations

Many researchers have benefited from the CFD to be able to examine the effects of flow field
distributions in bioreactors. In addition to these workflows, where flow profiles and shear
stresses are often computed, more recently, more complex approaches have been developed to
account for changes in the permeability of scaffolds, cell growth kinetics and different
geometric configurations due to tissue formation. The selection of the mathematical model is
extremely important because it expresses the events taking place in the system. A model with
unknown parameters or an incorrectly selected model can cause both invalid results and

invalid solutions.
2.3.6.1. Flow Characteristics

In bioreactors, knowing the range of values of typical operating parameters such as pressure
drop and flow rate is of great benefit in that optimum values can be found. Due to the
characterization of flow characteristics, optimal values for cell migration, differentiation and
extracellular matrix accumulation can be selected and shear stress, mass transfer and flow
fields can be calculated. These approaches are also very important for bioreactor design. The
bioreactor geometry can be determined using the computational fluid dynamics, and the

positions and sizes of the inputs and outputs can be optimized.

Navier-Stokes equations (Equation 2.1) are used for the characterization of flow in
bioreactors.
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P p

n represents dynamic viscosity (Pa-s); u reperesents the linear flow velocity in open channel
(m/s); p represents the density of the fluid (kg/m®) and p represents the pressure (Pa). The
Navier-Stokes equations for the laminar flow profile in perfusion bioreactors and rotary
bioreactors are easily applied. However, turbulent flow generally occurs in confounding cap
bioreactors. Various approaches are used to model the effect of turbulence in the
computational fluid dynamics. Studies conducted with the k-w model or other Reynolds Stress
Models (RSM) developed to add the kinetic energy and propagation of turbulence to the
account have been published [31,107].

2.3.6.2. Porous Media

Simultaneous modeling of free and porous media effects in the characterization of flow is a
widely used approach because of the usage of porous tissue scaffolds in tissue engineering
bioreactors. The most common method for matching flows in free and porous media is the use
of Darcy equation [41,107]. In low Reynolds numbers in porous media, the Darcy equation
connecting the drive power and the flow for laminar single-phase flow is given in Equation
2.2.

u= EVp (Equation 2.2)
n

Kk represents, the permeability (m?) of the porous media.

In Darcy’s law, there are no viscous effects caused by the free-air flow, which can show
various effects on the interface of free and porous media. For this reason, Darcy equation can
reduce the flow model very much, depending on the properties of the fluid, the size and
distribution of the pores. Brinkman equations are anticipated as an extension of Darcy’s law
and allow continuity for velocity and shear stresses at interfaces [41,107]. The Brinkman
equation given in Equation 2.3 includes both viscous and drag forces. Thus, when
permeability reaches infinity in the free environment, equation becomes Navier-Stokes

equality.
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T vy-Ty=vp (Equation 2.3)

Ep K

&, represents porosity (non-dimensional).

2.3.6.3. Modelling of Nutrient Transport

One of the most fundamental aims of tissue engineering bioreactors is to renew the culture
medium and provide the necessary nutrients to developing cells and tissues. Mass transfer in
bioreactors occurs through two mechanisms depending on flow characteristics: convection and
diffusion. In systems where the flow dominates, the mass transfer can be modeled by the
convective-diffusion equation given in Equation 2.4. According to this equation, the
concentration changes are not only due to diffusion, but also due to the larger gradients at
which the flow is caused. The convective-diffusion equations (Equation 2.4) are combined
with the Navier-Stokes equations (Equation 2.1) in order to find the nutrient distribution in the

bioreactor.
V.(-D,gVe)+uve=r, (Equation 2.4)

C represents concentration (mol/m®); D, represents the diffusion coefficient (m?/s); ry
represents the net reaction rate for the component.

The reaction rate constant given in Equation 2.4 shows the rate of food consumption in the
reactor. Several studies have been conducted to investigate cell population dynamics or
oxygen consumption in porous media [107]. In some studies, the metabolic rate of

consumption of glucose, lactate, or oxygen was found in the Michaelis-Menten equation
(Equation 2.5).

V.Ca .
-, = —m*A Equation 2.5
"“K +c, (Eq )

V, represents the maximum rate of consumption (mol/m?-s); K, represents the Michaelis-

Menten constant (mol/m?).
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However, in order to benefit from the Michaelis-Menten equation in computational fluid

dynamics models, the cell properties (V,_,K_ ) that are studied must be achieved by using

experimental methods.
2.3.7. Computational Fluid Dynamics Applications in Tissue Engineering

In order to better understand the effects of different flow regimes and shear stresses on the cell
proliferation and osteogenic differentiation behavior in the bioreactor, the hydrodynamic
conditions of the bioreactors should be quantified and evaluated together with the
experimental data. The ability to establish a relationship between the operational parameters of
bioreactors and cell migration / differentiation using CFD is of great importance in terms of in
vitro production of functional tissues as a tissue engineering product [26]. Although there are
experimental techniques such as LDA (Laser Doppler Anemometer) or PIV (Particle Image
Velocimetry) to characterize the flow within a bioreactor, CFD is considered as one of the
most important techniques in terms of being able to simulate 3D flow in a short time and to be
expressed with visual arguments. In this method microenvironments affecting tissue scaffolds
and cells can be identified by taking advantage of the basic mass and momentum equations
[31, 33].

Maes et al. (2009) compared the wall shear stresses of scaffolds with different porosity
properties in the perfusion bioreactor using the CFD model [90]. Yan et al. (2011) modeled
the flow in two different bioreactors, both perfused and non-perfused, based on a tissue
scaffold produced by rapid prototyping. While high shear stress values are calculated in the
perfusion system due to the flow through the pore, it has been found that the pores of the
scaffold are exposed to very small shear stresses in the perfusion-free system where the culture
medium is drained around the tissue scaffold [109]. In a study investigating the effect of flow
on cell adhesion, the complex mechanical properties of cells were simplified through a linear
elastic model, and the effect of varying flow rate on the perfusion bioreactor on the disruption
of the cell surface was investigated [110]. In 2009, Cinbiz et al. published the CFD model
using the Fluent software and evaluated the results obtained from the model with the
experimental results and discussed the usefulness of the rotary wall bioreactor for cartilage
tissue engineering [33]. It is important to calculate the gas and nutrient concentrations as well
as the effect of flow and mechanical stimulation in the computational fluid dynamics models.
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Model validation is also possible by adapting appropriate sensor systems to bioreactors [111].
Table 2.5 provides examples of CFD approaches used in tissue engineering applications

Table 2.5 CFD approaches used in tissue engineering applications in related literature.

Study Conclusion Reference
The impact of stagnant zones within an irregular
The flow in a percolation porous structure by direct | scaffold structure was modelled and found to 112
simulation was performed. influence the overall flow field of the system.

Multiple numerical simulations in conjunction with | Managed to establish a basic relationship between the
their experiments to verify the orbit of microcarrier | density of the microcarrier beads, the surrounding 113
beads within a rotating bioreactor vessel was | fluid’s density, and the resulting orbits of the beads.
performed.

Applied Fluent CFD models to calculate flow | From these computational modelling studies they
fields, shear stresses, and oxygen profiles around | concluded that these values are above oxygen

nonporous constructs which simulated cartilage | concentrations in cartilage in vivo, suggesting that 32

development in a concentric cylinder bioreactor. bioreactor oxygen concentrations likely do not affect
chondrocyte growth.

Developed equations based on the level-set | The level-set method provided higher levels of

principle to model fluid flow as well as to estimate | accuracy, proved to be quite complex and not always 114

soft tissue growth within a bioreactor. feasible to apply.

Experimented on the CFD model based on the bi- | Demonstrated that bi-axial bioreactor rotation
axial bioreactor rotation. enhances fluid flow within the vessel and the 115
scaffolds positioned within the vessel.

Verified the efficacy of a home made wavy-walled
spinner flask using CFD by investigating and
Experimented on the CFD model based on a home | characterizing the flow regimes within their system,
made wavy-walled spinner flask in order to | which were found to support cell proliferation by 116
evaluate its functionality. enhancing fluidic transport and stimulating matrix
deposition of chondrocytes.

Developed a CFD model of culture medium | The shear stress field is mapped for each fluid
flowing through a 3D scaffold of homogeneous | domain obtained from the histological images. The
geometry, with the aim of predicting the shear | simulations showed that the pore size is a variable
stresses acting on cells as a function of other | that strongly influences the predicted shear stress 117
parameters, such as scaffold porosity and pore size, | level, whereas the porosity is a variable that strongly
as well as medium flow rate and the diameter of | affects the statistical distribution of the shear stresses,

the perfused scaffold section. but not their magnitude.
Experimented on FEMLAB to utilize the | Utilized a FEMLAB code to model the rate of
distribution of the nutrients in the culture medium. | nutrient uptake in the culture of bone tissue with 118

respect to their hollow-fibre membrane bioreactor.

Stated that vortex breakdown flows may enhance | Discovered that profile and intensity of these fluid
the mixing of culture media by presented a | recirculation regions are highly Reynolds number 119
different  perspective on the fluid-mixing | dependent
phenomena within a spinner flask .

Experimented on a comprehensive tissue-growth | Presented a 3D model based on cellular automata
model in order to overcome the problem of the | able to simulate the all he of a cell population
complexity of the biological processes and a | taking into account cell division, migration, different
relative lack of experimental data needed for | seeding modes and contact inhibition. 120
validation,

Experimented on the environment all he | Characterized the complex hydro dynamic
cartilage constructs by redefining the geometries | environment and examined the changes in the flow

all he spinner flask and two different | field due to the different positions of tissue- 121
configurations of the wavy-walled bioreactor. engineered cartilage constructs.
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(Continuation) Table 2.5 CFD approaches used in tissue engineering applications in related

literature.

Experimented on the development of a CFD model
coupled with the cellular automation algorithm
based on this background.

Succeeded in creating a model that studies in vitro
tissue growth and is able to account for both cell
migration and the cellular microenvironment, as
created by the perfusion bioreactor system (e.g.
nutrient and oxygen transport, mechanical stimuli).

122

Combined partial differential equations and the
mixture theory, which was originally derived from
the general theory of multiphase porous flow,
where tissue, water and solid scaffold are modelled
as different phases.

Successfully created a model that is able to account for tissue—
tissue, tissue—water and tissue-scaffold interactions that makes
it possible to acquire a viable alternative to tissue-growth
models based on cellular automata which leads to the
conclusion of the mentioned approach constituting a viable

alternative to tissue-growth models based on cellular automata,
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To construct the model geometry with pCT data
and to calculate the all shear stresses affecting
tissue scaffolds in the perfusion bioreactor.

The importance of all sheer stress has been
emphasized. When it comes to evaluate all of the
uCT data, the consumption of excessive time and
resources has been verified. It has been discovered
that when there are cells on the scaffold, the change
in the flow can be neglected.
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Calculation of the shear stresses that is affecting
the cells in chitosan tissue scaffolds cultured in a
rotating all bioreactor.

The shear stress values in the rotating bioreactor
were found to be low, consistent with the literature.
The lateral regions of the tissue scaffolds were found
to be subjected to high shear stress, while the upper
surfaces were found to undergo lower shear stress.
The advantages of the bioreactor in the oxygen
transfer model operating in continuous operations
have been observed.
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To demonstrate the advantages of the rectangular
channel and the uniform distribution of forces and
flow on the cylindrical cartridge structure in
conventional perfusion reactors.

More uniform flow and shear stress were obtained in
the rectangular channel. In perfusion reactors, it has
been found that the flow must reach a certain
distance before it reaches the scaffold. It is stressed
that Stokes and Darcy equations are difficult to apply
together and that Brinkman is a better model.
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Characterization of flow in the scaffold under the
conditions of perfusion and non-perfusion systems.

Lower shear stress is obtained in non-perfusing
systems. It has been discovered that the flow model
is much easier to create on CAD-designed scaffolds.
The shear stresses and velocity profiles varied as the
size of the geometry changed.
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The characterization of the flow in the spinner
flask bioreactor was evaluated by means of two
different meshing methods and collecting the
experimental data by using pPIV.

PIV data appeared to be more consistent with the
immersed solid mesh method. The importance of
evaluating different turbulence and meshing methods
for turbulence has been emphasized. It has been seen
that PIV is an important technique for model
validation.
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Investigation of the effect of media flow rate and
pore size on cell adhesion and cell surface removal
in a perfusion bioreactor.

A realistic mathematical model was created using
experimental data. It has been found that the
disconnection of the cell from the surface is inversely
proportional to the flow velocity and to the pore size.
It is emphasized that the model can be used for
optimizing the operating parameters in perfusion
reactor studies.
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3. RESEARCH METHODOLOGY AND THEORY

In this section, the information about the experimental studies carried out within the scope of
thesis is presented. In the first chapter, the information about the chemical and biological
materials used in the studies was given. In the second chapter, general information about the
production procedure of chitosan-HA SPHCs and the cell model used in experimental studies
are presented. In the third and fourth chapters, components of the perfusion bioreactor and
different mechanisms established for cell culture are described and sterilization studies are
presented. In the fifth chapter, cell seeding and culture studies for human mesenchymal stem
cells were carried out with tissue scaffolds of different sizes (P3D-6 and P3D-10) in the
perfusion bioreactor have been included. Finally, in the last chapter, information about the
modeling of computational fluid dynamics for the simulation of flow and mass transfer in

perfusion bioreactor is presented.
3.1. Materials Used in Experimental Studies

Chitosan (75-85% deacetylation) was obtained from Aldrich (Germany). Glyoxal 40%
aqueous solution (Aldrich, Germany) was used as the cross-linker, and sodium bicarbonate
(NaHCO3) was used as the gas foaming agent (Merck, USA). Acetic acid was obtained from
Riedel de Haen (USA), spherical hydroxyapatite (HA) particles ranging in size from 55 to 110
um were obtained from Science Application Industries, France. Sterile Dulbecco’s Phosphate
Buffered Saline (DPBS, pH:7.4), Minimum Essential Medium Alpha Modification (a-MEM)
cell culture medium, fetal bovine serum (FBS), trypsin/EDTA solution and amphotericin-B
(pH 7.4) which are used in cell culture were obtained from Hyclone (ABD). MTT (3- (4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution used for cell viability
analysis, penicillin-streptomycin, p-glycerol phosphate salt, L-ascorbic acid and
dexamethasone were purchased from Sigma (Germany). Twentyy-four well tissue culture

polystyrenes (TCPS) were purchased from Nunclon Delta Surface (Denmark).

In all experimental studies conducted, hMSCs which were in stock and readily available in our
laboratory were used. The hexamethyldistilazane (HMDS) used for sample preparation for
SEM analysis were obtained from Sigma, (Germany). Cell culture dishes of 75 cm? and 150

cm? were obtained from Orange Scientific (Belgium). Samples for RT-PCR analysis were
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stored in Trizol (Invitrogen, USA) at -80 ° C until the analysis took place. Expression levels of
Col 1, RUNX2, OCN, and OPN were determined by RT-PCR analysis to determine

osteogenic differentiation.
3.2. Production and Characterization of Chitosan-HA SPHCs

Chitosan-HA tissue scaffolds were produced using microwave effect and gas foaming method
[32]. A 2% (w/v) chitosan solution for the production of tissue scaffolds was obtained by
dissolving chitosan solution in 1% (v/v) acetic acid for 1 day using a magnetic stirrer. After
addition of HA microspheres (50 mg/mL) to the chitosan solution, homogeneous distribution
of the HA particles in the solution was achieved by mechanical stirring. Subsequently, glyoxal
(2 uL/mL) was added as a cross-linker and NaHCO3 (3 mg/mL) as a foaming agent and the
homogenization of the contents was achieved with a mechanical stirrer. The resulting mixture
was dispersed in the wells of multi-well culture vessels and then quickly put into a microwave
synthesis oven (Milestone, Italy) for 60-90 s and programmed at 90 Watt (W). At the end of
the specified time period, foam formation and gelation were observed. Ethanol, 96% (v/v),
was added to the specimens so that the removal of the hydrogels from the wells were
facilitated. As the water molecules in the hydrogels transposed with the alcohol molecules
which led to a diminution in volume the shrinking hydrogels were easily removed from the
wells. Hydrogels which removed from the wells were swollen in pure water to remove
unreacted cross-linker and other impurities. The resulting hydrogels were kept at -20 ° C for 1
day and then lyophilized for 4 days at -80 ° C in a freeze-drying apparatus (Christ, Germany)
for complete drying, and then were allowed to stand overnight in 96% ethanol (v/v) to
stabilize them. The hydrogels were then dried for an additional 1 day to remove ethanol from
the constructions. After the hydrogels were completely dried, they were cut to have a diameter
of 6 mm, a height of 3 mm and a diameter of 10 mm and a height of 3 mm, respectively,
according to the dimensions of the perfusion ring (P3D-6 and P3D-10). The materials used in
the production of chitosan-HA tissue scaffolds are summarized in Table 3.1, and the chitosan-

HA production steps are schematically summarized in Figure 3.1
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Table 3.1. Chitosan-HA SPHC Production Materials and Quantities

Name of the Chemical | Purpose of Use Chemical Structure Amount
Chitosan Polymer \[&EMJ; \t 2% (w/v) Chitosan
( 75%-85% deacetyvlated ) Solution
o ca’
Hyvdroxvapatite (HA) Composite agent 0- ﬁr-o 50 mgmL
(55-110 pm) OHCa™0
H
[ //O
Acetic acid Solvent H—h—te 100 mL
H O—H
i e
Glvoxal Cross-linker \\ c . 2 2 uL/'mL
-~
{40% aqueous solution ) o Z \H_
+
Sodium bicarbonate Foaming agent Na O"“C“OH 3 mgmL
(NaHCO:) (5

Chitosan Solution
Hydroxyapatite
Glyoxal

NaHCO3

24-Well Tissue Culture Plate

%

Microwave

Figure 3.1 Production stages of chitosan-HA tissue scaffolds

31

Microwave-Assisted Fabrication of
Chitosan-Hydroxyapatite Super
Porous Hydrogel Composites
(Chitosan-HA SPHCs)




Characterization studies of synthesized hydrogels have been carried out within the scope of
previous publications of our group [32]. In this study, the polymer-particle interactions of the
hydrogels were investigated in terms of pore sizes, densities, void fraction, swelling ratio,
compression modulus, decomposition temperature, mechanical lutaral with ATR-FTIR
(Attenuated Total Reflectance Fourier Transform Infrared) and the HA incorporation

properities were investigated with Micro-Computerized Tomography (uCT).
3.3. Installation of Perfusion Bioreactor System

The perfusion bioreactor system is designed in a structure that can overcome mass transfer
problems and prevent leaks for a long-term usage in vitro culture studies that require dynamic
cell cultivation and sustainable sterility. New Era (USA) multichannel syringe pump, which
allows the flow rate and direction of the bioreactor setup to be programmed, alongside with
P3D-6 and P3D-10 perfusion circles, which are designed from transparent material specially
developed for cylindrical tissue scaffolds by EBERS (Spain), where tissue scaffolding will be
installed, ready sterile and easily integrated into the system, providing a safe environment for
manipulation during application and tissue scaffolding, disposable sterile materials and
autoclavable parts ensure that the system is handled conveniently. All the parts of the
perfusion bioreactor assembly are presented in detail with their visuals, intended use and

suppliers in Table 3.2.

Table 3.2 Perfusion Bioreactor Parts

Eqipment (Visual} Material Company Purpose of Use

—a \ o N The man part that provides control of the media flow
i Syringe Pump New Er2(USA) | ate and direction. Allows to work with 8 lines.

Provides a sterile and safe culture environment for

Perfusion tissue scaffoldmg through its sterility, contamination
Y Chambers EBERS (Spain) prevention, leakage inhibition, transparent structure,
(P3D-6, P3D-10) manipulation md ezse of placement m the system fort

he cylindrical scaffolds

Platinized silicon Provides the commection between the system
tubings Cole Parmer components. The lengths are arranged zccording to the
(0.76 mm znd 1.6 (USA) distances between the perfusion ring and other system
mm mner diam. ) COmponsnts.
Female and male
Tuer locks (suitable Provides comnectivity to other components of the
for tubes with 0.76 Value Plastics system. Female and male luer locks are connected to
and 1.6 mm mner (USA) each other and provide sezling to the system.
dism. )
- | Luer Lock Syringe | Fisher Scientific | Gives sealing to connections in system via luer lock and
(USA) prevents the deterioration of the sterility.
v ...w—- . Needle-free valve Smrths Medical Allows the system to reman sterle durmg media
G (Smartzite) (USA) change and manipulation of links.

B = One-way valve Fisher Scientific | Prevents the uncontrollable flow of the culture medium

=g (USA) when the pump is switched off.
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(Continuation) Table 3.2 Perfusion Bioreactor Parts

Fisher Scientific | Used to place hydrophilicand hydrophobicfilters in

Four-way valve .
(USA) the perfusion line.

Enables theremaoval of air bubbles from the
Hydrophobic

it MilliPore (USA) | system and enables gas exchange in the ambient
lter

rEsEnvair.

o ®

Hy drophilic filter MilliPore [USA) Hydrophilic filters are used to keep the culture
medium sterile during cell culture.

Serves as a reservoir for the pumped and

Falcon 50mL | Fisher Scientific | withdrawn culture medium for bi-directional

conical tube (USA) perfusion system

3.4. Sterilization Procedures

For sterilization of tissue scaffolds, the size of the perfusion ring was taken into account and
the samples cut at 6 mm diameter and 3 mm height and at 10 mm diameter and 3 mm height
were stored in 70% (v/v) ethanol. The samples washed with sterile DPBS (pH: 7.4) were then
treated with UV light for 30 minutes each side. Sterilized hydrogels were conditioned for 1
night in a-MEM containing 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin and were
made ready for cell culturing. All procedures requiring sterile media were carried out in a

laminar flow cabinet (Bioair, Type Il Laminer Flow Cabinet, Italy).

The luer-tipped syringes used in the perfusion bioreactor assembly, single and four-way
valves, smart-site needle-free valves, hydrophilic and hydrophobic filters, perfusion rings and
luer-ended syringe needles were commercially obtained in sterile packages. Platinized silicon
tubings were cut in the appropriate length prior to the experiment and sterilized by autoclave
for 20 min at 121 ° C in autoclave bags with female/male luer lock connections as required by

the perfusion line.
3.5. Cell Seeding and Cell Culture Studies

In the experimental studies that are carried out under static and dynamic conditions, chitosan-
HA SPHCs were used as tissue scaffolds. Cell seeding and culture studies for human
mesenchymal stem cells were carried out with tissue scaffolds of different sizes (P3D-6 and

P3D-10). Cell seeding studies were carried out statically in TCPS and human mesenchymal
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stem cells were seeded in growth medium for 5 days. Afterwards, the growth medium was
replaced with the differentiation medium. Cell culture studies were divided into three main
categories: monolayer, static and dynamic cell culture. All cell seeding and cell culture studies

were performed within the scope of the thesis are summarized in Figure 3.2.

DYNAMIC CELL CULTURE STUDIES

Chitosan-HA SPHCs hBMSC Cells

I

7N
11114}

| )

T |
N/

Perfusion Bioreactor

4 R
ﬂ ]

P3D-10 Bioreactor P3D-6 Bioreactor
Static Seeding Static Seeding Static Seeding
Dynamic Culture Dynamic Culture Dynamic Culture
(Perfusion) (Perfusion) (Perfusion)
(0.277 mL/min) (0.1 mL/min) (0.2 mL/min)

Figure 3.2. Cell culture studies within the scope of the thesis.
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3.5.1. Static Cell Seeding Studies

Static cell seeding studies were performed in 24-well TCPSs. The 8" passage of hMSCs which
were stocked in the liquid nitrogen tank, were seeded in flasks in a cell-growth medium
consisting of hMSCs, a-MEM, 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin and 0.04 uL

bFGF (Basic fibroblast growth factor).

When cells formed the saturation layer they were detached from the surface by trypsinization
process. Then, cells were counted via hemocytometer after staining with trypan blue.

Cell counting was performed to distribute 50 pL cell suspension to each scaffold, with the
required dilutions giving an inoculation density of 5 x 10° cells/scaffold. Samples were

cultured at 37 ° C in a CO; incubator.

After 3 h of incubation for cell adhesion, 1 mL fresh medium was added to the seeded cells.
Mitochondrial activities of cells were evaluated by MTT assay, cell adhesion and morphology

were visualized by SEM analysis.

3.5.2. Cell Culture Studies

3.5.2.1. Monolayer Cell Culture Studies

To examine the proliferation behavior of the cells in monolayer cultures, the hMSCs in
passage 8 were seeded with 24-well TCPS surfaces at an inoculation density of 1 x 10*
cells/well and cultured for 26 days. Cell culture was carried out using growth medium in
stationary conditions and starting from day 5, osteogenic differentiation medium (0.05 mM L-
ascorbic acid, 10 mM beta glycerol phosphate salt, 100 nM dexamethasone, 10% (v/v) FBS
and 1% (v/v) penicillin-streptomycin, and alpha-MEM containing 0.6% (v/v) L-glutamine,
0.4% (v/v) gentamycin, 0.4% (v/v) amphotericin B) replaced the culture media. Cell viability
was monitored by MTT assay every 7 days throughout the culture period, while cell

morphology was visualized by optical microscopy.
3.5.2.2. Static Cell Culture Studies

Static cell culture studies were performed in 24-well TCPS. The seeding of hMSCs in passage

8 was performed as the cell density in the chitosan-HA tissue scaffolds was 5x10°
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cells/scaffold. On the 5™ day of culture, 1 mL of osteogenic differentiation medium was added
to each well, and the culture medium was replaced with fresh medium every 3 days for 21
days. MTT analysis was performed every 7 days to follow the change of cell viability during
culture. Cell adhesion and proliferation were visualized by SEM analysis. The gene expression
levels of the cells were determined by Real Time Polymerase Chain Reaction (RT-PCR)

analysis.
3.5.2.3. Dynamic Cell Culture Studies Using Perfusion Bioreactor

For dynamic cell culture studies conducted in a perfusion bioreactor, at the end of day 5, the
cells cultured in stationary conditions are combined with the necessary components in sterile
conditions and the schematic bioreactor setup is presented for dynamic cell culture (Figure 3.3
and Figure 3.4). Ten mL of differentiation medium was then applied to the 10 mL luer tip
syringe to be placed in the pump. After the completion of the perfusion bioreactor setup, the
syringe pump was programmed for P3D-6 scaffolds at a flow rate of 0.1 mL/min and a flow
rate of 0.2 mL/min, respectively, and the working volume was set at 6 mL. For P3D-10
scaffolds, the flow rate was set at 0.1 mL/min and the working volume was set at 10 mL. The
syringe pump was kept in room conditions, the hydrophilic and hydrophobic filter systems
which were connected to the 4-way valve, the perfusion ring and the ambient reservoir were
placed in the CO; incubator. MTT analysis was performed every 7 days to follow the change
of cell viability during culture. Cell morphology was visualized by SEM analysis. The gene
expression levels of the cells were determined by RT-PCR analysis.
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Figure 3.3. Schematic of the perfusion bioreactor setup used in dynamic cell culture studies for
P3D-6 scaffolds.
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Figure 3.4. Schematic of the perfusion bioreactor setup used in dynamic cell culture studies for
P3D-10 scaffolds.
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3.5.3. Characterization Tests

In order to acquire the quantitative determination of mitochondrial activities of hMSCs on
scaffolds, the study of adhesion, the spreading behavior and the morphology on tissue
scaffolds and observations of gene-level effects of osteogenic differentiation, MTT analysis,
SEM analysis and RT-PCR analysis were performed in the culture days of 7, 14 and 21. The
following sections provide detailed information on the analyzes.

3.5.3.1. MTT Analysis

The viability of hMSCs on chitosan-HA SPH scaffolds was quantitatively determined by MTT
analysis on days 7, 14 and 21. In the mitochondria of living cells, the MTT solution is
converted to water-insoluble purple formazan crystals. The solution absorbance obtained by
dissolving the crystals is directly proportional to cell viability. For the analysis, the culture
medium on the specimens was first removed and 600 uL of serum-free medium and 60 pL of
MTT (2.5 mg/mL PBS) solution were added to each well after placing the scaffolds of the
different specimens in a new 24-well TCPS. Tissue scaffolds were incubated for 3 h at 37 ° C

in an incubator. At the end of incubation, 400 uL of acidic isopropanol (0.04 M HCI) was

added into each well in order to dissolve the formazan crystals. The optical density was
determined spectrophotometrically by taking 200 pL of the resulting solution, using a
microplate reader (Asys UVM 340, Austria) at 570 nm with 690 nm reference.

3.5.3.2. SEM Analysis

Samples taken on different days of the cultures were examined with SEM (Zeiss Evo50,
Germany) to display the tendency and morphology of attachment and spreading of cells on
chitosan-HA scaffolds. In the studies carried out within the scope of the thesis, the samples
were displayed on the days 7", 14" and 21% of cultures. The cell culture medium was removed
from the scaffolds to be examined and then washed with DPBS (pH: 7.4). The washed tissue
scaffolds were fixed in 1 mL of 2.5% (v/v) lutaraldehyde solution in the dark and at room
temperature and maintained at 4°C in DPBS until analysis. Immediately prior to the analysis,
chitosan-HA scaffolds were subjected to dehydration treatment using ethanol solution at
different concentrations. The cells were kept for 2 min in 30%, 50%, 70%, 90% and 100%
(v/v) ethanol solutions, respectively, and then kept in HMDS for 5 min. For SEM analysis, the
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specimens were completely dried in room conditions, then divided into 3 parts as bottom, top
and cross-section, placed on a special plate for analysis and after being coated with gold-

palladium the imaging took place.
3.5.3.3. Real-time Polymerase Chain Reaction (RT-PCR) Analysis

The gene level of osteogenic differentiation of samples cultured in vitro on chitosan-HA
scaffolds was determined by RT-PCR analysis. For this purpose, expression levels of alkaline
phosphatase (ALP), collagen type 1 (Col1Al), runt related transcription factor 2 (RUNX2),
osteocalcin (OCN) and osteopontin (OPN) genes which are indicators of osteogenic

differentiation have been determined.p -actin was used as the housekeeping gene for the

relative gene expression. For the RT-PCR analysis, the scaffolds on the 7", 14™ and 21
days of culture were taken and washed with DPBS (pH 7.4) and transferred to DNAse and
RNAse microplates. Two hundred pL Trizol (Invitrogen, USA) was added to the samples that
were broken down using microscissors and the samples mixed with vortex were stored at -80 °
C until analysis. Immediately prior to analysis, 125 pL of chloroform was added to the
samples dissolved at room temperature to isolate the RNA by the Trizol method, and the
resultant was gently shaken. Subsequently, the samples were centrifuged at 4 © C for 10 min at
13,000 rpm and the liquid phase (300 pL) was transferred to the Rnase-free tube. The same
amount of liquid phase (300 pL) was then added to the 70% ethanol samples and transferred to
the columns after pipetting. After the transfer, the pellet was removed by centrifugation at
13,000 rpm for 1 min at 4 ° C. Seven hundred pL of RW1 buffer was added to the remaining
liquid phase and the pellet was removed by centrifugation at 13,000 rpm for 30 s at 4 ° C.
After this step, the remaining liquid phase was centrifuged at 500 rpm in RPE buffer at 4 ° C
for 30 s at 13,000 rpm to remove the pellet. This step has been repeated twice. The sample
collection tubes were then changed, the capped tubes and collection tubes were centrifuged at
13,000 rpm for 1 min at 4°C. 50 pL Rnase free water was added to the samples and
centrifuged at 13,000 rpm for 1 min at 4 °© C and RNA isolation was completed. The
concentrations of pure RNAs isolated (NanoDrop2000c Thermoscientific, USA) were
measured and averaged and calculations have been made according to the lowest amount of
RNA. Quantities of RNA determined from the lowest concentration were placed in equal

amounts throughout the Eppendorf tubes. Reaction Mix was prepared in accordance with
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manufacturer’s protocol using cDNA for cDNA synthesis from isolated RNA (Applied
Biosystem Kit cDNA, USA). Reaction Mix contains water, dNTP, random hexamer, reverse
transcriptase and RNAse inhibitor. The prepared reaction solution was centrifuged for 1-2 s.
6.8 uL of the solution was added to all Ependorf tubes containing RNA in equal amounts and
the bubbles were bursted out by spinning. CDNA synthesis was then completed by incubation
at 25 ° C for 10 min, at 40 ° C for 120 min and at 85 ° C for 5 min in a thermal cycler (Roche
Light Cycler® Nano, Germany). RT-PCR analysis was performed using SolisBioDyne 5xHot
FirePol® EvaGreen® qPCRMix Plus (Estonia) kit. PCR Mix contains DNAase water, reverse
primer (Table 3.3), forward primer (Table 3.3). For each sample from the synthesized cDNA,
2 uL of ependorf tubes were taken and 18 pL of the PCR Mix prepared above was distributed.
The solution was centrifuged and made ready for use. The PCR analysis was then carried out
with the activation step at 95 ° C for 15 min, the extension step at 95 ° C for 15 s, at 60 ° C for
20 s, at 72 ° C for 20s, the amplification step at at 60 ° C for 20 s and 20 s and the separation
step at at 60 ° C for 4 s and at 95 °C for 20 s was carried out in 45 cycles.

Table 3.3. Genes and primers of genes whose expressions are measured in RT-PCR analysis

Gene Primer

B-actin | F-5'-GTGCTATGTTGCCCTAGACTTCG-3’
R-5'-GATGCCACAGGATTCCATACCC-3’

COL1 | F-5'-CAAGATGTGCCACTCTGACT-3’
R-5'-TCTGACCTGTCTCCATGTTG-3’

OCN F-5’-CTTTCTGCTCACTCTGCTG-3’
R-5'-TATTGCCCTCCTGCTTGG-3’

RUNX2 | F-5'-GCATGGCCAAGAAGACATCC-3’
R-5’-CCTCGGGTTTCCACGTCTC-3’

OPN F-5’-CACTTTCACTCCAATCGTCCCTAC-3’
R-5’-ACTCCTTAGACTCACCGCTCTTC-3’
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3.5.4. Statistical Analysis

Data acquired from studies were statistically evaluated using the GraphPad Software Instat
program. The data are presented with mean + standard deviation values for three parallel
samples. One-way ANOVA was used together with the Tukey-Kramer post hoc test for
statistical comparison of the different groups and it was considered significant that the p-value
was less than 0.05. Student’s t-test was used for the statistical analysis of the results of cell
seeding studies with the number of groups are deemed as 2 and it was considered significant

that the p-value was less than 0.05.
3.6. Computational Fluid Dynamics Modelling Studies

In this section of the thesis, we use computational fluid dynamics approaches to study flow

and mass transfer simulations in high and low flow perfusion bioreactors.
3.6.1. Method

For computational fluid dynamics (CFD) modeling studies, COMSOL software, which is
licensed by Middle East Technical University (Ankara), is used. COMSOL is a multi-physics
and finite element analysis (FEA) software. The modeling process in COMSOL can be done
quickly with predefined physics interfaces and has a wide range of applications from heat
transfer to flow problems, from structural mechanics to electromagnetic analysis [97]

The completed modeling works using COMSOL software in the scope of the thesis can be

listed as follows:

e Flow model in perfusion bioreactor without scaffold
e Flow model in perfusion bioreactor in the presence of non-porous scaffold
e Flow model in perfusion bioreactor in the presence of permeable scaffold

e Mass transfer model in perfusion bioreactor in the presence of permeable scaffold

Pre-defined interfaces of COMSOL software are used in modeling studies. For the simulation
of the flow, the modules found in the COMSOL “Computational Fluid Dynamics Module” are
used. The “Free and Porous Media Flow” model was used in simulation studies (permeability

model 3 and 4) for perfusion bioreactor with permeable tissue scaffold while “Laminar Flow”
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model was preferred for other studies (models 1 and 2). Figure 3.5 shows the use of the

COMSOL program for modeling flow in a perfusion bioreactor without tissue scaffolding on
the program page.
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Figure 3.5. The use of the “Laminar Flow Model” in the COMSOL program for flow
modeling in a perfusion bioreactor without a tissue scaffold.

The Navier-Stokes equations are used for the incompressible flow in the laminar flow model.

The momentum transfer equation is given in Equation 3.1 and the continuity equation is given
in Equation 3.2 for incompressible fluids.

p%quV.[—n(Vu +(Vu)T)+ pIJ=—p(u.V)u (3.1
vu=0 (3.2)

n represents dynamic viscosity (Pa - s); u represents the linear flow velocity in open channel
(m/s); p represents the density of the fluid (kg/m®) and p represents the pressure (Pa).

Brinkman equation (Equation 3.3) was used in the simulation of momentum transfer in the
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permeable tissue scaffold (porous media) while the flow in the bioreactor (free environment)
was solved with Navier-Stokes equations in the “Free and Porous Media Flow” model.

£ ou n T _.n
g—pE+V.{—g—p(Vu+(Vu) )+ pl:l— Ku (3.3

¢, represents porosity (dimensionless); and x represents permeability of the porous medium

(m?). The boundary conditions used in the flow models are as follows:

u.n=u, (Inflow)
u=0 (No Slip) (3.4)
pIO,U(VU +(VU)T)n =0 (Outflow)

In order to model the flow in porous tissue scaffolds, the scaffold permeability must be
accurately calculated. The permeability of a porous medium is a geometric feature and is
influenced by the morphology and topology of the pores making right angles to the flow
direction. Different equations have been proposed in the literature to account for the
permeability values of tissue scaffolds with different pore structures [101]. In one approach, it
is assumed that freeze-drying of aqueous solutions results in the formation of cylindrical pores
located in the flow direction. The permeability value in texture scaffolds with this pore
structure can be calculated with Equation 3.5. Since this approach is suitable for chitosan-HA
SPHCs produced in the thesis study, the permeability of the tissue scaffold in the “Free and
Porous Media Flow” model in simulation studies is calculated by Equation 3.5.

K= %nD“ (3.5)

_— 2 . .
¢, represents the permeability (m*) of the porous medium, n represents the number of pores in

the unit perpendicular to the flow (1/m?), and D is the pore diameter (m).

The “Transport of Dilute Species” model in the “Chemical Reaction Engineering Module” of

COMSOL software was used to model mass transfer. The established mass balances for
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diffusion and convection of mass transfer in a perfusion bioreactor and consumption of
oxygen and glucose in cells are given in Equations 3.6 and 3.7.

V.(-D,gVC,)+uVe, =T, (3.6)
N, =-D,sVC,+UC, (3.7)

CA represents the concentration (mol/m®); Dag represents diffusivity coefficient (m%s); ra
represents the net reaction rate for the component (mol/m®s); and Na represents, flow
(mol/m?-s).

The boundary conditions used in the mass transfer models are given as follows:

Ch =Cpo (Inflow)
N.(—D,pVC, +Cau) =0 (Zero Flux)  (3.8)
N.(—D,5VCs +Col) =NC,uU (Outflow)

3.6.2. Bioreactor Geometry and Meshing

For the simulation of flow and mass transfer in the perfusion bioreactor system used in
experimental studies, the bioreactor geometry was first modeled in the COMSOL program.
The cylinders were assembled by considering the actual dimensions of the system except for
the lengths of the silicon tubes (Figure 3.6). The parts of the reactor that the cylinders
represent are described in Figure 3.6.
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Figure 3.6 Modeling of the geometry of the perfusion bioreactor using COMSOL (a) general
view, (b) reactor parts represented by the cylinders.

In order to apply the finite element analysis in COMSOL, it is necessary to create the final
number of meshes to be solved. In the modeling studies carried out within the scope of the
thesis, the reactor geometry was divided into pieces using free tetrahedral meshes. In the
models studied, however, mesh size and number of elements vary depending on differences in
geometry and simulation approaches. The images of the mesh formed for the perfusion

bioreactor without tissue scaffold are shown in Figure 3.7.
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Figure 3.7 The free tetrahedral mesh for the perfusion bioreactor (a) an x-y axis image (b) a
y-z axis image, (c) an Xx-z axis image (d) an x-y-z axis image
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3.6.3. Simulation Parameters

The operating and design parameters used in the studies for the simulation of flow and mass

transfer in the perfusion bioreactor are given in Table 3.4

The volumetric flow rates
(Q) in the perfusion
bioreactor

QLow Velocity: O 1 m L/m I n
QHigh Velocity— 0.277 mL/min

Reynolds Number in the
perfusion without tissue
scaffold

NRE, Low Velocity = 0 . 03 17

NRE, High Velocity = 4

Parameters related to
oxygen transfer;
diffusion coefficient (D),
concentration ®, and
reaction value ®

Dezswo= 3 X 107 m?/s
RMSC,02: 98 x 10_15 mol/h.cell
Cormion= 0.2 mol/m?®

Parameters related to
glucose transfer;
diffusion coefficient (D),
concentration ®, and
reaction value ®

Deueerzo= 6.6 X 10720 m?/s
Ruse aueee = 342X 107 mol/h.cell
Coneose mion= 5.56 mol/m?®
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Reactor Component Diameter (m) Lenght (m)
Thin Tubing 0.00076 0.1
Dimensional values of the Lower Chamber 0.004 0.016
perfusion bioreactor | perfysion Chamber 0.008 0.004
Upper Chamber 0.004 0.036
Thick Tubing 0.016 0.1
Temperature, T 37°C
Density of culture 3
medium, p 1000 kg/m
Viscosity of the culture
medium, 1 0.0007 Pa.s
) D=6mm
Scaffold Size (P3D-6) H=3mm
Scaffold Size (P3D-10) D =10 mm
caffold Size -
H=3mm
Porosity (g) and € = %78
permeability (k) values | . _ 6.13x 107 m?
Scaffold Pore Size Dye = 500 um




4. RESULTS AND DISCUSSION

In this section, the results obtained from experimental studies carried out have been presented
in order to determine the reproductive and osteogenic differentiation potentials of human
mesenchymal stem cells in different operating parameters and varying scaffold sizes in
perfusion bioreactors supplemented with chitosan-HA scaffold. In the first part, results of cell
culture studies performed with static and dynamic approaches are presented alongside the
stationary cell seeding studies carried out with the hMSCs. In the second part of the study,
information was provided about the characterization of cell seeding and cell culture results. In
the last section, the results and discussions of CFD modeling studies are presented in order to
determine the flow and mass transfer profiles in the perfusion bioreactor.

4.1. Cell Culture Studies
4.1.1. Monolayer Cell Culture Studies

The viabilities of hMSCs in monolayer cultures were measured by MTT analysis and the
results are presented in Figure 4.1. Results from the first day of culture showed that the cells
attached to the TCPS surface and maintained their viability. A significant increase was
detected between days 1 and 4 of the culture due to cell proliferation. From the 5™ day of
culture, it was expected that the growth rates would gradually decrease due to the
differentiation of the cells in the osteogenic differentiation medium. During the first 21 days,
mitochondrial activity was found to increase due to the increase in the number of cells. On the
28" day of culture, the decrease in activity was explained by the effects of cells reaching

saturation in monolayer culture and contact inhibition.
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Figure 4.1 Mitochondrial activities of hMSCs cultured on TCPS surfaces for 28 days under
static conditions (* p <0.05, ** p <0.01).

Morphologies of the monolayer culture of human MSCs were visualized by an optical
microscope on the fourth day of culture. In Figures 4.2-a and b, it is seen that the cells are in
fibroblastic morphology and they are healthy. The spindle formation and the viability of the

cells have been observed.

Figure 4.2. Optical microscope images of hMSCs cultured monolayer on TCPS surfaces: (a)
20 X, (b) 40 X.
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4.1.2. Static Cell Culture Studies

Static cell culture studies were conducted to determine the morphology and proliferation
behavior of human MSCs on chitosan-HA scaffolds, and the results of the MTT analysis are
presented in Figure 4.3. As seen in Figure 4.3, the highest mitochondrial activity in culture
was encountered on day 1. However, an increase from the 4™ day to the 14™ day was
observed, and a continuous decrease was detected in the following days. From the 5" day of
culture, it was expected that the d rates would decrease gradually due to the differentiation of
the cells in the osteogenic differentiation medium. Mitochondrial activity falls on days 21 and

28 of the culture, but this decrease was not found to be statistically significant.

SEM photographs on days 7, 14 and 21 of the culture study carried out in static conditions are
presented in Figure 4.4. SEM images show that chitosan-HA SPHCs support hMSC adhesion.
At the top of the scaffold, it was determined that the cells have maintained their spherical
formations and a significant increase in the distributions of the cells were detected as the days
progressed. Sections taken from the tissue scaffolds show that the amount of the cells that
advances into the central area are infrequent, but maintain their spherical forms. It is noted that
the cells have attached much more intensively in the lower regions of the scaffolds compared
to the upper and central regions. Cells which are held individually on the HA particles can be
recognized on images taken at high magnifications. However, it was observed that the cells
maintained their spherical form and did not spread alongside the walls of the scaffolds. It has
been interpreted that cells can not be homogeneously distributed in chitosan-HA SPHCs by
static culture method because of the variable attachment rates which are highest in the upper
and lower regions of the scaffold, but lesser in the central region. As a result of the obtained
SEM images, it can be seen that the cellular activity and viability continued despite the

declines in mitochondrial activity.
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Figure 4.3. Mitochondrial activities of hMSCs cultured on chitosan-HA tissue scaffold for 28
days in static conditions.
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Figure 4.4. SEM images of day 7 of hMSCs in chitosan-HA SPHCs under static culture
conditions. Bottom: (a) 1.00 K X, Cross-section: (b) 250 X, Top: (c) 1.00 K X; Day 14 SEM
images. Lower: (d) 1.00 K X, Cross-section: © 1.00 K X, Upper: (f) 1.00 K X .; Day 21 SEM
images. Bottom: (g) 1.00 K X, Cross section: (h) 250 X, Top: (i) 1.00 K X.
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4.1.3. Dynamic Cell Culture Studies in Perfusion Bioreactor at 0.1 mL/min Flow Rate

After studying the behavior of human MSCs on chitosan-HA tissue scaffolds under stationary
conditions, culture studies were performed in a perfusion bioreactor at a flow rate of 0.1
mL/min in order to increase cell viability. The results of the MTT analysis are presented in
Figure 4.5 and Figure 4.6. Figure 4.5 shows that a high level of cell activity was reached at the
onset of culture and mitochondrial activity declined between days 7 and 14, and this decrease
was statistically significant. The observed rise from day 14 to day 21, while not being
statistically significant, presents the continuation of the cell viability which has been shown at
the SEM images presented in Figure 4.7. Considering the total culture period, it has seen that
the perfusion bioreactor does not have a positive effect on cell viability that is statistically
significant. Zhao et al states that stem cells have a high proliferation and flexibility potential,
such as hMSC, are highly sensitive to environmental factors, and the effects of culture
parameters are more prominent in stem cells due to ECM production and differentiation of a
large part of the development [13]. Grayson et al. reported a prominent elevation in osteoblast
proliferation and mineral content at a flow rate range of 0.3-3 mL / min [14]. Therefore, a

change in flow rate is predicted to affect the results significantly.
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Figure 4.5 Mitochondrial activities of hMSCs for 21 days in chitosan-HA SPHC at a flow rate
of 0.1 mL/min in a bi-directional perfusion bioreactor (Statistically significant difference:
*p <0.05).
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Figure 4.6. The comparison of mitochondrial activities of static and dynamic culture resusts at
a flow rate of 0.1 mL/min. (Statistically significant difference: * p <0.05).

SEM images of hMSCs on chitosan-HA SPHCs cultured bidirectionally at a flow rate of 0.1
mL / min in a perfusion bioreactor are presented in Figure 4.7. The images show that the cells
at the top of the scaffold retain their spherical forms and attach to the pores and continue to
proliferate in groups. When the sections of the tissue scaffolds are examined, it is noticed that
in the dynamic culture, the cells are held at a higher density in the central part of the scaffold,
contrary to the static culture. Dynamic culture has advantages in terms of mass transfer
compared to the stationary culture and it has been found that shear stresses imposed by the
flow imitate the physiological environment in the body to support the resultant osteogenic
differentiation and these results are found to show parallelism with related literature [15-18].
When the images of the lower part of the scaffolds were examined, it has been seen that the
cells proliferate in a similar way to the static culture, while maintaining their spherical forms,
and proceeded to spread in the following days. In higher magnifications, cells that attach to the

pores and their proliferation can be distinguished.
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Figure 4.7. SEM images of hMSC cells in chitosan-HA SPHC cultured bi-directionally at a
flow rate of 0.1 mL / min in a perfusion bioreactor, Day 7. Bottom: (a) 1.00 K X, Cross-
section: (b) 250 X, Top: (c) 1.00 K X; Day 14 SEM images. Lower: (d) 1.00 K X, Cross
section: © 1.00 K X X, Top: (f) 1.00 K X. 21. Day SEM images. Bottom: (g) 1.00 K X, Cross
section: (h) 250 X, Top: (i) 1.00 K X.

4.1.4. Dynamic Cell Culture Studies in Perfusion Bioreactor at 0.2 mL/min Flow Rate

After studying the behavior of human MSCs in a perfusion bioreactor at a flow rate of 0.1
mL/min, culture studies were performed in a perfusion bioreactor at a flow rate of 0.2 mL/ min
in order to evaluate and compare the effects of the flow rate on the cell viability.

The results of the MTT analysis are presented in Figure 4.8 and Figure 4.9. Figure 4.8 shows
that a high level of cell activity was reached at the onset of culture and a strong decline has
been observed in the ermeable ial activity of the cells during the culture. While being
statistically insignificant, the ongoing cell viability has been shown at the SEM images
presented in Figure 4.10. Considering the total culture period, it has seen that the perfusion
bioreactor does not have a positive effect on cell viability that is statistically significant.
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Figure 4.8. Mitochondrial activities of hMSCs cultured for 21 days in chitosan-HA SPHC at a
flow rate of 0.2 mL / min in a bi-directional perfusion bioreactor (Statistically significant
difference: * p <0.05).

Figure 4.9 also presents a strong decline in the ermeable ial activity during the culture after
a high level of cell activity at the onset of culture while the mentioned decline being much
more prominent for perfusion bioreactor at 0.2 mL/min flow rate than static culture as shown
in Figure 4.9. A significant statistical difference was observed on day 14 with an asterisk, and
on days 7 and 21 with two asterisks, which further supports the claim that the perfusion

bioreactor has a negative effect on cell viability that is statistically significant.
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Figure 4.9. The comparison of mitochondrial activities of statically cultured hMSCs for 21
days in chitosan-HA SPHC at a flow rate of 0.2 mL/min in a bi-directional perfusion
bioreactor  (Statistically  significant  difference: * p <0.05, ** p<0.01).
SEM images of hMSCs on chitosan-HA SPHCs cultured bidirectionally at a flow rate of 0.2
mL/min in a perfusion bioreactor are presented in Figure 4.10. The images show that the
density of cells on chitosan-HA tissue scaffolds was lower than expected. The cells at the top
of the scaffold retain their spherical forms and attach to the pores and continue to proliferate in
groups. When the middle sections of the tissue scaffolds are examined, it can be noticed that in
the dynamic culture, the cells are held at higher density in the central part of the scaffold,
contrary to the static culture. Dynamic culture has advantages in terms of mass transfer
compared to static culture and it has been found that shear stresses imposed by the flow
imitate the physiological environment in the body to support the resultant osteogenic
differentiation and these results are found to show parallelisms with related literature [15-18].
When the images of the lower part of the scaffolds were examined, it has been seen that the
cells proliferate in a similar way to static culture while maintaining their spherical forms, and
proceeded to spread in the following days. In high scale magnifications, cells that attach to the
pores and their proliferation were distinguishedIn conclusion, it was interpreted that cells
maintained their viability at a flow rate of 0.2 mL/min but the cell surface interaction was

weakened by the effect of flow rate.
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Figure 4.10 SEM images of hMSCs in chitosan-HA SPHC cultured bi-directionally at a flow
rate of 0.2 mL / min in a perfusion bioreactor, Day 7 SEM images Bottom: (a) 1.00 KX,
Cross-section: (b) 1.00 KX, Top: (¢) 1.00 K X; Day 14 SEM images. Lower: (d) 500 X, Cross
section: © 500X, Top: (f) 500 X. Day 21 SEM images. Bottom: (g) 1.00 KX, Cross section:
(h) 1.00 KX, Top: (i) 1.00 KX.

4.1.5. Effect of Flow Rate on Perfusion Bioreactor

Considering the cell culture studies carried out with hMSCs; it has been observed that the
static culture conditions presented better results in terms of mitochondrial activity than the
dynamic culture for 21 days (Figure 4.11). Moreover, it has been determined that this activity
presented a decline that is statistically significant. However, SEM images and the finding in
the related literature clearly show that the cell type is a determinant factor in cell viability:
Cartmell et al. found a significant increase in osteoblast-like cell growth at lower flow rates
(0.01 mL/min) compared to the static control, but they also found a significant decrease in cell
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viability at flow rates between 0.01 and 1 mL/min [84], yet Grayson et al. proved otherwise
[27]. These discrepancies can be explained by varying behaviors of different cell types, as well
as by the fact that the variations encountered in the system geometries and the designs of the
scaffolds that are exposed to similar volumetric flow rates, resulting in completely separate

shear stresses [27].
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Figure 4.11 Comparison of the effects of different culture conditions on mitochondrial
activities of hMSCs on chitosan-HA tissue scaffolds (Statistically significant difference: * p
<0.05, ** p<0.01).

To investigate the effects of different culture conditions on osteoblastic differentiation of
hMSCs, RT-PCR analysis was performed on samples cultured in static conditions and
dynamically cultured samples at a flow rate of 0.1 mL/min. The results obtained are presented
in Figure 4.12-a-d. The relative expression of the ALP gene from early markers of osteoblastic
differentiation was found to increase starting from day 14 in static culture conditions.
However, it was ermeabl that the mentioned increase in perfusion culture started on the 7"
day and reached its highest value on the 14™ day. Compared to ALP relative gene expressions
in static and perfusion culture samples on the 14" day of dynamic culturing, perfusion cultures
were found to be statistically significant and higher. In Figure 4.12-b, the COL1ALl relative
gene expression of the early markers has also been evaluated comparatively between static and

dynamic cultures. Similar to the results for the ALP gene, the expression of COL1Al was
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found to be statistically significantly higher in perfusion culture performed at a flow rate of 0.1
mL / min on day 14. In the relative expressions of the RUNX2 gene, one of the most important
markers of osteoblastic differentiation, and the OPN gene, which is one of the indicators that
the matrix produced by the cells that are ready for mineralization, perfusion culture on the 14™
day of culture again enabled the culture medium to establish a higher expression. The results
obtained from the RT-PCTR analysis have shown that perfusion cultures support osteoblastic

differentiation of hMSCs better than stationary cultures.
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Figure 4.12. Effect of bidirectional perfusion flow at 0.1 mL/min flow rate on gene
expressions of hMSCs cultured on chitosan-HA SPHCs, (a) ALP, (b) COL1AL, (c) RUNX2 ve
(d) OPN (n =3, * p <0.05, ** p <0.01 represent statistical significance).

4.1.6. Dynamic Cell Culture Studies in Perfusion Bioreactor at 0.27 mL/min Flow Rate

Dynamic cell culture studies based on P3D-10 perfusion chambers have been carried out to

establish the dynamic environment created by the flow rate of 0.1 mL/min that allows the
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production of larger bone patches by evaluating the findings obtained from culture studies
with hMSCs. Based on the analytical calculations performed, the linear velocity value of the
P3D-6 perfusion chamber generated by the volumetric flow rate of 0.1 mL/min was calculated
and the volumetric flow rate was increased to 0.27 mL/min for this linear velocity to be
obtained in the P3D-10 chamber. The mitochondrial activities of the cells were measured by
MTT assay and the results are presented in Figure 4.13. Activity values measured before
perfusion culture indicate that hMSCs are efficiently planted in larger tissue scaffolds and the
viability of the cells have been preserved. Preservation of the cell viability on the 7™ and 14™
days of perfusion cultures corresponds with previous results. The morphology of the cells on
the chitosan-HA scaffold was examined by SEM analysis and the images obtained are shown
in Figure 4.14. Images have shown that cell density in static cultured tissue scaffolds is less
than that of previous studies (Figure 4.14-a-f). The results obtained from the perfusion culture
are given in Figure 4.14-g-1 and it has been found that the cell density was lower than that of
previous studies. The decrease in cell density in perfusion culture studies carried out in the
P3D-10 chamber is thought to be related to the variation in flow profile. Simulation studies of
computational fluid dynamics have been carried out in order to clarify the reasons for the

mentioned problem.
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Figure 4.13. Comparisons of mitochondrial activities of hMSCs cultured for 14 days on a
bidirectional flow at 0.27 mL/min flow rate in P3D-10 perfusion chambers on chitosan-HA
SPHCs after static culture and a five day pre-culture period (No statistically significant
difference was observed)
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Figure 4.14. SEM images of hMSCs in chitosan-HA SPHC cultured bi-directionally at a flow
rate of 0.2 mL/min in a P3D-10 perfusion bioreactor chamber, SEM images of static culture
Day 1. Top: (a) 100 X, Cross-section: (b) 100 X, Bottom: (c) 100 X; SEM images of static
culture Day 7. Top: (d) 100 X, Cross section: © 100 X, Bottom: (f) 100 X. SEM images of
perfusion culture Day 7 Top: (g) 100 X, Cross section: (h) 100 X, Bottom: (i) 100 X.

4.2. Computational Fluid Dynamics Modelling Studies

In this section of the thesis, the results of simulation studies for modeling flow rate and mass
transfer in a perfusion bioreactor operating at different flow velocities and tissue scaffolds of
different sizes are discussed. In the modeling studies using COMSOL software with the
methods described in Section 3.6, flow simulation was performed for the perfusion bioreactors
without tissue scaffold in the first stage. On the ongoing studies, various models have been

created by considering non-porous scaffolding and permeable scaffolding as primary scaffold
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types. In addition, simulations of glucose and oxygen transfer were made using a permeable
scaffold model in order to determine the shear stresses affecting the cells.

4.2.1. Perfusion Bioreactor Flow Model Without a Tissue Scaffold

As a first step in modeling studies, flow simulation was performed in a perfusion bioreactor
without a tissue scaffold. For this purpose, the laminar flow model presented in the CFD
module of COMSOL software has been utilized.

As it was stated in Section 3.6.2, the bioreactor geometry was obtained by combining 5
cylinders of different diameters and lengths, each representing a component in the reactor
system. All components except the silicone tubes are modeled according to their actual
measurements. The length of the silicone tubes at the entrance and exit of the perfusion
chamber was determined to be 10 cm in order to shorten the calculation period and to facilitate

the post-model data.

Perfusion bioreactor without tissue scaffold was discretized by COMSOL using calibrated free
four-sided mesh for fluid dynamics problems (Figure 4.15). It is envisaged to use a smaller
mesh structure in the areas where the gradient is expected to be large, and a larger mesh
structure in the other regions, and therefore the use of asymmetric meshing has been found

suitable.
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Figure 4.15. Use of free four-sided mesh in a perfusion bioreactor model without tissue
scaffold.
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Images of the velocity profile in the perfusion bioreactor are presented in Figure 4.16-a. The
blue regions are the areas where the velocity is low and the red regions are the areas where the
highest velocity is present. The color-velocity relationship on the scale is presented separately
for each shape. The highest velocity in the reactor was reached at the inlet tube by
8.0914x107 m/s. The parabolic velocity profile due to the laminar flow appears in Figure 4.17.
In the perfusion circle, it was determined that the linear velocity decreased with the increase of
the diameter and it was noted that due to the sudden expansion in the circle, the dead zones in

the corners were observed (Figure 4.16-b).
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Figure 4.16. Velocity profiles in the perfusion bioreactor without tissue scaffold: (a)
overview, (b) detailed view of the perfusion chamber.

An imaginary line passing through the center of the perfusion bioreactor is defined in the
model to assess how the linear velocity changes along the reactor. Figure 4.17 shows the
change in velocity along the horizontal axis. The graph confirms that the information obtained
from Figure 4.16 as it represents the increase in velocity at the inlet and outlet of the silicon
tubes. In Figure 4.17-b, the flow rate in the perfusion chamber changes from 0.25x107 m/s to
0.26x10°° m/s.
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Figure 4.17. Velocity profile in the perfusion bioreactor without tissue scaffold: (a) the change
in velocity in the reactor along the z-axis, (b) the change in velocity along the z-axis within the
perfusion chamber.

By determining the flow rate and velocity profile in the perfusion bioreactor without a tissue
scaffold, COMSOL Laminar Flow Model has found a suitable basis for the construction of the
CFD model of the bioreactor that is presented. Due to the expected shape of the flow fields, it
is thought that realistic results will be achieved as to how the tissue scaffold placed in the

perfusion chamber will affect the flow fields.
4.2.2. Perfusion Bioreactor Flow Model with Non-Porous Tissue Scaffold

The chitosan-HA tissue scaffolds used in experimental studies are three-dimensional and
porous structures. In order to have a preliminary study on simulations to be carried out in the
presence of tissue scaffold, the assumption of nonporous tissue scaffold is made in this section
and the system geometry given in Figure 4.18 is created in COMSOL. Models for permeable
and porous tissue scaffolds in the continuing sections have also been included since the thesis
study aims to identify the micro-environments and mechanical forces to which the cells in the

tissue scaffold are exposed.
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Figure 4.18. (a) Use of free four-sided mesh in the model of non-porous tissue scaffold and
perfusion bioreactor, (b) location of tissue scaffold in the perfusion chamber.

Figure 4.19 shows images of the velocity profiles in the system that contains a rigid scaffold.
In Figure 4.19-a, the highest flow rate was found to reach the inlet tube (8.0983 x 107 m/s). It
has been shown that the model is reliable to reach the results which are compatible with the
values obtained in the reactor without the tissue scaffold. In Figure 4.19-b it is clearly seen
that the rigid tissue scaffold changes the speed profile. It has been determined that the velocity
of the medium flow has been found to achieve very low values on the surface of the tissue
scaffold that meets the flow. Moreover, it has been observed that the velocity increases in the
regions where the upper and lower parts of the chamber are close to the scaffold, depending on
the flow that is running around the scaffold. The velocity profile in the bioreactor is shown
numerically by the graphs given in Figure 4.19. Flow has stopped in the tissue scaffold due to
the absence of the pores, and the velocity has decreased to 0 m/s at certain points , which are
shown in Figure 4.19-a and b. The linear velocity on the surface of the tissue scaffold was
found to be 3.8x10™ m/s.
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Figure 4.19. The velocity profile in the perfusion bioreactor in the presence of a non-porous
tissue scaffold, (a) the change in velocity in the reactor along the z-axis; (b) the change in
velocity along the z-axis within the perfusion chamber.

The shear rate profiles were used to calculate the shear stresses acting on different surfaces of
the nonporous tissue scaffold. Since it is assumed that the culture medium is an
incompressible fluid, shear stress values are calculated by multiplying shear rate and medium
viscosity. In Figure 4.20, the shear velocity profiles that are applied for the anterior and
posterior sides of the scaffold are provided. Depending on the design of the perfusion
chamber, the direct flow of the center of the tissue scaffold causes the forces in these regions
to be higher than those in the lateral zones. The highest shear stress acting on the center of the

scaffold was calculated as 4.3064x10 dyne / cm?.
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Figure 4.20. Shear rate profiles affecting non-porous tissue scaffold in perfusion bioreactor:
(a) anterior side (b) posterior side.
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In the models obtained for the perfusion bioreactor with a rigid scaffold, the graph varying
with the horizontal axis of shear rates in the perfusion chamber are presented in Figure 4.21.

The scaffold was found to have a higher shear rate on the surface that meets the flow.
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Figure 4.21. Shear rates affecting non-porous tissue scaffold in perfusion bioreactor.

4.2.3. Perfusion Bioreactor Flow Model at Flow Rate of 0.1 mL/min in the Presence of a
P3D-6 Permeable Tissue Scaffold

One of the most important goals of the studies aimed at the production of bone grafts with the
tissue engineering approach is to achieve homogeneous tissue formation in three dimensional,
porous tissue scaffolds. Perfusion bioreactors are systems that provide intra-pore flow to
promote nutrient and oxygen transfer to the cells in the inner regions of tissue scaffolds, as
well as to promote osteogenic differentiation by applying shear stress to the cells. In the
computational fluids dynamics model of the thesis study, simulations were carried out with
permeable tissue scaffolds using the “Free and Porous Media Flow Model” in COMSOL’s
CFD module to develop a more realistic approach that shows parallelism with the
experimental conditions and a free four-sided mesh was used to create this model. Properties
of permeable tissue scaffold are given in Table 3.6.3. The calculation method of the
permeability in the porous scaffolds is based on the doctoral dissertation of I1.G. Beskardes
[32]. The porosity value has been found to be 78% and the permeability has been calculated as

6.13 x10™° m? Figure 4.22 presents images of the velocity profile in the perfusion bioreactor
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which contains a permeable tissue scaffold. It is seen that the permeable scaffold does not
affect the flow in the thin tube and the highest linear velocity was reached in the thin tube by
7.8952x10°° m/s (Figure 4.22-a). The flow velocity has been found to decrease at the surface
of the permeable tissue scaffold. However, due to the penetration of the culture medium into
the scaffold, a velocity profile in the tissue scaffold can be observed in Figure 4.22-b.
Futhermore, it is also observed that the culture media flowed through both the permeable

tissue scaffold and the periphery before leaving the perfusion chamber.
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Figure 4.22. Velocity profile in perfusion bioreactor at flow rate of 0.1 mL/min in the presence
of a P3D-6 permeable tissue scaffolds: (a) overview, (b) detailed view of the perfusion
chamber.

Due to the porosity and permeability properties, the fluid movement in the tissue scaffold
continued. Figure 4.23 shows how the velocity profile changes along the horizontal axis. The
linear velocity in the internal region of the first permeable tissue scaffold changed from
0.023x10° to 0.001x10°® (Figure 4.23-b), and the second permeable scaffold changed from
0.0103x10° to 0.0252x10°. Expectations have been confirmed that these values would be

lower than the linear velocities obtained for the empty perfusion chamber.
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Figure 4.23. Velocity profile in perfusion bioreactor at flow rate of 0.1 mL/min in the presence
of a P3D-6 permeable tissue scaffolds: (a) the change in velocity in the reactor along the z-
axis, (b) the change in velocity along the z-axis within the perfusion chamber.

The shear stress profiles acting on the surface of the permeable tissue scaffold are presented in
Figure 4.24. High shear stress values are observed on the anterior side of the scaffold (Fig.
4.24-a3). The physical forces acting on the lateral zones were found to be lower than those

acting on the posterior surface (Figure 4.24-b).
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Figure 4.24. Shear rate profiles affecting P3D-6 permeable tissue scaffolds in perfusion
bioreactor at flow rate of 0.1 mL/min: (a) anterior side (b) posterior side.

The design of the perfusion chamber plays a major role in imitating the physical forces that
affect the tissue scaffolds. In this model, due to the fact that the scaffold does not cause a tight
settlement in the chamber, lateral zones are prevented from being exposed to high shear

stresses when they contact with freely flowing fluid. However, in order for the scaffold not to
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move in the chamber, it is necessary to make the distance between the lower and upper parts
of the chamber narrower than the diameter of the tissue scaffold. This causes the center
portions of the tissue scaffold to be affected by higher shear stresses. The graph presented in
Figure 4.25 shows that the highest shear stress acting on the anterior region of the scaffold in
the bioreactor was calculated as 2.5389 x 10 dyne/cm® When these results are evaluated, it
can be implied that the increased flow rate in the perfusion bioreactor achieves the resultant
increase in shear stresses acting on the cells. It was also found that these values were lower
when compared with the results obtained from the studes with the rigid tissue scaffold. It has
been concluded that assumptions made in the CFD approaches have a decisive influence on

the results and that the pore structure can change the physical forces affecting the cells.
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Figure 4.25. Shear rates affecting P3D-6 permeable tissue scaffolds in perfusion bioreactor at
flow rate of 0.1 mL/min.

4.2.4. Perfusion Bioreactor Mass Transfer Model at Flow Rate of 0.1 mL/min in the

Presence of a Pemeable Tissue Scaffold

The COMSOL Chemical Reaction Engineering Module’s “Transport of Diluted Species
Models” section has been selected for the simulation of glucose and oxygen transport in the
perfusion bioreactor and the tissue scaffold. For the joint evaluation of momentum and mass
transfer, “Transport Model of Dilute Species” is mapped to “Free and Porous Media Flow
Model”. Since the mass transfer is carried out by a permeable tissue scaffold, the mesh

structure and features described in Section 4.2.3 are also applicable for this section.
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The parameters used for the simulation of glucose and oxygen transfer are presented in Table
3.6.3. From the experimental results, it is assumed that there are 5x10° cells in the tissue
scaffold and it is also assumed that the glucose and oxygen consumption reactions occur

homogeneously in a 3-dimensional tissue scaffold.

The data obtained from the simulations performed for the glucose concentrations are presented

graphically in Figure 4.26.
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Figure 4.26. Glucose transport profile P3D-6 perfusion bioreactor in the presence of
permeable tissue scaffolds at flow rate of 0.1 mL/min: (a) overview, (b) detailed view of the
perfusion chamber.

Using Figure 4.26-a it was determined that the glucose concentration is high in the thin silicon
tube and at the inlet of the perfusion chamber (5.5627 mol/m®). However, glucose
concentration was also found to be high in the culture medium surrounding the tissue scaffold
in the perfusion chamber (Figure 4.26-b). On the posterior side of the first tissue scaffold, the
concentration decreased to 5.33 mol/m®. Furthermore the concentration rate was found to be
5.32 mol/m® on the anterior side of the second scaffold, and 5.078 mol/m* on the posterior
side. The fact that this gradient is too small suggests that the use of a perfusion bioreactor

effectively transfers glucose to the internal regions of the tissue scaffold.

In Figure 4.27-a, b, when the glucose concentration profile on the surface of the permeable
tissue scaffold is taken into account, it is seen that the cells on the anterior side that meet the
flow are exposed to a concentration of 5.5576 mol/m?® and the cells on the posterior side have a
concentration of about 5.0505 mol/m®. Because of the fact that the concentration difference
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between the anterior and posterior sides is very low, it can be pointed out that the cells in all

regions of the tissue scaffold are exposed to similar conditions.

Surface: Concentration (mol/m®) < Z Surface: Concentration (mol/m?)

Figure 4.27. Glucose concentration profile on the surface of P3D-6 permeable tissue scaffolds
in the presence of permeable tissue scaffolds at flow rate of 0.1 mL/min: (a) anterior side (b)
posterior side.

The profile of the glucose concentration on the surface of the tissue scaffold system is given in
(Figure 4.27). The graph presented in Figure 4.28 was used to examine the change in glucose
concentration along the horizontal axis in the bioreactor. It appears that a small portion of the
glucose that reaches the tissue scaffold is consumed by the cells. As a result, an increase in the

glucose concentration has been detected at the outlet.
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Figure 4.28. Change in glucose concentration in perfusion bioreactor in the presence of P3D-6
permeable tissue scaffolds at flow rate of 0.1 mL/min.
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The model of glucose transport created by permeable tissue scaffold has shown that both the
bioreactor and the gradient within the tissue scaffold are eliminated by increasing the flow
rate. Moreover, it has been seen that the glucose level has not been reduced and a micro-

environment that allows homogeneous tissue formation has been created successfully.

Another environmental component that is as important as glucose for the cells in tissue
engineering is oxygen. In the relevant literature, it has been reported that diffusion coefficient
of oxygen is 3-4 times higher than that of glucose [56, 101]. However, due to the lower

solubility of oxygen, cells are known to be exposed to low concentrations of oxygen [9, 56].

The data obtained from simulations for oxygen transfer are presented in Figure 4.29. In Figure
4.29-a, the profile obtained was found to be high (0.2001 mol/m®) at the inlet of the silicone
tube, at the inlet of the perfusion chamber and around the scaffold, similar to glucose transfer
model. With an efficient transfer system, the cells inside the tissue scaffold were also exposed
to high oxygen values. The lowest oxygen concentration value in the scaffold was found to be
0.1214 mol/m® (Figure 4.29-b). The low gradient rate suggests that a perfusion bioreactor has

created a microenvironment that supports homogenous tissue formation.
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Figure 4.29 Oxygen transport profile P3D-6 perfusion bioreactor in the presence of permeable
tissue scaffolds at flow rate of 0.1 mL/min: (a) overview, (b) detailed view of the perfusion
chamber.

72



@ | (b)

Figure 4.30. Oxygen concentration profile on the surface of P3D-6 permeable tissue scaffolds
in the presence of permeable tissue scaffolds at flow rate of 0.1 mL/min: (a) anterior side (b)
posterior side.

Considering the profiles given in Figure 4.30, the result show that the anterior and posterior
surfaces of the tissue scaffold are exposed to similar oxygen concentrations. As it is shown in
Figure 4.31, In the perfusion system where the oxygen level in the bioreactor varied along the
horizontal axis, only a small portion of the oxygen in the culture medium reaching the tissue
scaffold in the system was consumed by the cells. These results have shown that cells will be
exposed to sufficient oxygen concentrations even when the circulation of the medium is being
performed. The bioreactor system used in the thesis study was found to provide an oxygen
concentration of 0.1791 mol/m? at the center of the first scaffold, and 0.1278 mol/m® at the

center of the second scaffold, respectively.
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Figure 4.31. Change in oxygen concentration in perfusion bioreactor in the presence of P3D-6
permeable tissue scaffolds at flow rate of 0.1 mL/min.
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4.2 5. Perfusion Bioreactor Flow Model at Flow Rate of 0.2 mL/min in the Presence of a
P3D-6 Pemeable Tissue Scaffold

In this part of the modelling studies, a perfusion bioreactor flow model at the flow rate of 0.2
mL/min in the presence of the ermeable tissue scaffold that has the same properties has been
modelled in order to compare the findings with the perfusion bioreactor flow model at the
flow rate of 0.1 mL/min. Figure 4.32 presents images of the velocity profile in the perfusion
bioreactor which contains a permeable tissue scaffold. It is seen that the permeable scaffold
does not affect the flow in the thin tube and the highest linear velocity was reached in the thin
tube by 15.8x10° m/s (Figure 4.32-a). The flow velocity has been found to decrease at the
surface of the permeable tissue scaffold. However, due to the penetration of the culture
medium into the scaffold, a velocity profile in the tissue scaffold can be observed in Figure
4.32-b. Futhermore, it is also observed that the culture media flowed through both the

permeable tissue scaffold and the periphery before leaving the perfusion chamber.
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Figure 4.32. Glucose transport profile P3D-6 perfusion bioreactor in the presence of
permeable tissue scaffolds at flow rate of 0.2 mL/min: (a) overview, (b) detailed view of the
perfusion chamber.

Due to the porosity and permeability properties, the fluid movement in the tissue scaffold
continued. Figure 4.33 shows how the velocity profile changes along the horizontal axis. In
the perfusion system given, the linear velocity in the internal region of the first permeable
tissue scaffold changed from 0.175x10 to 0.02x10° m/s (Figure 4.33-b), and the second

permeable scaffold changed from 0.02x10° to 0.05x10° m/s. Expectations have been
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confirmed that these values would be higher than the linear velocities obtained from the 0.1

mL/min model.
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Figure 4.33. Velocity profile in perfusion bioreactor at flow rate of 0.2 mL/min in the presence
of a P3D-6 permeable tissue scaffolds: (a) the change in velocity in the reactor along the z-
axis, (b) the change in velocity along the z-axis within the perfusion chamber.

The shear stress profiles acting on the surface of the permeable tissue scaffold are presented in
Figure 4.34. High shear stress values are observed on the anterior side of the scaffold (Fig.

4.34-a). The physical forces acting on the lateral zones were found to be lower than those

acting on the rear surface (Figure 4.34-b).
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Figure 4.34. Glucose concentration profile on the surface of P3D-6 permeable tissue scaffolds
in the presence of permeable tissue scaffolds at flow rate of 0.2 mL/min: (a) anterior side (b)

posterior side.

75



The graph presented in Figure 4.35 show that the highest shear stress acting on the aneterior
region of the scaffold in the bioreactor was calculated as 5.0708 x 10™* dyne/cm?. When these
results are evaluated, it can be implied that the increased flow rate in the perfusion bioreactor
achieves the resultant increase in shear stresses acting on the cells. It was also found that these
values were higher when compared with the results obtained from the 0.1 mL/min model. It
has been concluded that assumptions made in the CFD approaches have a decisive influence

on the results and that the flow rate can change the physical forces affecting the cells.
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Figure 4.35. Shear rates affecting P3D-6 permeable tissue scaffolds in perfusion bioreactor at
flow rate of 0.2 mL/min

4.2.6. Perfusion Bioreactor Mass Transfer Model at Flow Rate of 0.2 mL/min in the

Presence of a Pemeable Tissue Scaffold

In this part of the modelling studies, a perfusion bioreactor mass transfer model at the flow
rate of 0.2 mL/min in the presence of the permeable tissue scaffold that has the same
properties has been modelled in order to compare the findings with the perfusion bioreactor
flow model at the flow rate of 0.1 mL/min. From the experimental results, it is assumed that
there are 5x10° cells in the tissue scaffold and it is also assumed that the glucose and oxygen

consumption reactions occur homogeneously in a 3-dimensional tissue scaffold.

The data obtained from the simulations performed for the glucose conentrations are presented

graphically in Figure 4.36.
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Figure 4.36. Glucose transport profile P3D-6 perfusion bioreactor in the presence of
permeable tissue scaffolds at flow rate of 0.2 mL/min: (a) overview, (b) detailed view of the
perfusion chamber.

As the Figure 4.36-a suggests, it was determined that the glucose concentration is high in the
thin silicon tube and at the inlet of the perfusion chamber (5.5654 mol/m®). However, glucose
concentration was also found to be high in the culture medium surrounding the tissue scaffold
in the perfusion chamber (Figure 4.36-b). On the posterior side of the first tissue scaffold, the
concentration decreased to 5.558 mol/m®. Furthermore the concentration rate was found to be
5.442 mol/m?® on the anterior side of the second scaffold, and 5.325 mol/m* on the posterior
side. The fact that this gradient is too small suggests that the use of a perfusion bioreactor

effectively transfers glucose to the internal regions of the tissue scaffold.

In Figure 4.37, when the glucose concentration profile on the surface of the permeable tissue
scaffold is taken into account, it is seen that the cells on the anterior side that meet the flow are
exposed to a concentration of 5.5583 mol/m® and the cells on the posterior side have a
concentration of about 5.2917 mol/m®. Because the concentration difference between the
anterior and posterior sides is very low, it can be pointed out that the cells in all regions of the

tissue scaffold are exposed to similar conditions.
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Figure 4.37. Glucose concentration profile on the surface of P3D-6 permeable tissue scaffolds
in the presence of permeable tissue scaffolds at flow rate of 0.2 mL/min: (a) anterior side (b)
posterior side.

The profile of the glucose concentration on the surface of the tissue scaffold system is given in
Figure 4.38. The graph presented in Figure 4.38 was used to examine the change in glucose
concentration along the horizontal axis in the bioreactor. It appears that a small portion of the
glucose that reaches the tissue scaffold is consumed by the cells. As a result, an increase in the

glucose concentration has been detected at the outlet.
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Figure 4.38. Change in glucose concentration in perfusion bioreactor in the presence of P3D-6
permeable tissue scaffolds at flow rate of 0.2 mL/min.
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The model of glucose transport created by permeable tissue scaffold has shown that both the
bioreactor and the gradient within the tissue scaffold are eliminated by increasing the flow
rate. Moreover, it has been seen that the glucose level has not been reduced and a micro-

environment that allows homogeneous tissue formation has been created successfully.

The data obtained from simulations for oxygen transfer are presented in Figure 4.39. In Figure
4.39-a, the profile obtained was found to be high (0.2001 mol/m®) at the inlet of the silicone
tube, at the inlet of the perfusion chamber and around the scaffold, similar to the glucose
transfer model. With the efficient transfer system, the cells inside the tissue scaffold were also
exposed to high oxygen values. The lowest oxygen concentration value in the scaffold was
found to be 0.1525 mol/m* (Figure 4.39-b). The low gradient rate suggests that the perfusion

bioreactor has created a microenvironment that supports homogenous tissue formation.
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Figure 4.39 Oxygen transport profile P3D-6 perfusion bioreactor in the presence of permeable
tissue scaffolds at flow rate of 0.2 mL/min: (a) overview, (b) detailed view of the perfusion
chamber.
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Figure 4.40. Oxygen concentration profile on the surface of P3D-6 permeable tissue scaffolds
in the presence of permeable tissue scaffolds at flow rate of 0.2 mL/min: (a) anterior side (b)
posterior side.

Considering the profiles given in Figure 4.40 and the graph given in Figure 4.41, the result
show that the anterior and posterior surfaces of the tissue scaffold are exposed to similar
oxygen concentrations. In the perfusion system where the oxygen level in the bioreactor varied
along the horizontal axis, only a small portion of the oxygen in the culture medium reaching
the tissue scaffold in the system was consumed by the cells. These results have shown that
cells will be exposed to sufficient oxygen concentrations even when the circulation of the
medium is being performed. The bioreactor system used in the thesis study was found to
provide an oxygen concentration of 0.191 mol/m® at the center of the first scaffold, and 0.1614

mol/m® at the center of the second scaffold respectively.
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Figure 4.41. Change in oxygen concentration in perfusion bioreactor in the presence of P3D-6
permeable tissue scaffolds at flow rate of 0.2 mL/min.

4.2.7. Perfusion Bioreactor Flow Model at Flow Rate of 0.27 mL/min in the Presence of a
P3D-10 Pemeable Tissue Scaffold

In this part of the modelling studies, a perfusion bioreactor flow model at the flow rate of 0.27
mL/min has been modelled in the presence of a P3D-10 pemeable tissue scaffold in order to
investigate the availability of the production of larger bone grafts. The aim of the modelling
study is to to investigate whether the culture conditions generated at a flow rate of 0.1 mL/min
in the P3D-6 chamber show similar characteristics at a flow rate of 0.27 mL / min in the P3D-
10 chamber. The geometry and mesh structure that are created in COMSOL for this purpose
are given in Figure 4.42-a and 4.42-b. Figure 4.42-c shows the formation of a laminar flow in
the chamber of the P3D-10 bioreactor. The linear velocity values (2.6x10™ m/s) obtained as a
result of the modeling studies for the anterior and posterior sides of the chamber were found to
be very close to those obtained in the P3D-6 circles. However, the fact that the velocity values
of the tissue scaffolds in figure 4.42-d are found to be approximately 1.6x10™ m/s reveals that
the culture conditions in the perfusion circles P3D-6 and P3D-10 are different from each other.
It was found that higher flow rate is more likely to be more efficient fot the tissue scaffolds

cultured in the P3D-10 perfusion chambers.
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Figure 4.42. CFD Modelling studies with P3D-10 perfusion chamber: (a) perfusion chamber
geometry (b) use of free tetrahydral mesh (c) flow profile in the P3D-10 perfusion chamber
and tissue scaffold at a flow rate of 0.27 mL/min (d) variation of the linear velocity with the
distance in the perfusion circle.
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5. CONCLUSION

Within the scope of this thesis study, the osteoblastic differentiation potentials of human
mesenchymal stem cells were investigated under the condition of being seeded into chitosan-
HA tissue scaffolds in various sizes and cultured on perfusion bioreactors within different
flow velocities. The results obtained from the experiments using the perfusion bioreactors
were evaluated comparatively with the studies carried out under the static conditions. In the
last part of the study, flow and mass transfer simulation studies were performed with
COMSOL software for the characterization of the microenvironment to which the cells
cultured in the perfusion bioreactor were exposed. Significant findings from the study are

summarized below:

e Chitosan-HA SPHCs have been successfully produced by combining microwave
radiation and gas foaming methods using glyoxal as a crosslinking agent, and sodium
bicarbonate as (NaHCO3) a foaming agent.

e In order to investigate the osteoblastic differentiation potentials of the hMSCs in the
perfusion bioreactor, two different tissue scaffolds have been successfully constructed
for dynamic approach and the setup of the experiment has been successfully
completed.

e P3D-6 and P3D-10 perfusion chambers which are designed as porous tissue scaffolds
and offered many advantages in terms of providing ease of operation were used for the
bioreactor studies. The syringe pump was preferred for media flow, so that the flow
rate could be controlled without any complications. A system has been established in
which sterilization can be maintained in long-term in vitro cultures by the use of
appropriate parts and filters.

e The installation of the perfusion bioreactor, a bioreactor type that offers many
advantages for bone tissue engineering; prevents leakage and contamination during
long-term operations and allows manipulation during environmental refinement has
been successfully completed.

e Dynamic culture approach is used in the studies that were carried out in a perfusion
bioreactor and the static cell seeding studies were carried out in 24-well TCPS and
tissue scaffolds.
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e Because the chitosan-HA SPHC tissue scaffolds support cell adhesion and can reach
high swelling rates in a short time, the pipette-assisted cell suspension was evaluated to
be high in optical density as a result of its absorptivity to the scaffold due to the
abundance of pores.

e |t has been observed that the flow rate and flow direction parameters have statistically
significant effects on the adhesion of cells to the scaffold surfaces.

e It was determined that among the cell culture studies carried out under different
conditions for 21-days in vitro, the highest cell viability that has been reached in the
perfusion bioreactor was discovered to be under the static culture conditions in P3D-6
tissue scaffolds.

e Various simulation studies have been carried out using COMSOL software to
characterize the micro-environment in which the cultured cells of the chitosan-HA
SPHCs in the perfusion bioreactor are exposed at low (0.1 mL/min) and high (0.2
mL/min) flow rates.

e In order to verify the precision of the model, the velocity values in the flow model
created in the system without a tissue scaffold was compared with the results obtained
from the analytical trials.

e Simulations based on non-porous scaffolds have shown that non-porous structure
changes the flow profile too much. As a more realistic approach, the permeable tissue
scaffold model was used in order to evaluate the effect of flow and mass transfer
models. It was found that the velocity profiles obtained from the model established by
the assumption of permeable tissue scaffolds are compatible with the expected results.
For this reason, simulations of glucose and oxygen transfer in the perfusion bioreactor
and tissue scaffold were carried out using the permeable scaffold model.

e According to the outcome of the studies, it was determined that hMSCs cultured in
dynamic conditions (P3D-6, 0.1 mL/min-0.2 mL/min) after static cell seeding

supported the osteoblastic differentiation.

In the light of all the findings obtained in the thesis study, it has been seen that the dynamic
culture approach performed in perfusion bioreactor with chitosan-HA tissue scaffolds is a
suitable in vitro model for bone tissue engineering by means of supporting the osteogenic
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differentiation, but not on cell viability. Computational fluid dynamics modelling studies have
been considered to be a significant contribution in terms of evaluating experimental results
and recommending appropriate operating parameters for bone tissue regeneration in dynamic
cultures. Experimental studies and CFD simulations have shown that all parameters are critical
for successfully achieving in vitro production of engineered bone grafts in thesis studies
conducted with tissue scaffolds of different sizes and subjected to different flow rates.
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