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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF NOVEL BIOINK
BY USING DECELLULARIZED EXTRACELLULAR MATRIX FOR
BONE TISSUE ENGINEERING APPLICATIONS

Bone tissue engineering has focused on the development of functional scaffolds
that can organize bone regeneration with appropriate structures and properties. Three-
dimensional (3D) printing technology enables the development of personalized
scaffolds. In addition, biological scaffolds obtained by decellularization have various
advantages for developing natural-based scaffolds. The development of printable,
patient-specific bioinks derived from decellularized extracellular matrix could provide
3D fabrication of tissues and organs with high potential to mimic native tissues.

The presented thesis study demonstrates the development of various bioink
compositions for bone tissue engineering applications. In this regard, bone tissues were
decellularized with a novel method and then characterized in order to verify the removal
of whole cellular components for eliminating immunological reactions. After the
pulverization of tissues, decellularized bone (DB) particles were used as an additive
within various ink combinations (alginate-, gelatin- and alginate-gelatin-based). Thus,
various bioink formulations were developed containing DB particles, biopolymers and
mesenchymal stem cells (MSC). All prepared bioinks were bioprinted, then the viability,
proliferation and differentiation capacity of the cells inside the structures as well as the
physical, rheological, and printability properties of the inks were assessed.

The results revealed that all bioink combinations were suitable for bioprinting
and the addition of DB particles improved cell proliferation and osteogenic
differentiation in all bioink formulations. Alginate-based bioinks exhibited the greatest
printability and shape fidelity, gelatin-based bioinks showed the highest cell
proliferation and attachment, also, gelatin incorporation into alginate-based bioinks
improved the biological activity of cells. In conclusion, cytocompatible, functional
composite bioinks developed in this thesis study are of value for bone tissue engineering
research in future to explore their functions in the living system and show complete bone

regeneration while maintaining their stability for a long time.
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OZET

KEMIK DOKU MUHENDISLIGI UYGULAMALARI ICIN
HUCRESIZLESTIRILMIiS HUCRE DISI MATRIS KULLANILARAK
YENI BiYOMUREKKEP GELIiSTIRILMESI VE
KARAKTERIZASYONU

Kemik dokusu miihendisligi, uygun oOzelliklerle kemik onarimini saglayan
islevsel doku iskelelerinin gelistirilmesine odaklanmistir. Ug boyutlu (3D) bask:
teknolojisi, kisisellestirilmis malzemelerin tasarlanmasini saglar. Bununla birlikte,
hiicresizlestirme teknigi ile elde edilen biyolojik doku iskeleleri, dogal malzemeler
iiretilmesi i¢in pek ¢ok avantaj sunmaktadir. Hiicresizlestirilmis dokulardan {iretilen
yazdirilabilir, hastaya 6zel biyomiirekkeplerin gelistirilmesi, dogal dokular: taklit etmek
icin yiiksek potansiyele sahip doku ve organlarin {iretimini saglayabilir.

Sunulan tez g¢alismasi, kemik dokusu miihendisligi uygulamalar1 icin ¢esitli
biyomiirekkep gelistirilmesini temel almaktadir. Bu dogrultuda, kemik dokular1 yeni bir
yontemle hiicresizlestirilmis ve immiinolojik reaksiyonlar1 ortadan kaldirmak i¢in tiim
hiicresel bilesenlerin uzaklastirildigini dogrulamak i¢in karakterize edilmistir. Toz haline
getirilen dokular, hiicresizlestirilmis kemik (DB) parcaciklart olarak cesitli miirekkep
kombinasyonlarinin (aljinat ve jelatin temelli) hazirlanmasi i¢in kullanildi. Boylece,
cesitli biyomiirekkep formiilasyonlari, DB parcaciklari, biyopolimerler ve mezenkimal
kok hiicreler (MSC) kullanilarak gelistirilmistir. Hazirlanan tiim biyomiirekkepler bir 3D
biyoyazic1 kullanilarak baskilanmis ve yapilarin igindeki hiicrelerin canliligi,
cogalmalar1 ve farklilasma kapasiteleri ile miirekkeplerin fizyolojik, reolojik ve
basilabilirlik 6zellikleri degerlendirilmistir.

Sonuglar, tiim biyomiirekkeplerin 3D biyobaskilama i¢in uygun oldugunu ve DB
parcaciklari eklenmesinin hiicre ¢ogalmasini ve osteojenik farklilasmay1 arttirdigin
ortaya koymustur. Aljinat temelli biyomiirekkeplerin miikemmel basilabilirlik 6zellikler
gosterdigi, jelatin temelli biyomiirekkeplerin en yiiksek hiicre canliligina sahip oldugu
ve aljinat temelli biyomiirekkeplere jelatin eklenmesinin hiicre canliligi ve ¢ogalmasini
arttirdig1 saptanmistir. Ozetle, tez ¢alismasinda gelistirilen kompozit biyomiirekkepler,
canli sistemdeki islevlerini kesfetmek ve tam kemik iyilesmesi gostermek i¢in kemik

dokusu miihendisliginde gelecekteki arastirmalar icin deger tasimaktadir.
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CHAPTER 1

INTRODUCTION

1.1. State of the Art

Tissue engineering is an emerging multidisciplinary field that aims to regenerate
tissues using biomaterials, cells and bio-signal molecules. In biomaterials science,
research strives aims for the discovery of biocompatible and biomimetic materials in
accordance with the composition and structure of tissues for therapeutic or diagnostic
purposes'. Thus, it aims to induce, monitor or support tissue healing and repair or
replace defective tissue. A growing number of tissue engineering research studies
conducted over the past several years have proposed the combination of materials, cells
and biosignal molecules while using new methods for tissue regeneration’*. Bone
tissue engineering is concerned with bone regeneration and healing and focuses on
designing novel ways to encourage bone creation in clinical emergencies that cannot be
healed with the help of conventional techniques. Thus, with the developing technology,
advanced and innovative methods could be used to repair damaged tissues®.

New methods and biologic materials similar to extracellular matrix (ECM) have
been widely investigated for regeneration of numerous tissues. Decellularized
extracellular matrix (dECM) scaffolds for the bioengineering of tissues or human-scale
organs have been extensively investigated for therapeutic applications. Decellularization
methods and recellularisation of the tissues with autologous cells have great potential
for regeneration of the tissues®.

In the last decade, kidney’, lung®, heart’, and liver'® tissues have been used to
develop dECM scaffolds showing high potential applications in regenerative medicine.
Furthermore, injectable decellularized tissue-based hydrogels were developed from
heart!!, dermis'?, urinary bladder'3, liver'4, blood vessel'> and adipose tissue'®, and
showed promising results for developing biological tissue-derived scaffolds. Although
there have only been a few studies on bone decellularization, injectable hydrogels made

from decellularized bone (DB) have been developed after the demineralisation process,



which causes insufficient biomineralisation and cellular activity needed for

regeneration!”-!®

. Along with the increasing use of injectable hydrogels in three-
dimensional (3D) bioprinting, the concept of organ printing has lately taken the lead in
the production of biomimetic scaffolds.

3D bioprinting applications have improved significantly, with various advantages in
producing tissue- or patient-specific functional biomaterials with different cell types by
layer-by-layer process. Numerous studies have been reported using natural or synthetic
polymer-based 3D-printed hydrogels for bone tissue engineering. Still, to the best of our
knowledge, no study has been presented that DB-derived 3D-bioprinted hydrogels that
contain both organic (collagen and non-collagenous proteins) and inorganic
(mineralised crystals) components of bone tissue. The advantages of decellularized
ECM and its usage in 3D bioprinting applications could overcome the problems faced
by bone-tissue engineering. The development of printable patient-specific ECM bioink
could enable 3D biofabrication of tissues and organs that functionally match the
defective tissues. Therefore, the approach of using DB within biocompatible polymers
as a bioink could facilitate bone regeneration with the desired structural similarity and
biological functionality. In consideration of this approach, this thesis study presents
different novel bioink formulations composed of biopolymers and DB, as well as the
development of functional cell-laden constructs by 3D bioprinting for bone-tissue

engineering applications.

1.2. Tissue Engineering

Tissue engineering is a multidisciplinary field that focuses on reconstructing organs
and functions to produce physiologically similar 3D structures'®. In the classic tissue
engineering approach introduced by Langer and Vacanti, the appropriate cell types are
seeded in biodegradable 3D structures fabricated to mimic the target organ or tissue and
are supplied with the appropriate biological signals (growth factors and signalling
molecules) according to the target tissue properties®’.

3D structures/scaffolds made from synthetic or natural materials are used for cell
attachments, growth differentiation and support tissue formation with appropriate ECM
production. The ECM in the native tissues is a 3D network composed of proteins and

polysaccharides that supports cell—cell and cell-ECM interaction and the diffusion of



nutrients and metabolites®!. A scaffold acts as a synthetic ECM, modifying biomaterials
to mimic the native tissue ECM is a major challenge. The ideal characteristics of a
scaffold should include an anatomically appropriate shape, biological compatibility with
the surrounding tissues and biological fluids to reduce the immune response,
preparation using a biodegradable polymer with an appropriate degradation rate, non-
toxicity of the scaffold itself and its degradation products and mechanical support®2.

In the last 30 years, a range of biomaterials have been produced that imitate the
ECM by using natural polymers, including collagen and fibrin to promote cell
attachment and growth?>?%; bioabsorbable polyesters, such as polylactic and
polyglycolic acid, which provide stronger structures than natural biomaterials and
tunable degradation behaviour?; ceramic materials, including calcium phosphate or
bioglass, which mimic the biomineralisation property as mineral content of bone and
stimulate cell regeneration’®; and composite materials, which are obtained by a
combination of two or more of the above-mentioned groups?’. In order to include cells
into these materials, numerous techniques have been presented for cell isolation and
expansion, then to repopulate them within scaffolds and obtain cell-laden constructs that
can be implanted into the defective tissue. Along with the improvement of technology
for material production and cell-culture techniques, modulating extracellular signalling
by bioactive scaffolds and intracellular reprogramming approaches have marked
advances for regenerative medicine applications®®?°. Thus, the production of scaffolds
that could be able to respond to cell signals have made large advances and brought a
new perspective to tissue engineering. Furthermore, there has been eminent progress in
tissue engineering applications to induce or control direct tissue regeneration (for
example, functional scaffold fabrication composed of bioactive agents without losing
bioactivity)3%3!,

Numerous techniques have been developed to mimic the native ECM
microstructure and guide cellular activity in tissue engineering fields (Figure 1.1).
Porous structures similar to the ECM in many tissues can be obtained by a freeze-drying

technique?-33

, a fibrillar network similar to the nervous system can be fabricated by
electrospinning technique’®, and more complex structures can be produced layer-by-
layer with a computer-assisted design using 3D printing®’-*8. Additionally, tissues can be
treated with various decellularization techniques according to tissue type to remove

cells and obtain a native tissue microenvironment. Decellularization methods have been



developed for several tissues, such as liver'?, kidney*’, heart’, lung*® and meniscus*!,

proving their potential in tissue-engineering applications. Decellularized tissues provide

native microenvironmental cues that regulate and support cell behaviour since native

ECM contains tissue-specific macromolecules, cytokines and growth factors*’. Thus,

cell functions could be enhanced by preserved ECM components after decellularization,

compared to the synthetic biomaterials. With those approaches, tissue engineering

research is being improved and new alternatives are being developed to fabricate

biomaterials that can better mimic organs and tissues. Besides the advanced research,

alternative

approaches strive to develop relevant biomimetic structures for tissue

regeneration and immediate clinical applications.

Figure 1.1.
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in a patient and undergo a remodelling process that allows tissue or organ regeneration.
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1.3. Bone Tissue Engineering

Bone tissue engineering research proceeds with the increasing acceleration for
the treatment of bone tissue loss and provides effective solutions with innovative
approaches. Bone, mainly composed of collagen and calcium phosphate crystals, is one
of the few tissues that can heal itself with complete reconstruction and consists of a
complex array of biological, structural and metabolic functions>*}. Bone tissue offers
natural self-repairing, remodelling and regeneration, which is a major benefit. Although
this unique ability allows for the regeneration of minor fractures, beyond critical size
defects regeneration does not complete and healing does not occur, which is still a
fundamental challenge to be addressed in clinical surgery***. With the continuous
progress of biomaterial science and technology, new approaches and alternatives are
being developed to fabricate biomaterials for regeneration and mimic bone tissue.

Bone is a vascularised tissue that enables structural support, withstands load-
bearing and responds rapidly to metabolic demands*. It also has a well-organised
structure from macro- to nano-scale structures (Figure 1.2). Bone tissues are composed
of organic components (22 wt%, collagen and non-collagenous proteins), inorganic
components (69 wt%, crystalline minerals) and water (9 wt%). The main organic
components are collagen type I, type II, type IIl and type IV and fibrins*’. The
noncollagenous matrix proteins, such as proteoglycans and glycoproteins, number over
200, and there are also inorganic crystalline mineral components known as
hydroxyapatite that contain calcium phosphate. Most of the mammal bone tissues has
the highest calcium content and can be consider as an organic-inorganic nanocomposite
structure*®®. Organic components provide elasticity, while inorganic components provide
strength. Bone has a heterogeneous, anisotropic structure as a consequence of the

association between its mechanical, biological and chemical properties and functions®’.
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collagenous proteins®.

Bone injuries are a key cause of aged patients’ disabilities and consequent
reduction in life quality. In bone defects, osteoporosis-related fractures, trauma,
congenital bone abnormalities and tumor resections, there is an increment demand for
orthopaedic surgery®®. The human body can efficiently repair fractures in bone, and
small bone defects can self-repair by the growth of natural bone, whereas large bone
defects resulting from trauma or bone diseases require more complex therapies®.
Approximately 2.2 million bone graft surgeries are carried out annually worldwide. The
focus of current treatments is to replace the damaged bone tissue using donor graft
tissues (xenografts, allografts and autografts) or metallic implants. These techniques
have certain drawbacks, though, such as pain at the donor site, bone fractures, morbidity
and a limited supply of bone grafts®'-2. Tissue-engineering (TE) applications and
regenerative-medicine approaches focus on regenerating defected tissues and organs by
producing biological alternatives that restore, preserve or enhance tissue function rather
than replacing defected tissues with metallic implants.

In bone-tissue engineering and regenerative medicine, biomaterials are an
essential substitute for bone tissue that provide an environment for cell attachment,
proliferation, differentiation and migration and serve as a guide when implanted into the

defective bone®. Key attributes of engineered biomaterials for bone-defect repair



include biocompatibility, biodegradability, microstructure, osteoconductivity and
mechanical properties. The primary requirement for biomaterials is cytocompatibility or
biocompatibility, which is the capacity for cell adhesion, migration and proliferation
without inducing a favourable immune response or a severe inflammatory response. In
addition, a significant property that offers enough mechanical support during the
formation of new bone and prevents inducing an inflammatory reaction against the
material’s foreign components is the capability of appropriate biodegradability.
Moreover, porous structures facilitate the diffusion of nutrients and metabolic waste
products, which has been demonstrated to enhance the biological activity of osteoblasts.
In bone-tissue engineering, scaffolds should have sufficient mechanical strength, which

4. Finally, an engineered

enables mechanical support during tissue regeneration’
biomaterial should have the appropriate material properties to enable 3D printing into
patient-specific anatomical shapes that fit the defective area as well as being

reproducible in large quantities.

1.4. Scaffolds for Bone Tissue Engineering

Numerous methods have been developed for fabricating 3D structures in bone
tissue engineering, giving rise to scaffolds with unique properties and morphologies.
There are mainly two scaffold fabrication methods depending on the choice of materials
which determine the scaffold properties. Conventional or traditional methods enable
easy production through high amount of products with the same features. Porous foam-
like scaffolds are produced by solidification of the polymer in organic solvent and
dissolution of the porogens, mainly salts, with specific size include into solution and
dissolve the porogens. Following the dissolution of the porogens and evaporation of the
solvent, 3D porous scaffolds are obtained. In spite of the simplicity of this method,
porosity control, homogenous disperse of the porogens, porogen and polymer
dissimilarity are the main disadvantages®>. Besides, remaining residual solvents and
porogens inside the polymer affect the biocompatibility of the scaffolds®®. Melt molding
and gas foaming methods are also used create pores into the molded polymer by heating
of the polymer and gas development, respectively. Although allowing the solvent-free
3D scaffold fabrication, those methods have similar disadvantages with solvent casting

method and not suitable for cell growing’’-3.



Besides the disadvantages of all the methods mentioned above, freeze-drying
method has many advantages among the traditional fabrication methods. In freeze-
drying method, 3D porous scaffolds produced by lyophilisation which is described the
removal of ice crystals of the solvents led by sublimation and form porous structure
under vacuum®. The porosity and pore sizes can be controlled the freezing temperature
and molecular weight of the polymer. 3D lyophilized porous scaffolds obtained from
both natural and synthetic polymers also addition of different bioactive particles showed
promising potential in bone tissue engineering applications34-33:60-62

The limitations of traditional fabrication methods including various difficulties
in tuning microstructure, pore size and porosity encountered in tissue engineering
applications, has led to the development of advanced scaffold fabrication methods.
Therefore, new advance methods such as electrospinning or rapid prototyping have
revealed to control the structural properties of the scaffolds more precisely.

Electrospinning method is one of the delicate strategy where the 3D scaffolds is
fabricated with the fiber formation in a range of micrometre to nanometre provide larger
surface area®®. Numerous natural (e.g. silk fibroin, chitosan, collagen, etc.) and synthetic
(poly lactic acid, poly caprolactone, polyvinyl alcohol) polymers have been used in this
techniques®. The electrospinning method provides a large surface area with great
surface/volume values by the production of the nano-sized fibers, and it is possible to
form a micro-/nanoporous structure with adjustable porosity. In addition, it enables a
flexibility to adapt to a broad variety of sizes and shapes, and an ability to manage the
nanofiber structure with the addition of bioactive agent, loading drugs for drug delivery
systems®?. Although electrospinning has many advantages, synthetic polymers are more
suitable for electrospinning due to their controllable and tuneable properties, and the use
of natural polymers with high biocompatibility and hydrophilicity is limited®.

Moreover, different scaffolds include hydrogels, which have the ability to swell
over four-fold than their weight and facilitate the diffusion of nutrients®®; biological
scaffolds, which provide natural substitutes by removing of cells to avoid
immunological reactions and required mechanical properties®’; 3D printed scaffolds,
which provide to fabricate well-defined internal structure with desirable shapes®®. In
this thesis study, biological scaffolds obtained by decellularization methods and 3D
printed scaffolds and biofabrication are focused on. Therefore, these two topics have

been emphasized more in the following sections.



1.5. Biological Scaffolds

Numerous methods and materials have been widely investigated to obtain
structures similar to ECM and provide for optimum regeneration of the tissues. The
decellularization process is one of these methods that could be the most proper process
to provide a better mimic of the ECM structure.

The primary purpose is to remove the cellular components from tissue while
preserving ECM proteins and minimise cell-mediated immunological reactions; thus, it
can be possible to obtain a cell-free biological structure. Different decellularization
methods, such as gamma irradiation, lyophilisation/cryopreservation, high-pressure
treatment, enzymatic treatment and chemical decellularization, have been used to
prepare biological scaffold material. The decellularization process depends on the
physical and biochemical structure of the tissue and the chemicals and methods selected
for decellularization. Each step can affect the microstructure and biochemical properties
of the tissue. The efficacy of the treatment is directly influenced by the antigenicity of
the implanted decellularized tissues, which research has shown vary depending on the
decellularization technique used. Thereby, the antigenicity of the tissues can be reduced
with the appropriate decellularization methods. The fundamental prerequisites for ideal
decellularization are the separation of cells and nuclear components, which are caused
by cell-mediated immunogenic reactions as well as the preservation of ECM, which
provide mechanical and structural stability, as well as the protection of cell adhesion
sites for cell growth. The use of ECM scaffolds as a decellularized allograft or xenograft
tissue has become the preferred application in tissue engineering®7°.

The success of the decellularization process is highly correlated with the method
used, the chemicals and their concentrations. Decellularization methods are classified as
physical, chemical and biological. The method to be applied and the steps to be
followed should be selected depending on the cellular density, thickness and molecules
in the biochemical structure of the tissue.

Physical decellularization methods include freeze-thawing, direct pressure, high
pressure and sound waves'>’!. Gamma radiation is a broadly-used method to sterilise
materials. It is quite effective at destroying cells and pathogenic microorganisms. Using
a high amount of energy (3.5 Mrad), however, leads to a decrease in mechanical

stability; therefore, it is improper for structural stability. On the other hand, high-



pressure treatments (600 MPa) can destroy the cells but retain the ECM and might still
be immunogenic. Freeze-thawing is an effective method among these methods, as it
leads to the destruction of the cells by the formation of ice crystals in the tissue and
helps loosen the tissue to remove the cells. Freeze-thawing is also a simple and cheap
method and is therefore preferable. Although physical methods were used alone in
many studies, they are insufficient when used alone to remove the cellular components
from tissue’?. Physical applications can be performed to assist the decellularization
process.

Enzymatic decellularization methods or enzymes are commonly used in
decellularization of the various tissues and are highly effective in removing cellular
components. Trypsin is a proteolytic enzyme used to remove cellular components.
Trypsin, however, causes ECM damage and could change both the mechanical and
biological properties of the tissue’®. Nuclei are used to help remove nuclear substances
from tissues by breaking down DNA and RNA. To remove cells from tissues, the cell
membranes must be lysed, and nuclear materials must be removed’*. Enzymes are the
best way to reach the nuclear components; therefore, the nuclease step can be performed
within the protocol rather than using the enzymatic decellularization method alone. In
addition, the time to treat tissue with enzymes is another important point to consider.
Long incubation damages the ECM, while short incubation prevents the cellular content
from being completely removed from the tissue’.

Chemical decellularization methods are important steps to remove cells from
tissues while protecting the ECM structure. Acids and bases dissolve cellular
components by providing hydrolytic degradation of biological molecules. The use of
acids and bases, however, should be chosen carefully, as they can cause significant
damage to the tissue. For example, acetic acid does not damage sulphated GAG, while
collagen fibrils affects it’°. Peracetic acid (PAA) is widely used for disinfection and
sterilisation at the end of the process. It can be used as a decellularization agent due to
its ability to remove nuclear residues without causing damage to ECM. Bases were used
in the early stages of skin decellularization to remove hair, but the mechanical
properties were negatively affected due to the removal of growth factors from tissue and
damage to collagen fibrils’”. Hypertonic and hypotonic solutions have an osmotic-shock
effect on tissues, causing the cells to break down’®. For maximum osmotic effect,

hypotonic and hypertonic solutions can be passed through the tissue in cycles. These
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solutions could help to remove damaged cells from tissues. Hypotonic and hypertonic
solutions alone do not affect the separation of cells and, when used with detergents, they
give more effective results’.

Ionic and non-ionic detergents have been widely used in the decellularization
process and are important steps for decellularization since detergents dissolve the cell
membrane and denature its proteins.

Detergent exposure time is an important factor in preventing damage to ECM
during the separation of cells from tissues. In addition, detergent concentration and the
use of different combinations of detergents results in damage to the ECM. The most
commonly used detergents in decellularization method are sodium dodecyl sulphate
(SDS, ionic detergent), Triton-X (non-ionic detergent) and tri-nitro-butyl phosphate
(TnBP). SDS denatures ECM proteins by breaking down the cell and nucleus
membrane. Many studies have shown that it has very suitable for the decellularization
method’”8%8! SDS effectively removes cells and nuclear contents, but it can also
damage GAG, growth factors and collagen fibrils®*-%2. High SDS concentrations can not
only eliminate cell content but also damage ECM proteins and collagen fibrils. Low
concentrations should be preferred to minimise the harmful effects. Besides SDS, Triton
X-100 is a non-ionic detergent commonly used to break down cells’””. It can remove
the cellular content of tissue without damaging protein—protein interactions in the tissue.
This effect, however, can be suggested for the decellularization of thin tissues; it is
insufficient for the decellularization of denser tissues, such as kidney and liver.

The most effective decellularization protocol includes a combination of different
protocols consisting physical, chemical and enzymatic methods. In this combination,
initially, physical methods damaged the cell membrane, then enzymatic method
facilitated the removal of cellular components, followed by the dissolution of nuclear
and cytoplasmic components with chemical treatments using ionic or non-ionic
detergents, and finally removal of all cellular debris from tissue. The last step of
decellularization is the removal of residual chemicals to prevent a negative host-tissue
response. Physical, chemical and enzymatic decellularization mechanisms can be used
for various tissues in various combinations. Thus, decellularized tissues or organ
transplantation could be possible with minimum adverse immunological effect, and
decellularized tissues can be repopulated with patient-specific cells for recellularisation

(Figure 1.3).
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Figure 1.3. Concept of decellularization. Cell-free organs/tissues can be obtained by
decellularization of native tissues, following the recellularization with
patient-derived cells, recellularized structures can be implanted to the

patients. (Created with BioRender.com.).

The successful decellularization of intestine®?, urinary bladder®*, liver #, skin®¢,

and meniscus 487

were reported in the literature. An efficient decellularization method
to remove vital immunologic cells could allow biological scaffolds to be obtained that
can better mimic tissues for tissue engineering applications. Although decellularized
scaffolds are already used in clinical applications (e.g., skin tissue), there remain key
challenges to be addressed, especially hard tissue engineering. To increase the long-
term outcome of biological ECM scaffolds, new alternative strategies are needed.
Recently, a few studies related to bone tissue decellularization were reported. On
bone decellularization studies, it is observed that demineralisation and decellularization
were used together. The inorganic components that provide mineralisation of the tissue
are damaged while separating the cellular components. On the other hand, a high
amount of detergent (0.5%, 1%, 2.5%) and a mixing of the different detergents were
used for the decellularization of the bone tissue'®763%889 which could caused damage to
the ECM structure of the bone tissue. In addition, performing the demineralization
process while the hydrolysis induced by HCI causes removal of the inorganic mineral
content of bone, which is most important for biomineralisation during regeneration of

the bone and destruction of the collagen structures®. This thesis focuses on the bone
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tissue decellularization method preserving inorganic components as well as the organic
components of the bone, which is the most important factor in biomineralisation.

Using decellularized tissues as tissue-specific ECM scaffolds has shown great
promise for repairing and regenerating tissues and organs. If dECM can be incorporated
into injectable materials, such as hydrogels, cells can be easily encapsulated within the
dECM-incorporated hydrogel matrix. In addition, the injectable hydrogels are quite
suitable for minimally invasive arthroscopic surgery widely performed in clinics®!-92.
Hydrogels can fill an irregularly-shaped tissue defect, transfer cells or drugs, and create
a stable milieu for cell growth to support the formation of new tissue'?. Injectable
hydrogels incorporated into decellularized tissues and derived from heart!' , dermis '2,
urinary bladder'3, liver'#, blood vessel'® and adipose tissue®?, have been demonstrated. It
is noteworthy that decellularized porcine heart-derived hydrogels were delivered into
another infarcted porcine heart by a catheter, which demonstrated great promise in
clinics®. There is, however, no reported study on the decellularized bone-incorporated
3D-bioprinted hydrogel, which is one of the main focuses of the thesis study.
Decellularized bone ECM structures could provide a natural tissue-equivalent milieu
that allows various benefits among other materials that still lack bio-functionality'!-7>:%3,
Decellularized bone tissues that preserve bone histoarchitecture and include the organic
and inorganic components of bone can be used to create functional materials. With the
advantages of decellularized ECM scaffolds, 3D-printed patient-specific scaffolds have

great potential for tissue-engineering applications.

1.6. 3D Bioprinting

3D bioprinting is an innovative technique that enables the fabrication of engineered
tissue-like constructs by depositing biomaterials and cells together within micrometres
to millimetres of the desired shape (Figure 1.4). 3D bioprinting research has grown
quickly over the past ten years as an emerging area of regenerative medicine. By
simultaneously depositing living cells and biomaterials, 3D-bioprinting technology
enables the production of a 3D artificial implant or complex tissue ‘from the bottom up’
in user-defined patterns®. The printable material used while printing cells as bioink®’ to
prevent cell damage during bioprinting and biomaterial ink should be biocompatible and

have decent rheological and mechanical strength”®%,
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Figure 1.4. Schematic illustration of the bioink composition and 3D bioprinting.

3D printing is a critical fabrication technique for bone-tissue engineering due to
its ability to control final bulk geometry and the internal structure of printed scaffolds.
Hydrogels are mainly used as bioinks in 3D cell printing since they can allow cell
encapsulation in a biocompatible and mechanically supportive microenvironment'®,
Numerous hydrogel-based scaffolds such as collagen, chitosan, gelatin methacryloyl
(GeIMA), alginate and hyaluronic acid (HA) have been reported previously that have
controllable material characteristics and biocompatibility'*'~'%. Among these polymers,
collagen has advantages since it can be obtained from animals as a natural ECM protein,
but it typically has poor mechanical properties and inferior shape fidelity after printing,
which are major disadvantages in maintaining the 3D structure for both in vitro and in
vivo conditions'®. Despite the low mechanical properties of collagen hydrogels, they
can be used with various natural or synthetic polymers to produce composite
hydrogels!?. Nevertheless, the production of the complex trabecular bone structure
remains a major challenge'®. A challenge faced in 3D printing is the development of
novel bioinks with decent mechanical properties as well as biocompatibility for bone-
tissue engineering.

3D printing technique offers promising results and allows for the production of
tissue-specific structures with a controllable complex microstructure'®’. It can be easily

adapted by printing various polymers and living cells at the same time and growing
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them in a cell culture environment for the regeneration of the tissue!%®. 3D-printing
technology enables the simultaneous printability of hydrogels prepared as bioink with
the target tissue cells and the production of scaffolds that have a stronger regeneration
feature and that are biologically and physically compatible with the defective tissue’®.
An ideal bioink should have chemical and mechanical properties similar to those of
natural ECM, contain angiogenesis-promoting biochemical factors and exhibit
appropriate rheological properties to be highly printable (e.g., with low shear stress and
high resolution). Looking forward, 3D-printing technology provides advantages and
disadvantages, but there are still many technical challenges to overcome and find an
optimal 3D printing process as well as a proper material for bone engineering!%. In
addition to a decent design of novel bioinks for bone-tissue engineering that mimic the
biochemistry of bone ECM (e.g., collagens, proteoglycans, enzymes), it is also required
that the bioink should exhibit favourable rheological properties for 3D bioprinting: for
instance, sufficient mechanical strength to maintain shape fidelity, shear-thinning
behaviour and compatibility with the non-damaging crosslinking process'?. In addition,
hydrogels containing dECM have advantages regarding their high tunability: (i)
injectability with a compatible form; (ii) tunable mechanical properties by adjusting
concentration or strengthened by cross-linking; (iii) good processability that allows for
the production of customised structures by 3D printing %11,

The biomimetic strategy involves mimicking tissues using ECM components,
such as natural biopolymers (e.g., collagen, proteoglycan), proteins or biological
signalling molecules derived from tissues to solve problems with tissue and organ
regeneration. The better an artificial material matches its native biological model, the
faster and more easily it might be integrated into the host tissue after implantation and
involved in the remodelling cycle and finally result in a complete biological degradation
and remodelling of the defective area®”-'!%2. Decellularization of the tissue without any
significant changes in the structural features plays a critical role in tissue engineering,
especially the regeneration of bone tissues due to the distinctive structure of the bone.
Natural ECM scaffolds obtained by the decellularization method are widely studied
because they have no immunological side effects, their mechanical strength is similar to
natural tissue and the microstructure of the tissues is intact. The main purpose of the
decellularization method is to remove the cellular components from the tissue without

damaging the extracellular matrix (ECM), not to change the biomechanical tension and

15



to reduce the antigenicity of the tissues®”-’>. The decellularized ECM scaffolds are
biomimetic candidates for a more ideal carrier than the synthetic scaffolds that exist in
the literature in terms of containing collagen, glycosaminoglycan (GAG), matrix
proteins and growth factors!!3.

Recently, the development of printable tissue-specific ECM bioinks has enabled
the 3D fabrication of tissues or organs that are more functionally matched with the
defective tissue. Bioinks containing native ECM components presence in bone are
attractive for development of functional bone-like structures using a 3D-printing
technique. Pati et al. demonstrated dECM hydrogels obtained from the heart, cartilage
and adipose tissues; cell-laden 3D-bioprinted dECM constructs improved the tissue
formation more than a construct produced using only collagen®. In a different study, the
feasibility of using 3D-printed scaffolds obtained from dECM bioink obtained from
adipose tissue was evaluated for soft tissue regeneration''¥, however, dECM bioinks
showed inadequate mechanical stability since solubilisation of the ECM resulted in the
loss of its natural structure and mechanical strength. Only a few recent studies exist for
bone-tissue engineering applications. In those studies, decellularized bone tissue was
used as hydrogel itself or printed with a 3D printer after demineralisation. Sawkins et al.
reported on the use of decellularized and demineralised bone matrix hydrogel for bone-
tissue engineering. They prepared hydrogels from decellularized and demineralised
bovine bone and compared them to collagen hydrogels. After demineralisation,
however, removing the inorganic content which is important for osteoinductivity caused
insufficient cellular functions'®. In another study, 3D-printed polycaprolactone were
mixed with decellularized bone hydrogel to produce 3D scaffolds for bone-tissue
engineering. It was reported that decellularized bone matrix-derived hydrogels enhance
the osteoinductivity of polycaprolactone and have more healing capacity for bone
regeneration in vivo !”. Osteogenic activity and osteoinductivity are important for bone
regeneration that provides effective treatment. Here, we presented a novel decellularized
bone ECM-derived bioink composed of native bone ECM molecules and inorganic
components for bone-tissue engineering applications. To the best of our knowledge,
there is no bioink study available in the literature that can mimic bone tissue with both

organic and inorganic structures in 3D printing applications.
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CHAPTER 2

EXPERIMENTAL

2.1. Decellularization Process

Rabbit, rat and bovine femur tissues were used for the decellularization process.
lecm?® pieces of bone samples were decellularized by a new decellulaization method
consists of physical (freeze/thawing), chemical (detergent treatment) and enzymatic
(nuclease solution) methods. Bone tissues were decellularized using our new technique
involving physical, chemical and enzymatic treatments. As a physical treatment
repetitive freeze-thawing cycles were applied. In chemical treatment, different sodium
dodecyl sulfate (SDS) concentrations (0.05%, 0.1%: and 1% (w/v)) in hypotonic buffer
solutions were used for the optimization of the decellularization process. Next,
enzymatic solution consist of DNase and RNase were used to remove the residual
nuclear component of the cells. Decellularized bone samples were sterilized using

peracetic acid (PAA) then were washed with phosphate buffered saline (PBS).

2.2. Verification of the Decellularization Process

Decellularization of bone tissues were assessed by histologically, biochemically
and mechanically. In histological assessments, Hematoxylin eosin (HE), Masson
trichrome (MT) and Alizarin red (AR) staining were used. The cell nucleus were
observed by fluorescence microscopy and surface morphology of the bone tissues were
analysed by scanning electron microscopy (SEM). Besides, total DNA, collagen and
glycosaminoglycans (GAG) amount of bone tissues were determined by biochemical
analyses. Compression tests were performed to determine the changes in the mechanical
properties of the tissues after decellularization.

Histological assessments: Bone tissues were investigated histologically for the
verification of the decellularization process. After the decellularization, tissues were

fixed in 4% paraformaldehyde (PFA, v/v) solution for 72h and then samples were
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dehydrated using 100% ethanol, 100% acetone and 100% xylene. Following paraffin
embedding process, samples were prepared as 5 um thick sections using a microtome
(Leica Biosystems RM2245). Prepared sections were stained using HE to evaluate
general tissue histoarchitecture. Besides, MT and AR stainings were performed to
observe collagen distribution and mineralization sites, respectively.

Fluorescence analysis: Decellularized bones were examined with fluorescence
microscopy for verifying the cellular removal. Samples were fixed using 4% PFA (v/v)
solution for 30 min. at room temperature. Following the washing samples with PBS,
samples permeabilized by 0.1% Triton X-100. For observation of the cell nuclei, DAPI
staining was performed and the samples were observed by fluorescence microscopy
(Zeiss Observer Z1).

SEM Analysis: To observe the surface morphology of the bone tissues, samples
were fixed using 4% PFA solution for 30 min. after the decellularization process then
washed with grading ethanol series (25%, 50%, 75%, 90% 100%). After drying the
samples in a vacuum oven at room temperature, coated with a gold layer then SEM
analysis was performed with a Scanning Electron Microscope (Quanta FEG, Thermo
Fisher Scientific).

Biochemical analysis: The total DNA content of bone samples was determined
using DNeasy Blood and Tissue Kit. After decellularization, tissues were homogenized
using Proteinase K and DNA was extracted from tissues using a Nucleospin Tissue kit
following the manufacturer’s protocol. The total DNA content of tissues was measured
at 260/280 nm in a Nanodrop spectrophotometer (Nano 2000, Thermo Scientific).

Hydroxyproline assay was used to quantify the total collagen content of the bone
tissues. The samples were hydrolysed with 6 M hydrochloric acid for 20 h at 95 °C. The
test standards and sample solutions were prepared according to the kit manual
(Quickzym Biosciences) and were incubated at 60 °C for 60 min prior to the absorbance
measurements at 570 nm (Varioskan Flash, Thermo Fisher Scientific). The
concentration of hydroxyproline was determined by the interpolation from the standard
curve.

GAG content of bone tissues was quantified based on 1,9-DMMB assay. Firstly,
enzymatic digestion were performed, samples were incubated in papain solution for
48h at 60 °C, tests standard or sample solutions were prepared following the

manufacturer’s protocol. The absorbance at 530 nm was recorded using a microplate
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reader (Varioskan Flash, ThermoFisher Scientific). The concentrations of sulfated
sugars representative of GAG were determined by interpolation from the standard
curve.

Mechanical analysis: Mechanical properties of decellularized bone tissues were
determined with compression tests using a universal testing machine (Shimadzu AG-X,
Japan). Compression tests were performed using six replicates (n=6) with 1 mm/min
crosshead speed up to failure. Compressive modulus was determined as a slope in the
linear elastic deformation region from compressive stress-strain data and maximum

stress was calculated based on the stress and stress data.

2.3. Preparation of Decellularized Bone Incorporated Bioinks

In this thesis study, different biopolymers were utilized in the development of
several bioink formulations. The used biopolymers are gelatin (GEL, (from porcine
skin, Type A, Sigma), sodium alginate (ALG, sodium alginate Sigma), and
methylcellulose (MC, Sigma Aldrich, MWO088 kDa). Gelatin (GEL) solution was
prepared by dissolving GEL in ultrapure water at 80°C for 3h. ALG-based biomaterial
ink was prepared by dissolving ALG in PBS and MC was used as a viscosity enhancing
materials in powder form. For the sterilization, GEL solution was filtered using a 0.02
um filter after dissolving, ALG and MC were autoclaved before use. All further
experiments were performed in sterile conditions.

Decellularized bone (DB) particles were prepared by using a laboratory mixer
and filtered with a 100 um mesh diameter after decellularization. For the sterilization of
DB particles, gamma radiation was used. Prepared hydrogel precursors were mixed with
different concentrations of DB particles and dispersed homogeneously using a magnetic
stirrer. Then DB particles incorporated biomaterial inks were obtained.

For bioink composition, human pre-osteoblasts (MC3T3-El) and human
telomerase reverse transcriptase (hTERT) expressing mesenchymal stem cells (MSCs)
were used. MC3T3-El cells were subcultured in alpha-modified minimum essential
medium (o-MEM, MC3T3-E1 cells) and hTERT-MSCs were subcultured in Dulbecco's
Modified Eagle Medium (DMEM). Culture mediums contained 1% (v/v) L-glutamine,
10% (v/v) Fetal Bovine Serum (FBS) and 1% (v/v) penicillin-streptomycin. After

reaching sufficient cell number, cells were detached from the culture flask using
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Trypsin/EDTA. Cell pellets (5x10° cells/ml) were obtained by centrifugation at 1250

rpm and gently mixed with inks.
2.4. 3D Bioprinting

Prepared bioinks were bioprinted using a 3D extrusion printer (Gesim
Bioscaffolder 3.1, GmbH, Germany). All prepared hydrogel precursors were transferred
into the cartridge, then extruded through the 410 um nozzles at room temperature. All
samples were fabricated as a cylinder shape including seven strands. 3D bioprinted
GEL-based constructs were crosslinked using microbial transglutaminase (mTG) from
Streptoverticillium mobaraense (Ajinomoto Co., Inc., ACTIVA WM, 85-135 U/g).
ALG-based constructs were crosslinked using 100 mM CacCl; after 3D printing.

2.5. Printability Assessments of 3D-Printed Scaffolds

The accuracy of printing determined using images of 3D-printed structures, after
the printing images were recorded by a light microscopy (Stemi 508, Carl Zeiss,
Germany) and processed using Image J software. Printability factor were calculated
using following equation according to the circularity (C), pore perimeter (P) and pore

area (A) was calculated using the following equation!'s:

p 1 P2
"T32%C T 164

Eq.1

The uniformity of the 3D-printed strands was quantified using the uniformity
factor (U) [59], according to the horizontal length of a 3D-printed strut (L) and the

theoretical horizontal length of a parallel strand (Lt) as shown in equation'!S;

Eq.2
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2.6. Rheological Characterization

The rheological properties of the DB incorporated biomaterial inks were
determined by a rotational rheometer equipped with a plate-plate geometry in a
diameter of 25 mm (Anton Paar, MCR 702e, Austria). By conducting amplitude sweep
tests in the deformation range of 0.0001-10 at a frequency of 10 rad/s, the linear
viscoelastic range and the yield point were identified. To describe the structural
recovery, a thixotropy tests were performed. The thixotropy test is divided into a 30 s
transient phase, a 30 s loading phase, and a 120 s recovery phase. The hydrogel
precursors were applied to deformation of 0.001 at 10 rad/s during the transient phase
and recovery phases. To destroy the structure, deformation was increased to 6 at a
frequency of 10 rad/s for the loading phase. The entire thixotropy tests were performed
at 25 °C. All rheology tests were carried out with a Peltier plate at 0.5 mm gap size to

prevent sample drying, and to allow homogeneous heat distribution.

2.7. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical composition of the 3D-printed scaffolds was determined by
Attenuated Total Reflectance FTIR (ATR-FTIR) analysis. 3D-printed hydrogels were
freeze-dried for 48 hours and measurements were performed at a wavenumber range of

4000 to 400 cm™! (IR Affinity-1S, Shimadzu, Japan).

2.8. Scanning Electron Microscopy (SEM) Analysis

SEM analysis was carried out to evaluate the surface morphology, pore structure
and particle-polymer interaction of the 3D-printed scaffolds. Following the printing,
samples were freeze-dried then coated with a thin gold layer before the analysis. The
images were recorded with a scanning electron microscope (Quanta FEG, Thermo

Fisher Scientific).
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2.9. X-ray Microtomography (uCT)

3D-printed scaffolds were investigated with pCT analysis to reveal the DB
distribution within the structures. Scaffolds tomograms were recorded on a Skyscan
1076 scanner (Bruker, Kontich, Belgium), subjected 37 kVsource voltage and 228 mA
source current. A titanium filter (0.025 mm) was used to reduce beam hardening
artifacts. The scan resolution was set to 9 um per voxel. An average of four frames was
recorded every 0.3 degrees for noise reduction. The scans were reconstructed by
subjecting the cone-beam algorithm in the NRecon software (Bruker, Kontich,
Belgium). The datasets were segmented globally lower and upper gray threshold was set
to 155 255 respectively to account for the denser DB particles.3D analysis of the
segmented datasets was carried out to quantify the amount of DB particles and
determine the DB particle size distribution. For 3D analysis and segmentation, CT
analyzer software (Bruker, Kontich, Belgium) was used for 3D analysis and
segmentation. 3D renderings in high resolution were generated using CTVox software

(Bruker, Kontich, Belgium).
2.10. Swelling/Degradation behaviour

The swelling/degradation behaviour of the 3D-printed scaffolds was investigated
according to the weight changes. The scaffolds were incubated in the cell culture
medium (described in the cell culture section) at 37 °C with 5% CO> in a humidified
atmosphere. The scaffolds (n=6) were immersed into the culture medium and the
medium was refreshed two times in a week. The scaffolds were weighed at each time
point, filter papers were used to remove the excess medium. The samples' initial mass
before submerging in the medium (m') and the current weight at each time point (mc)
were noted. The following equation was used to determine swelling and degradation in

weight %:

. . me—m;
swelling (Wt%) and degradation (Wt%) = (T) x 100
i
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2.11. Mechanical Characterization

Compression tests were carried out to determine the mechanical properties of
3D-printed scaffolds using a universal testing system equipped with a 100 N load cell
(Instron 3300 Floor Model, Instron* GmbH, Germany). Six replicates of samples were
used and tests were carried out using a 100 N load cells with a crosshead speed of 1
mm/min up to 15% strain. Using the compressive stress-strain data between 5% and
10% deformation, the slope in the linear elastic deformation region was calculated thus

the Young's modulus was determined.

2.12. Invitro Cell Culture Assessments

3D-bioprinted cell-laden hydrogels were cultured in the a-MEM (for MC3T3-E1
cells) and DMEM (hTERT-MSCs) supplemented with 1% (v/v) L-glutamine, 10% (v/v)
FBS and 1% (v/v) penicillin-streptomycin for 28 days. Cytocompatibility, cell viability
and osteogenicity of cells within the 3D bioprinted structures were evaluated to assess
the influence of the DB particles on the cell behaviour and functionality of the bioinks
including potential application in bone tissue engineering. Therefore, cell-laden
scaffolds were evaluated with cell culture assays, fluorescence microscopy, confocal
microscopy and scanning electron microscopy (SEM) as well as material

characterizations.

2.12.1. Live/Dead Staining

Live/Dead staining assay was used to determine the live and dead cells in the
3D-printed scaffolds. Cell-laden scaffolds were washed with Hank’s Balanced Salt
Solutions (HBSS) and incubated in culture media (described above) containing 2 pl/ml
Calcein AM and 3 pl/ml ethidium homodimer-1 (EthD-1) (Invitrogen, Molecular probes
by Life Technologies, USA) for 45 min at 37.C, 5% CO. in an incubator. After
incubation, samples were washed with HBSS and examined by fluorescence

microscopy (AxioScope A.1, Carl Zeiss, Germany).
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2.12.2. Cell Viability

Water-soluble tetrazolium salt (WST) assay was carried out to determine the cell
viability by conversion of WST through cellular metabolism into insoluble formazan.
Cell-laden structures (n=4) were cultured for 28 days. The medium was removed at
each time point, and samples were incubated in WST-8 solution (Cell Counting Kit-8,
Sigma Aldrich, Germany) for 4 hours. After incubation, 100 pul aliquots were transferred
into 96-well-plates, and the absorbance at 450 nm was recorded using a microplate

reader (PHOmo, Anthos Mikrosysteme GmbH, Friesoythe, Germany).

2.12.3.Lactate Dehydrogenase Release Assay (LDH)

The potential cytotoxicity of the bioinks was evaluated using the LDH kit (Tox7
Toxicity kit, Sigma Aldrich). At each time point, cell culture medium was collected and
mixed with LDH substrate solution, cofactor solution and dye solution into the cuvettes.
After the 30 min. incubation of the samples protected from light, the absorbance at 490/

690 nm was measured using a UV spectrophotometer.

2.12.4.Cell Proliferation

Cell proliferation was determined based on quantifying the double-strand DNA
(dsDNA) by Quant-iT PicoGreen ds-DNA Assay-Kit (Invitrogen, Life Technologies,
Thermo Fisher Scientific, USA). Cell-laden constructs (n=6) were cultured during 28
days and at each time point, samples were washed and lysed with the lysis buffer for 30
min at 37 °C then centrifuged at 5000 rpm for 5 min. The supernatant was collected and
mixed with a Quant-iT PicoGreen assay buffer solution and incubated for 5 min at room
temperature in the dark. Measurements were performed at standard fluorescein
wavelengths (excitation 480 nm, emission 520 nm) using a fluorescence microplate

reader (Infinite®M200, Tecan, Switzerland).
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2.12.5. Cell Attachment and Morphology

In order to observe the cell adhesion and cell morphology on the 3D-printed
scaffolds and inside the 3D-bioprinted cell-laden structures were examined by SEM,
confocal and multiphoton microscope. Cell-seeded 3D-printed scaffolds were fixed with
4% PFA for 30 min. Then dehydrated in 25%, 50%, 75%, 90%, and 100% ethanol. A
critical point dryer (Leica EM CPD300) was used for the complete drying of the
samples. After coating the samples with a gold layer, samples were analyzed using a
SEM (Auriga CrossBeam, Carl Zeiss microscopy GmbH, Germany).

After 3D bioprinting, samples (n=3) were fixed using 4% paraformaldehyde for
30 min. and washed with HBSS for three times. 1 pl/ml DAPI (Thermo Fisher
Scientific USA) and 5 pl/ml Actin (phalloidine, Thermo Fisher Scientific USA) were
used for staining nuclei and cytoskeleton, respectively. For confocal microscopy
imaging, samples were observed with confocal laser scanning microscope (cLSM;
Leica, TCS SP5 Germany),
z-stack images were acquired then process using Image J Software.

For multiphoton microscopy imaging, multiphoton microscope (TriMScope II,
LaVision BioTec, Bielefeld, Germany), equipped with a HC FLUOTAR L 25x/0.95 W
VISIR objective was used. DAPI and Actin were acquired at 450/70 nm (ET 470/70 m)
and 620/60 nm (ET 620/60 m), respectively, at 810 nm excitation. All data were

processed using Image J Software with 3D script plugin.

2.13. Statistical Analysis

The experimental data are presented as mean + standard deviation (mean + SD).
The variations between groups in the biochemical assays and the biomechanical tests
were assessed using one-way Analysis of Variance (ANOVA) with Tukey's multiple
comparison test. P-values of 0.05 or less were considered significant (p < 0.05). Non-

significant differences (ns) were indicated for p > 0.05.
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CHAPTER 33

DECELLULARIZATION OF BONE TISSUE

The decellularization technique aims to remove the cellular components from
the tissues or organs while preserving the ultrastructure composition of the tissues.
Decellularized biomaterials as tissue-specific biological scaffolds show great promise
for the regeneration of specific tissues and organs*’. With the promising successful
outcomes of decellularized tissues, these structures might find a place in clinical
applications.

Numerous techniques have been used for the decellularization of the organs and
tissues, such as physical (repetitive freeze-thaw, high pressure), chemical (ionic, non-
ionic solutions, hypotonic, hypertonic buffers) and enzymatic (trypsin, collagenase,

protease) methods®:113:117

. Decellularization of the bone has recently gained attention as
a biological scaffold due to its histoarchitecture and biochemical composition, including
both organic and inorganic compounds. Several studies have been reported regarding
the decellularization of bone tissue with different techniques. Sawkins et al. reported the
enzymatic decellularization of bone using 0.5% trypsin following the demineralisation
step'8. Lee et al. used 0.5% SDS and 0.1% ammonium hydroxide for decellularization
of rat calvaria’®. In another study, bone tissues were decellularized using the enzymatic
decellularization method with 0.05% trypsin and demineralisation with 0.5% HCI®®
Rindone et al. performed decellularization using several treatment steps with 0.5% SDS,
0.1% EDTA and 10mM Tris to remove cellular components from bone tissue!’. Studies
such as high detergent concentrations (0.5%, 1%) and demineralisation step after
decellularization, however, both damage the natural ECM structure and decrease the
biomineralisation characteristic specific to bone tissue®. Therefore, a more effective
and suitable decellularization method for bone tissue is still needed.

In this chapter, a new decellularization method is presented that allows for the
removal of the cellular components from bone tissue using a minimum detergent
concentration without any damage to the ECM or any biomechanical changes in the
structure. The primary goal is to protect the organic (collagen and non-collagenous

proteins) and inorganic (mineralised crystals) components within bone; this is a
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different approach from the currently reported decellularization or demineralisation

L7587 Figure 3.1 illustrates the

techniques in bone-tissue engineering applications
schematic representation of the presented study. Bone tissues obtained from bovine,
rabbit and rat femurs were decellularized with a combination of physical, chemical and
enzymatic treatments, and 0.1% SDS was used as an optimum concentration for cell
removal from the tissue without any additional detergent. The decellularization process
was characterized by histological, biochemical and biomechanical analyses. Our results
indicate that cellular components were removed from bone tissues and that ECM
proteins for instance, collagen and GAG were preserved during the decellularization
process. In addition, it was observed the mineralisation sites of the tissues were
maintained after decellularization. This chapter demonstrates that our decellularization
method was effective at developing biological bone ECM containing both organic and
inorganic compounds by using a minimum concentration of SDS. It is foreseen that the

obtained decellularized bone could be used as a biological substitute and would provide

a favourable microenvironment for bone regeneration.

Bone tissue

Native cell removal

/) Collagen J/JProteoglycan Bone cells

Figure 3.1. Schematic representation of decellularization of the bone ECM. (Created

with_BioRender.com.).
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3.1. Materials and Methods

Bovine, rabbit and rat femur bones were used for decellularization. Bovine
bones were obtained from a slaughterhouse in Izmir, Turkey. New Zealand White
Rabbit bones (weight, 2.5-3.0 kg, female, n=5), and rat bones (weight, 150-200 g,
female, n=5) were obtained from the Department of Laboratory Animal Science, Dokuz
Eylul University, izmir, Turkey. All experiments were carried out based on the protocol
approved by Dokuz Eylul University Experimental Animals Ethical Council (Protocol
No: 50/2017). The fresh bone samples were transferred to the laboratory and cut into 1
cm?® pieces using an autopsy saw. All samples were then washed with PBS, including
penicillin, streptomycin and gentamicin. Bone samples were stored at -20 °C until
further use. Bovine bone tissues were decellularized using different SDS concentrations
(0.05%, 0.1%: and 1% (w/v)). Subsequently, rabbit and rat bone samples were
decellularized using an optimum SDS concentration. Decellularization was performed
with our new technique involving physical, chemical and enzymatic treatments.
Physical treatment was applied first, samples were frozen and thawed for five cycles:
freezing at -80 °C for 3 h and thawing at room temperature for 4 h. For the chemical
treatment, samples were immersed in a hypotonic buffer consisting of 10 mM Tris-HCI
and incubated at 37 °C for 24 h. Then, solution was changed with0.1% SDS solution
containing 0.1% (w/v) ethylene diamine tetraacetic acid (EDTA, Sigma Aldrich) and
samples were incubated at 45 °C for 48 h agitation at 200 rpm. The chemical treatment
step was repeated as three cycles. Next, enzymatic treatment was applied by incubating
in a nuclease solution including 50 U/ml DNase I and 1 U/ml RNase (Applichem
GmbH) in 50 mM tris-HCI (Sigma Aldrich) for 3 h at 37 °C; this treatment was repeated
twice. As a final step, hypertonic buffer (1 M NaCl in 0.05 M tris-HCI) was used, then
samples were washed with PBS (Sigma Aldrich) for 24 h at room temperature to exceed
the residual chemicals. For the sterilisation step, samples were incubated with 0.1%
(v/v) peracetic acid (Sigma Aldrich) in PBS for 3 h. Finally, decellularized bone tissues
were washed in PBS at 37 °C and 25 °C for 24 h, repectively.

The decellularization process was verified by histological, biochemical and
biomechanical methods. Fresh bone samples served as a control group for all
evaluations. General morphology, collagen structures, GAG and mineralisation sites in

the bone tissues were assessed with the staining of Hematoxylin-eosin (Biooptica),
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Masson trichrome (GBL) and Alizarin Red S (Abcam), respectively. The surface
morphology and nucleus of the bone tissues were observed after decellularization by
SEM (Quanta FEG, Thermo Fisher Scientific) and confocal microscopy (Zeiss,
LSMS880). Bone tissues were stained and then observed with a light microscope
(Olympus-CX31). A Nucleospin Tissue Kit (Macherey-Nagel, GmbH & Co. KG), Total
Collagen Quantification kit (Quickzym, Biosciences) and Sulfate Glycosaminoglycan
Quantification Kit (Amsbio Europe BV) were used for the determination of total DNA,
collagen and GAG content, respectively. Moreover, the mechanical properties of
decellularized bone were determined with a compression test using a universal testing
system equipped with a 100 N load cell (Shimadzu AG-X, Japan). Compression tests
were carried out with 1 mm/min crosshead speed up to failure. Compressive modulus
was determined as a slope in the linear elastic deformation region from compressive
stress—strain data, and maximum stress was calculated based on the stress and stress
data.

The decellularization process was verified by histological, biochemical and
biomechanical methods. Fresh bone samples served as a control group for all
evaluations. General morphology, collagen structures, GAG and mineralisation sites in
the bone tissues were assessed with the staining of Hematoxylin-eosin (Biooptica),
Masson trichrome (GBL) and Alizarin Red S (Abcam), respectively. The surface
morphology and nucleus of the bone tissues were observed after decellularization by
SEM (Quanta FEG, Thermo Fisher Scientific) and confocal microscopy (Zeiss,
LSME880). Bone tissues were stained and then observed with a light microscope
(Olympus-CX31). A Nucleospin Tissue Kit (Macherey-Nagel, GmbH & Co. KG), Total
Collagen Quantification kit (Quickzym, Biosciences) and Sulfate Glycosaminoglycan
Quantification Kit (Amsbio, LLC) were used for the determination of total DNA,
collagen and GAG content, respectively. Moreover, the mechanical properties of
decellularized bone were determined with a compression test using a universal testing
system equipped with a 100 N load cell (Shimadzu AG-X, Japan). Compression tests
were carried out with 1 mm/min crosshead speed up to failure. Compressive modulus
was determined as a slope in the linear elastic deformation region from compressive

stress—strain data.
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3.2. Results and Discussions

3.2.1. Decellularization of Bovine Bone Tissue

Bone tissue has a unique structure that contains osteon structures, Haversian and
Volkmann’s canals and distinctive cell types. Osteon is the distinctive structural unit of
the cortical bone. Each osteon contains several concentric layers called lamellae, which
are composed of osteoblasts and osteocytes, and the lamellae surround a Haversian

118 Because of the circular concentric layer

canal, which contains small blood vessels
arrangement and compact structure of the bone, removing the cellular components from
the bone is more difficult than from other tissues. The combination of different
treatments could promote decellularization and obtain natural cell-free ECM. To
investigate the effect of the decellularization process, decellularized bone tissues were
assessed by histological stainings. Histological imaging of both native and
decellularized bone tissues was stained with Hematoxylin-eosin (HE), Masson
trichrome (MT) and Alizarin red (AR) for the assessment of general morphology,
collagen structures and mineralisation sites, respectively (Figure 3.2). In native bone,
cells were observed in the lacunae around the osteon structures, as seen in HE staining.
MT staining indicates the collagen structures as blue in colour; they are distributed
partly inside the structure. Mineralisation sites of the bone are seen as red/brown in AR
staining. After 0.05% SDS treatment, it was observed that bone samples still have cell
nuclei and cells that were not completely removed from the tissue. In addition, MT and
AR stainings show a similar histoarchitecture with the native bone.

In the 0.1% SDS treated samples, it was observed that the cells were removed
from the bone tissue without damaging the collagen structures. In addition, the
mineralisation sites of the bone were still preserved and showed structural similarity
with natural bones. Despite the removal of cells, the bone histoarchitecture was
damaged after 1% SDS treatment. Empty lacunae, however, were observed, collagen
structures were damaged and mineralisation sites decreased after 1% SDS treatment,
which indicates destructive decellularization. Histological staining results demonstrate
that the optimum detergent concentration is 0.1% SDS, which ensures the removal of

cells from bone tissue without any damage to tissue histoarchitecture.
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Figure 3.2. Histological staining results of native and decellularized bovine bone
tissues. Images show the HE, MT and AR staining after the
decellularizstion process in three different SDS concentrations. Scale bars:

200 um and 50 um (for inlets).
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In addition to histological stainings, native and decellularized bone tissues were
evaluated by biochemical analysis. The amount of total DNA, collagen and GAG in the
tissues before and after decellularization were determined (Figure 3.3). Consistent with
the histological results, the higher DNA amount was detected in 0.05% SDS treatment
group and less DNA was measured in the 0.1% and 1% SDS treatment groups.
Statistically significant differences were found when compared to the native bone
samples. It was reported that the upper limit of the DNA content for complete
decellularization is 50 ng DNA>. In native bone samples, 95.51 ng/mL DNA was
measured. After decellularization, the DNA content of the bone samples was measured
as 54.18 ng/mL, 7.90 ng/mL and 5.68 ng/mL for the 0.05%, 0.1% and 1% SDS
treatment groups, respectively (Figure 3.3). 96% DNA reduction in DNA content was
achieved with 0.1% SDS treatment indicating effective decellularization.

Preservation of the ECM proteins is another essential criterion for an effective
decellularization process. Therefore, collagen and GAG contents of bone tissues were
detected biochemically. The total collagen content of the bone tissues did not change in
either the 0.05% or the 0.1% SDS treatment, but 1% SDS treatment caused a decrease
in collagen content, and statistically significant differences were found (Figure 3.3). The
total GAG content of bone tissue treated with 0.05% and 0.1% SDS groups did not
change and had no statistical differences (Figure 3.3). 1% SDS treatment, however,
decreased the amount of GAG in bone tissues, and a statistical difference was found
compared to the native bone, which indicates that the ECM structure of the bone tissue
was damaged. Biochemical test results demonstrate that removal of the cellular
components from the tissue without damaging the ECM proteins could be possible with

0.1% SDS treatment.
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Figure 3.3. Biochemical analysis results of native and decellularized bovine bone
tissues. The measurements were performed using six replicates of samples
(n=6). **p<0.01, ***p<0.001 and ****p<0.0001 indicate statistical

differences of means in comparison to bone.

32



Bovine bone tissue was decellularized successfully with our decellularization
method with a concentration of 0.1% SDS which is the lowest concentration for bone
decellularization in comparison to the studies existing in the literature!”-!8.768,
Histological stainings and biochemical test results demonstrate that bone tissue
histoarchitecture was not affect during removal of the cells. Therefore, rabbit and rat
bone samples were decellularized using 0.1% SDS and evaluated for the verification of

the decellularization process.

3.2.2. Decellularization of Rabbit and Rat Bone Tissues

HE images of the rabbit and rat bone tissues show that round-shaped osteoblasts
were distributed homogeneously on the untreated fresh rat and rabbit bone tissue before
decellularization (Figures 3.4 A and 3.4 B). In Figure 3.4, black arrows indicated cell
nuclei in native bone tissues, both rat and rabbit. After decellularization, cells localised
in the osteon structure were removed from the rat and rabbit bones, and the lacuna of
the cell was observed as empty. In addition, circular osteon structures, which are
important for cell localisation and provide mechanical support to the bone tissue, did
not affect after decellularization (Figure 3.4 C).

In addition to the Hematoxylin & eosin staining, collagen structures of the bone
tissues were stained with Masson trichrome and then observed with light microscopy.
Radial and circumferentially oriented collagen fibrils were observed as dark blue in
colour in both decellularized and native bone tissues. Histological images revealed that
the collagen structures were preserved after decellularization in rabbit and rat bone

tissues and were observed around empty lacuna (Figure 3.5A, 3.5B).
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Before Decellularization After Decellularization

Figure 3.4. Hematoxylineosin staining of rabbit (A) and rat (B) bones before and after
decellularization showing cell nucleus (black arrows) inside the tissue
before decellularization, and empty lacunae after decellularization. (C)
Additionally, osteon structures are shown in higher magnification. Scale
bars: 200 pm, 50 um (left to right for A and B), 20 um (left to right for C).

Mineralisation is the distinctive feature of bone tissue, but many
decellularization studies have not considered this feature. The inorganic content of the
bone is essential for osteoinductivity; therefore, removal of inorganic content causes
insufficient cellular functions during bone regeneration. To provide osteogenic activity
and osteoinductivity after decellularization, we examined the mineralisation sites of
both native and decellularized bone tissues. Mineralisation sites were observed in
Alizarin Red S staining as a red/brown colour (Figure 3.6). Mineralisation sites around
the osteon structures were observed clearly in rabbit bone tissue before and after
decellularization, and results showed no change in the tissue structures after
decellularization. In rat bone tissue, a partially irregular structure was observed, but

mineralisation sites showed a brown colour and did not change after decellularization.
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Figure 3.5. Masson trichrome staining of rabbit (A) and rat (B) bone tissues before and
after decellularization. Images show the presence of collagen structures
inside the bone tissues even after decellularization which confirmed the
preservation of the ECM during decellularization. Scale bars: 100 um (first

row) and 50 um (second row).
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A Before Decellularization After Decellularization

Figure 3.6. Alizarin Red S staining of rabbit (A) and rat (B) bone tissues before and
after decellularization showing the mineralization sites of the bone as a

brown colour. Scale bars: 100 um (first row) and 50 um (second row).
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Histological staining results revealed that cellular components were successfully
removed from bovine, rat and rabbit bone tissues with a combination of physical,
chemical and enzymatic methods using 0.1% SDS, and the decellularization process did
not affect the histoarchitecture of the bone tissues.

Total DNA, collagen and GAG content of bone tissues were determined before
and after decellularization. The DNA content of both rabbit and rat bone tissues was
determined. The total DNA content of rabbits was measured as 81.13 + 12 ng/ml and
8.02 + 04 ng/ml before and after decellularization, respectively (Figure 3.7A). In rat
bones, the total amount of DNA was measured as 29.92 + 8 ng/ml and 4.93 + 2 ng/ml
before and after decellularization, respectively (Figure 3.7B). After decellularization,
the DNA content of the bone tissues decreased, and statistically significant differences
were detected. For confirmation of the decellularization process, DNA content is an
essential criterion. After decellularization, the total DNA content of rabbit and rat bone
was detected as 3.57 = 0.99 ng/ml and 2.38 + 1.18 ng/ml, respectively, and the DNA
content obtained in this study was much lower than the recommended upper limit”.
Laker et al. reported that combining the detergents is more effective than using SDS
alone. In Laker’s method, SDS is not an optimal detergent for decellularization since
SDS had seriously affected the ECM'". In our method, however, 0.1% SDS was the
optimum concentration for the successful decellularization of the bone, and a 96% and

93% reduction in DNA content for rabbit bone and rat bone, respectively, was achieved.

The total collagen content of the bone tissues was determined by the
spectrophotometric method, depending on the amount of hydroxyproline. As shown in
Figure 3.7A, the total collagen amount of rabbit bones was measured as 56.71 + 3
mg/ml before decellularization and 48.72 = 10 mg/ml after decellularization. In rat
bones, it was measured as 39.84 + 7 mg/ml before decellularization and 35.63 + 10
mg/ml after decellularization (Figure 3.7 B). No statistically significant difference was
found between samples before and after decellularization, confirming that the collagen
structures were not affected by our decellularization method. Previous studies showed
that treatment with SDS or Triton X-100 has a lower effect on ECM compared to
trypsin!?%12! Decellularization with trypsin resulted in the loss of ECM components. In
addition, both chemical and enzymatic treatments have much lower effects on the loss

of collagen '?!. With the combination of the histological Masson trichrome staining and
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collagen measurement, it could be said that 0.1% SDS did not significantly affect

collagen structure.

GAG amounts of tissues were evaluated spectrophotometrically with a 1.9
dimethyl methylene blue (1.9 DMMB) test. The total GAG amount of rabbit bones was
measured as 18.99 + 17 mg/ml before decellularization and 16.92 + 11 mg/ml after
decellularization (Figure 3.7A). In rat bones, it was determined as 11.88 + 21 mg/ml
before decellularization and 8.63 + 14 mg/ml after decellularization (Figure 3.7B). In
addition, no statistically significant differences were detected. Supporting the Alcian
blue staining results, GAG proteins were preserved after decellularization. Different
decellularization methods in the literature showed various effects on the ECM
molecules; several detergent treatments, such as SDS and Triton X-100, resulted in the
reduction in GAG contents’*!?2123, Xu et al. used three different detergents such as
0.5% trypsin, 0.5% SDS and 3% Triton X-100 for annulus fibrous tissue. It was
reported that trypsin treatment resulted in the lowest GAG content, followed by SDS
and Triton X-100, and successful decellularization while maintaining its macroscopic
structure was detected in the Triton X-100 group’®. In our decellularization method, no
significant loss was detected in either collagen or GAG content, which indicates the

preservation of the ECM with minimum SDS concentration, according to the literature.
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Figure 3.7. Biochemical analysis results of rabbit (A) and rat (B) bones before and after
decellularization. The analyses were carried out using six replicates of the
samples (n=6). ***p<0.001 indicates statistical differences of means in
comparison to bone samples before and after the decellularization process.

(DE: Decellularization)
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According to the biochemical test results, the DNA content of the bone tissue is
significantly decreased without any significant influenced on the ECM proteins and
total collagen and GAG amounts were preserved by our decellularization method. It is
confirmed that 0.1% SDS concentration is optimum for effective decellularization of

bovine, rabbit and rat bone tissues.

3.2.3. Comparison of Mechanical Properties

Maintaining structural stability is another essential part of the decellularization
process. Decellularized biological scaffolds provide a structural similarity of
biochemical and biomechanical properties to guide cell attachment, proliferation and
migration in the recellularisation process. Therefore, native and decellularized bone
tissues were assessed with a compression test for the determination of biomechanical
properties. The maximum compression force that can be applied on the untreated bone
tissue was determined as 232.65 £ 25 N, 162.02 = 11.81 N and 49.78 + 8.72 N before
decellularization for bovine, rabbit and rat bone tissues, respectively. These numbers
were slightly reduced to 220.23 + 16 N, 153.83 + 10.57 N, and 42.72 + 9.53 N after
decellularization (Figure 3.8). There were no statistically significant differences
between the maximum force values of untreated and decellularized bone tissues. The
compression strength of the untreated bovine, rabbit and rat bone tissues was
determined as 243.42 + 22 MPa, 37.95 £ 2.15 MPa and 21.69 £+ 1.21 MPa, respectively.
After decellularization, the compression strength of the bone tissues was not
significantly changed and there were no statistical differences before and after
decellularization (Figure 3.8). In addition, Young’s modulus of the bones was
determined as 28.14 = 32 MPa, 12.61 + 21 and 7.72 £ 10 MPa before decellularization.
The Young’s modulus of both bone tissues was not significantly changed after
decellularization. Besides, no statistically difference was found for Young’s modulus,
which confirm that the decellularization process was not affected biomechanical
properties of the bones (Figure 3.8). Decellularization of different type of tissues using
SDS caused significant loss of GAG’*!'?* which is one of the main component for
biomechanical properties of bone!?*. Maintaining of the mechanical strength and young
modulus after decellularization which directly related with the preservation of the

collagen fibers and GAG structure as described in the study by Xu et al. %,
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Figure 3.8. Biomechanical test results of bovine, rabbit and rat bone tissues before and
after decellularization. Mechanical tests were performed using six replicates
of samples (n=6). ns: no statistical differences of means in comparison to
bone samples before and after the decellularization process. (DE:

Decellularization)

3.2.4. Fluorescence Microscopy and SEM Analysis

To evaluate the nuclei in bone tissues DAPI staining was used and observed
with confocal microscopy. Fluorescence images showed that cell nuclei in the untreated
rabbit and rat bone tissue and, as expected, no cell nuclei were found in bone tissues
after decellularization (Figure 3.9). Similar to histological results, fluorescence imaging
demonstrated that cellular components of the bone tissues were separated successfully
by our decellularization process.

The surface morphology and cross-sectional area of the bones were observed by
SEM analysis before and after decellularization. In the SEM images of native bone
tissue, Haversian canals in the middle of the osteon structures and canaliculi are seen on
both rabbit and rat tissues (Figure 3.10). In addition, the pore structure of spongious
bone in bovine bone tissue is shown. SEM images demonstrated that the general
morphology of the bone surface did not change after decellularization. Collagen fibers
in decellularized tissues were also shown at higher magnification, demonstrating the

preservation of micro-histoarchitecture of bone.
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Figure 3.9. Fluorescence imaging of bone tissue before and after decellularization. Scale

bars: 100 um. DAPI: nucleus (blue).
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Before decellularization After decellularization
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Figure 3.10. SEM images of bone tissues before and after decellularization show the

surface morphology of the bone tissues and fibrillar collagen structure in

the cross-sectional area. Scale bars: 100 um and 10 um (inlets).
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3.3. Conclusions

Decellularized biological materials as tissue-specific scaffolds exhibit great
potential for repairing and regenerating tissues and organs. For bone-tissue engineering,
the decellularization method could provide a biomimetic scaffold candidate for bone-
tissue regeneration due to its structural and mechanical features as well as the lack of
immunogenic reactions. Several studies have reported regarding the decellularization of
bone tissue with different detergents and different techniques. Using high detergent
concentrations (0.5%, 1%) and applying a demineralisation process in addition to
decellularization, however, could damage the natural ECM structure and affect the
biomineralisation property which is unique for bone tissue.

In this chapter, we defined an effective decellularization method to prepare a
biological bone ECM for bone regeneration. Our decellularization process consists of
physical, chemical and enzymatic methods and allows for the removal of the cellular
components from bone tissue by using a minimum chemical concentration without
demineralization step. 0.1% SDS, the lowest concentration for bone decellularization in
comparison to the studies existing in the literature, was chosen as an optimum detergent
concentration. Histological observation results revealed that cellular components were
removed from bone tissues, and collagen structures around empty lacuna were
maintained in decellularized bovine, rabbit and rat bone tissues. Moreover,
mineralisation sites, a unique feature of bone tissue, were observed after
decellularization. Biochemical test results showed that the DNA content of the bone
tissue significantly decreased, and a 96% reduction in DNA content was achieved with
0.1% SDS treatment, indicating effective decellularization. Total collagen and GAG
amounts did not significantly decrease, which confirmed that 0.1% SDS concentration
is optimal for the effective decellularization of bovine, rabbit and rat bone tissue. In
addition, neither compression strength nor Young's modulus changed with
decellularization, proving that structural stability was maintained.

In conclusion, the results demonstrate that our decellularization method is
effective for developing biological bone ECM containing both organic and inorganic
compounds using a minimum concentration of SDS. It is foreseen that the obtained
decellularized bone could be used as a biological substitute for bone-tissue engineering

applications and would provide a favourable microenvironment for bone regeneration.

43



CHAPTER 4

DECELLULARIZED BONE INCORPORATED GELATIN
BIOINKS

Additive manufacturing technology enables the development of three dimension
(3D) structures for mimicking the complex structure of tissues by combining the
principles of engineering, material science and biology. In this approach, 3D constructs
are fabricated by a computer-aided manufacturing technique to pattern and assemble
both living and non-living materials using cells and biological materials, termed
‘biofabrication’. Biofabrication has excellent potential in tissue engineering and
regenerative medicine by allowing the fabrication of biologically functional products
from living cells, tissues, bioactive molecules and biomaterials through bioprinting'?®.

For bone-tissue engineering applications, various studies have already been
demonstrated as biomaterial inks or bioinks, including natural or synthetic polymers,
such as alginate, collagen, gelatin, gelatin methacryloyl, hyaluronic acid, poly (lactide-
co-glycolic acid), poly (e-caprolactone) and poly (ethylene glycol). Among these
polymers, gelatin (GEL) has various advantages and is preferable due to its
biocompatibility, nontoxicity and biodegradability'?’-'2°. In addition, the presence of an
arginine-glycine- aspartic acid (RGD) sequence, which is described as a cell recognition
motif in the protein structure, induces the biological compatibility of GEL in
comparison to synthetic polymers that lack RGD cell recognition sequences'*®. In
addition, GEL has been recognised as a Generally Regarded as Safe (GRAS) material
by the United States Food and Drug Administration (FDA)!3!. In 3D printing
applications, GEL is a favourable material due to its thermosensitivity and gelation
properties by induced lower temperature!3%!33. Moreover, GEL can easily dissolved in

water-based solution and crosslinked through chemical agents, such as

134 137

glutaraldehyde'**, genipin'?>13, carbodiimides'3” and enzymatic treatments, such as

138 and horseradish peroxidases!?®. Among these crosslinkers,

transglutaminase
transglutaminase crosslinking improved cellular behaviour and exhibited better
performance in terms of porosity, mechanical strength, cell adhesion and

proliferation'“°,
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In 3D printing applications, maintaining 3D structure as a shape fidelity of the
constructs while allowing cell proliferation is essential. The inferior mechanical
properties of the 3D-printed constructs and low shape stability are the main
disadvantages in 3D printing applications!®. To overcome this limitation, mechanical
properties can be enhanced using chemical treatments'*!~'** or the addition of
fillers'#>146, As a filler material, tissues can also be treated by several methods to obtain
natural-based compositions of extracellular matrix (ECM) with a high mimicry of the
native tissue. A design of biomaterial inks containing native ECM components (e.g.
hydroxyapatite, collagen, proteoglycan and growth factor) present in bone is a crucial
strategy to develop functional scaffolds. At this point, decellularization techniques
could be combined with 3D printing techniques to obtain biomaterial inks. The primary
advantages of a decellularization technique is to maintain the physical characteristics of
the tissues or organs and preserve the natural ECM components to promote cell
behaviour during the recellularisation process®”'?2, With the advantages of the
decellularization technique, decellularized tissues have the potential for a biofabrication
approach. Decellularized bone (DB) has been used in various tissue-engineering
applications, including the direct use of the DB as an ECM substitute, solubilisation of
the DB-ECM as hydrogels'® and pulverisation to obtain as particle!#’. Particles can be
used as a reinforcement material within a hydrogel matrix; thus, it might be possible to
develop and strengthen biomaterial inks. To the best of our knowledge, there has been
no study on the use of DB particles (containing both organic and inorganic components
of bone) in GEL matrix for 3D bioprinting. The advantages of both decellularized ECM
and the highly cytocompatible GEL could allow for the production of a better
biomaterial formulation for bone-tissue engineering applications. This chapter
demonstrates the development of 3D-printed composite scaffolds and 3D-bioprinted
composite bioinks composed of GEL and DB particles from rabbit and bovine for bone
tissue engineering applications. For the bioink formulation, two cell types mouse pre-
osteoblasts (MC3T3-E1 cells) and human telomerase reverse transcriptase (hTERT)
expressing mesenchymal stem cells (MSCs) were used. The stability of the 3D-
bioprinted constructs was maintained by crosslinking with microbial transglutaminase
(mTG). 3D-printed constructs were cultured for 28 days and characterized in terms of
cytocompatibility and bioactivity as well as morphologically, mechanically and

chemically for potential application in bone-tissue engineering.
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4.1. Materials and Methods

DB particles obtained from rabbit and bovine were added to GEL to prepare
biomaterial ink. Firstly, DB tissues (described in Chapter 3) were pulverized using a
laboratory mixer and filtered with 100 pm and 45 pm mesh diameters. Thus, two
different DB particle types and sizes were obtained. 15% (w/v) GEL (from porcine skin,
Type A, Sigma) was dissolved in ultrapure water at 80 °C for three h. For the
sterilization, GEL solution was filtered using a 0.02 um filter, and DB particles were
sterilized by gamma sterilisation. GEL and DB particles were mixed at 37 °C for 10 min
by stirring, resulting in a final concentration of 7.5 % GEL and 5% and 10 % (w/v) DB
particles. Finally, different concentrations of DB particles (1%, 3%, 5% and 10%
(Wt%)) and two different particle sizes (45 pm and 100 pum) were prepared in order to
evaluate the effects of DB particles into the GEL matrix. For the bioink composition,
hTMSCs and MC3T3-E1 cells were used, and cell pellet (5x10° cells/ml) was prepared
by centrifugation at 1250 rpm and then mixed with DB incorporated GEL hydrogel
precursor (GEL/DB) using a mixing unit (Sophie et al., 2021). Prepared bioinks were
bioprinted using a 3D extrusion bioprinter (Bioscaffolder 3.1, GeSiM, GmbH,
Germany). The cartridge holder temperature was set to 25 °C to stabilize the viscosity.
Bioinks were transferred into the cartridge and extruded through a 410 pm diameter
conical needle with a tip velocity of 5-10 mm/s. The scaffolds were fabricated in a
cylindrical shape with 10 layers. After printing, 10% microbial transglutaminase (mTG ;
Ajinomoto ACTIVA WM, 85-135 U/g) was used as a crosslinker to stabilise the
scaffolds. After washing twice, cell-laden scaffolds were placed inside the incubator.
Bioprinted cell-laden scaffolds were cultured in aMEM (for MC3T3-E1 cells), DMEM
(for hTERT-MSCs), containing 1% (v/v) L-glutamine, 10% (v/v) FBS and 1% (v/v)
penicillin-streptomycin (Sigma Aldrich, all supplements) for 28 days at 37 °C in an
incubator with humidified atmosphere of 5% CO and 95% humidity. For the osteogenic
induction (+OS), 0.05mM ascorbic acid 2-phosphate, 10”7 M dexamethasone and 10
mM beta-glycerophosphate were added to the cell culture medium, and osteogenic
differentiation of cells was induced starting from day one of the culture period. 3D-
printed scaffolds were characterized in terms of printability as well as rheological,
morphological, degradation and mechanical properties, and cytocompatibility,

proliferation and osteogenicity of cells inside the 3D-bioprinted scaffolds were assessed.
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4.2. Results and Discussions

4.2.1. Rabbit DB Particles Incorporated-GEL Biomaterial Inks

4.2.1.1. Rheological Assessments

In the context of 3D printing, biomaterial inks need to have specific properties:
for instance, extrudability, viscosity, shear thinning behaviour and crosslinking

capability to retain their shape fidelity'*®

. The viscosity of the biomaterial ink is one of
the critical parameters that depend on the polymer’s concentration and molecular weight
for the 3D printing process. Shear thinning behaviour is directly related to the viscosity
behaviour of the ink with respect to shear rate. The viscosity of the biomaterial ink
would be excessively high to be extruded through the nozzle without shear thinning
behaviour'®. Therefore, the rheological properties of the GEL and GEL/DB
incorporated hydrogel precursors were assessed. Figure 4.1 shows the shear and
temperature-dependent measurements of hydrogel precursors. According to the shear
dependence measurements, the results indicate the elastic (solid) and viscous (liquid)
states of the precursors. At their initial measurement points, precursors showed a gel
state, represented by a dominating storage modulus. When the deformation was
increased, precursors became more viscous, indicating a loss modulus increase. The
flow point was reached when precursors deformed by over 500-600%, indicating that
viscous behaviour starts to dominate. All GEL/DB precursors have similar flow points
and deformation behaviour, as summarised in the shear stress graph (Figure 4.2).
Temperature-dependent measurements showed that the sol-gel state was similar in all
groups and was not dependent on the concentration of the particle, which indicates that
the particle concentration did not influence printability. Thixotropy describes the
structural recovery of the materials necessary for layer-by-layer formation in the 3D
printing process. The DB-incorporated hydrogel precursors showed self-recovery
properties with similar thixotropic behaviour and a slightly higher storage modulus

(Figure 4.1).
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Figure 4.1. Rheological test results of the GEL and DB-incorporated hydrogel
precursors. The rheological tests depending on shear, temperature and time

were performed with three sample replicates (n=3), and data are presented as

mean'°,
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Figure 4.2. Rheological assessment of the GEL, GEL/1%DB, GEL/3%DB, and
GEL/5%DB precursors. The tests were carried out with three sample

replicates (n=3), and data are represented as mean + SD'°,

By using the average of the first measurement point, complex viscosity at rest
was quantified. The results showed that complex viscosity increased as the
concentration of DB particles in the GEL precursor increased (Figure 4.2). The data
indicate that adding DB particles slightly increases complex viscosity and shear stress.
The data indicate that also shear stress slightly increased with the addition of DB
particles (Figure 4.2). The samples representing the flow point for each group (the data
obtained from shear dependence measurement showed in Figure 4.1) had similar shear
stress. Shear stress at shear rate of 1/s was determined and the values increased slightly
in DB-incorporated groups; however, no statistically significant differences were

detected (Figure 4.2).

4.2.1.2. Fabrication of GEL/DB Composite Scaffolds

3D-printed composite hydrogels composed of GEL and DB particles were
fabricated and crosslinked with mTG after printing. The influence of DB particles
incorporation on the 3D structure was assessed using light microscopy images. 1%, 3%,
and 5% DB (wt%) incorporated GEL composite hydrogels were fabricated as five
layers with cylindrical geometries and 0°/90° strand patterns in a grid structure,
resulting in square macropores between the strands. Pure GEL hydrogels were
observed as transparent, however, high DB incorporated-GEL hydrogels become
opaque and DB particles can be seen as a white colour inside the GEL/DB composite

hydrogels (Figure 4.3 A). Additionally, increasing turbidity was observed when the
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particle concentration increased in the scaffolds. GEL/5% DB composite scaffolds
represented a white colour (opaque; Figure 4.3 A) compared to the transparent pure

GEL hydrogels, indicating a higher particle content (Figure 4.3 A).
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Figure 4.3. 3D-printed GEL and GEL/DB hydrogels. (A) Light microscopy images of
the 3D GEL/DB hydrogels in the top and side view after crosslinking.
Scale bar: 1000 um. (B-E) Printability assessments of the GEL/DB (n=4),
(B) Printability factor (Pr), (C) Uniformity factor (U), (D) strand diameter,
and (E) pore size of the scaffolds. Data are shown as mean + SD. *p<0.05
and **p<0.01 indicate statistically significant differences of means in

comparison to 3D-printed hydrogels by one-way ANOVA tests!>°,

The printability and uniformity factors were used to determine the printing
accuracy and the results showed that pure GEL hydrogels represent an ideal square pore
geometry and uniform strut morphology (Figure 4.3 B, C). The thermal pre-treatment
of the GEL at 80°C for 3h resulted in partial hydrolysis of the GEL, improving
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printability properties as reported previously!!. This thermal treatment does not alter
the chemical composition of GEL, but it does result in a changed molecular distribution
and improved viscosity and shear thinning behaviour for 3D printing of GEL!>!:!32, The
GEL and GEL/DB biomaterial inks demonstrated successful printability owing to the
improvement of the viscosity by the heat treatment of the GEL.

Printability of a bioink is a crucial requirement for the fabrication of 3D
scaffolds and is directly correlated with the gelation of the material. As reported by
Ouyang et al., extruded filaments exhibited a well-defined morphology, leading to
square pores and uniform grids with a smooth surface and consistent width in 3D!'!>, In
contrast, the extruded filament displays a liquid-like state and the layers may fuse when
the material is in an under-gelation condition. For optimal gelation and ideal
printability, pore morphology should have a square geometry, recreating the initial G-
code structure design'!’>. Additionally, the value of the printability (Pr) factor and
uniformity (U) factor should be close to one!'>!6, Considering this knowledge, Pr and
U factors were calculated to assess the pore circularity and strand homogeneity of the
3D-printed hydrogels. The Pr quantification results showed the pure GEL group (Pr ~1)
and hydrogels including 1% and 3% DB demonstrated a similar printability capacity to
produce square pores. The Pr factor of the GEL/5%DB scaffolds, however, showed a
slight decrease and a tendency for strand fusion, leading to a more circular pore
geometry (Pr=0.89) (Figure 4.3 B). The measurements of the uniformity factor revealed
that 3D-printed pure GEL and GEL/DB scaffolds have similar uniformity and no
statistically significant differences between the scaffold groups for uniformity (Figure
4.3 C).

Additionally, as the amount of particles increased, the strut diameter of 3D-
printed hydrogels increased as well. The highest strand diameter was measured in the
GEL/5%DB hydrogels (443+3 pm), with statistically significant differences in
comparison to other groups (Figure 4.3 D). The pore sizes of GEL and the GEL/1%DB,
GEL/3%DB and GEL/5%DB hydrogels were determined as 489 pm, 447 um, 437 pm
and 317 pm, respectively. The GEL/5%DB group had statistically significant
differences in comparison to the other groups (Figure 4.3 E). Nevertheless, the pore
sizes measured in all groups are suitable for cell attachment, proliferation and migration
in bone tissue engineering applications'>®. According to the printability assessment

results, GEL and GEL incorporating 1% or 3% DB composite hydrogels exhibited the
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most uniform strands with a square pore geometry in comparison to the 5%DB
incorporated GEL hydrogels. The printability assessments indicate that the printability
is reduced after a threshold of 5%DB, whereas we identified that <5% particle
concentration is optimum for printability. However, GEL/5% DB concentration still
exhibited a Pr factor of ~0.9 + 0.04, indicating that it could be printed with proper shape
fidelity in 3D printing applications!!>.

After 3D printing, composite hydrogels were freeze-dried to obtain microporous
structures and evaluate the cytotoxicity of the scaffolds and cell behaviour in GEL/DB
biomaterial inks. Light microscopy images show the top view of all scaffolds (Figure
4.4 A). Following the freeze-drying process, micropores were formed on the structures
and 3D-printed scaffolds exhibited both macro- (~750 um) and micro-pores (~30 pm).
SEM images demonstrated interconnected open micropores on the strands due to the
freeze-drying (Figure 4.4 B). The interconnected open porous structures offer a
substantial surface area and a favourable environment for cell attachment and support
cell proliferation migration, and nutrition transfer. In addition, it is demonstrated that
the pore surface of the pure GEL scaffolds is smoother than DB containing scaffolds
(Figure 4.4 B). Moreover, the surface roughness was increased in higher DB particle
concentration as seen in Figure 4.4 B. The surface morphology and subsequent increase
in surface roughness of the scaffolds could be influenced by the fibrous collagen
structure and hydroxyapatite content of the particles. According to previous studies,
pores with a diameter of > 300 um are crucial for vascularisation and the connection of
the surrounding tissues whereas pores with a diameter ~50 um are effective for
increasing surface area for cell attachment'>*'%%, GEL/DB composite scaffolds have
macro- and micropores in a range of 20-750 um which is appropriate for mimicking the
bone structure and bone tissue engineering applications. GEL, known as a polydisperse
protein, is formed by irreversible acid-base hydrolysis of collagen and shows a chemical
composition quite similar to collagen'*?. DB particles also consist of collagen fibers as
described in Chapter 3. This resemblance could allow interaction and recognition of
each other in the same environment. Therefore, 3D-printed GEL/DB composite
hydrogels were investigated in terms of particle-polymer interaction by SEM analysis.
SEM images show well interaction between DB particles and GEL matrix, notably, as
embedded on the pore walls of the structures (Figure 4.4 C). This interaction between

GEL and particles indicates the appropriate interface adhesion which could occur
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between collagen fibers of DB particles and GEL matrix by secondary interactions'*’.
Besides, the identical chemical composition of DB particles and GEL could allow them
to behave as a single structure during stabilisation and homogeneous distribution of the

DB particles within the GEL matrix.

ncreasing particle concentration |
e . : : ;

i i X o o £/

Figure 4.4. 3D-printed GEL, GEL/1% DB, GEL/3% DB and GEL/5% DB scaffolds

after freeze-drying. Scaffolds display an increasing DB concentration from
left to right. (A) Light microscopy images of the pristine GEL and D-
incorporated GEL composite scaffolds. Scale bars: 1000 um. (B) SEM
images of the scaffolds show the surface morphology of the scaffolds in the
top view (1! row) and pore structure in the cross-sectional area (2" row) of
the scaffolds. Scale bars: 500 um. (C) GEL and DB particles interaction
and DB particle bonding in GEL/1%DB scaffolds. Asterisk, red arrows and
white arrows indicate polymer, particles and the GEL-particle interaction,
respectively. Scale bars: 50 pum (first), 20 um (second), 10 um (third and
fourth)!30.
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The distribution of the DB particles and the pore morphology of the scaffolds
were demonstrated by the pCT analysis (Figure 4.5). pCT analysis verified the
generation of open-porous structures within the polymer network. DB particles are seen
as bright dots and homogeneous distribution of the DB particles throughout the entire
scaffold volume (Figure 4.5 A, B and C). Number of the particles within each DB
particles containing GEL scaffolds was measured by uCT analysis (Figure 4.6. A). A
homogenous, Gaussian particle size distribution was shown by the 3D analysis (Figure
4.6. B). Only a small number of bigger particles or agglomerates were seen. In GEL
scaffolds containing DB particles, it was detected that nearly all of each group's

particles range in size from 50 to 100 um (Figure 4.6 C).

2 GEL/1% DB

Figure 4.5. uCT analysis results of GEL and GEL/DB hydrgels. (A) Pore morphology
and DB particle distribution inside the GEL matrix obtained by visual
analysis of cross-sectional area (Scale bars: 1000 pm) and (B) volume
rendering images. Scale bars: 500 um. (C) Surface render analysis of DB

particles (red) in composite hydrogels. Scale bars:1000 pm'*°.
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Figure 4.6. uCT analysis results of GEL and GEL/DB hydrgels. (A) Particle distribution
within the composite scaffolds. (i) Particle numbers in the GEL/1%DB,
GEL/3%DB, and GEL/5%DB scaffolds. Volume in range (%) analysis for
(B) GEL/1%DB, (C) GEL/3%DB, and (D) GEL/5%DB scaffolds'.

4.2.1.3. Mechanical Properties of the 3D-Printed Scaffolds

The mechanical properties of GEL and GEL/DB hydrogels were investigated by
stress-relaxation tests to determine the effect of DB particles on the mechanical
properties of the scaffolds. Figure 4.7 A displays the light microscopy images of the
pure GEL and GEL/DB composite hydrogel discs. The compressive stress of hydrogels
over time is shown in Figure 4.7 B. Hydrogels containing DB particles exhibited
viscoelastic behaviour and stress relaxation due to the potential matrix reorganisation
during test period. The stress-relaxation time was defined as the period during which
75% of the initial stress (upon 15% initial displacement) dissipated in the hydrogels
(Figure 4.7 C). According to the test results, GEL/1%DB exhibited quicker relaxation
than the other groups, whereas GEL/5%DB exhibited the slowest relaxation time. Apart
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from a statistical difference between 1% and 5% of the DB-containing hydrogels, all
groups exhibited a similar stress—relaxation time. The influence of hydroxyapatite
crystals on the mechanical characteristics of the gelatin matrix was shown by Sartuqui
et al. to exhibit interconnected micro- and macro-porosity!*. Particles disrupt the
hydrodynamic environment of the polymer and have the potential to control hydrogel
relaxation by affecting the mechanical characteristics that support the influence of DB
on hydrogel relaxation'*®. Young’s modulus of the hydrogels was determined by
calculating as a slope of the linear elastic deformation region in the stress—strain curve
between 5% and 10% deformation. GEL/5%DB hydrogels exhibited the highest
Young’s modulus (29 + 3 kPa), which was statistically significantly higher than the
GEL hydrogels (24 + 3 kPa). Young’s modulus of 1%DB and 3%DB containing
hydrogels was calculated as 27 + 3 kPa and 28 + 2kPa, respectively (Figure 4.7 D).
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Figure 4.7. Mechanical characterization of the GEL and GEL/DB hydrogels: (A) light
microscopy images of the GEL, GEL/1%DB, GEL/3%DB and GEL/5%DB
hydrogels prepared for the mechanical tests (from left to right, scale bars:
1 mm), (B) compressive stress and (C) stress-relaxation time, described as
the time after which 75% of the initial stress (upon 15% initial
displacement) dissipated and (D) Young’s modulus of the hydrogels. The
tests were carried out using six replicates (n=6, mean + SD). *p<0.05
indicates statistically significant differences of means compared to 3D-

printed GEL and GEL/5%DB hydrogels by a one-way ANOVA test'’.
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Mechanical tests indicate that the addition of DB particles improved the
Young's modulus of the pristine GEL. The proper particle—polymer interaction, as
shown in the SEM images, allowed a decent load transfer between the GEL and
particles as two different biomaterials according to the composite theory!:160,
Therefore, this strong interface bonding enhanced the mechanical properties of the
GEL/DB composite hydrogels. Since DB comprise fibrous collagen and hydroxyapatite

crystals, DB particles appear to ensure optimum bonding to the GEL polymer matrix.

4.2.1.4. Physicochemical Properties of the 3D-Printed Scaffolds

The swelling/degradation behaviour of the GEL and GEL/DB composite
scaffolds were assessed by measuring the weight changes. Scaffolds were observed
during 49 days of incubation, and light microscopy images were displayed in Figure 4.8
A. All samples were swollen for two days, and higher weight gain was detected on day
one for GEL/5DB scaffolds, with a total weight gain of approximately 70%. Scaffolds
containing 1%DB and 3%DB demonstrated similar swelling behaviour, with a 60%
total weight gain, and pure GEL scaffolds showed lower swelling, with a 30% total
weight gain (Figure 4.8 B). After freeze-drying, both micropores and macropores were
formed on the surface, as shown in the SEM images (Figure 4.4). Thus, surface area
was enlarged, which facilitated the culture media absorption and promoted the
scaffolds’ swelling behaviour.

It has been shown that the liquids first fill the macropores of the scaffolds before
filling the micropores, which then become immobilised'®!. Most of the adsorbed liquid
remains mainly free in the polymer network due to the extensive interconnected pore
structure in GEL hydrogels. The interconnected pores allow strong permeability and
quickly absorb liquids from the environment'®?. The swelling of the pure GEL scaffolds
was influenced by particle reinforcement in addition to the microporous and
interconnective pore structure. The GEL/5% DB group with a greater particle
concentration showed a more robust swelling capability (Figure 4.8 B). In addition, the
fibrous collagen structure present in the DB might influence the swelling capacity, as
shown previously'®*1%*. The effect of particle content and micro- and macropore
structure offers a benefit and improves the swelling capacity of the pure GEL

scaffolds. After reaching the maximum swelling point, the DB-incorporated composite
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scaffolds started to lose mass. Degradation started after 7 days, proceeding with mainly
constant degradation trend, then between 14 and 42 days, a 40% mass loss was
observed (Figure 4.8 C). The main limitation of the GEL is that the degradation rate is
relatively fast for tissue engineering applications. To overcome this limitation, we used
a higher concentration of crosslink; 10% mTG (w/v). Therefore scaffolds remained
stable throughout the long period of degradation. In addition, GEL degradation could be
tailored by the concentration of mTG. It was also reported that higher concentration of
mTG led to a stable structure with a decreased degradation rate'®. Figure 4.7 B depicts
the degradation (erosion) of the scaffolds after 42 days (Figure 4.8 D). Additionally, the
degradation rates of scaffolds were assessed and the highest rate was detected in 5%DB
scaffolds with statistical differences in comparison to the pure GEL scaffolds
(***p<0.001). In addition, the 1%DB and 3%DB incorporated groups showed similar
degradation behaviour, with statistical differences (*p<0.05) compared to pure GEL
scaffolds.

The chemical composition of the GEL/DB composite scaffolds was assessed by
FTIR analysis. Figure 4.8 E depicts the FTIR absorbance spectra of the scaffolds made
of DB, GEL, GEL/1%DB, GEL/3%DB and GEL/5%DB. The absorbance peaks of DB
particles showed the main characteristic bands of collagen, defined to the C=0 peptide
group of amide I, the N-H bending vibration and the C—N stretching vibration of amide
I1, and the C—C stretching vibrations of collagen III, which were recorded at 1635 cm™,
1540 cm™ and 1240 cm!, respectively'®®. The P—O stretching band was responsible for
the broadest absorption band, recorded at about 1015 c¢m™'. Additionally, the O-P-O
bending mode of hydroxyapatite is attributed to P—O bending, recorded at 650 and 570
cm’!. The primary characteristic peaks of gelatin were also detected as amide I, II and

I11, with the broadband at around 3350 cm™! and 3082 cm™!.!5!
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Figure 4.8. Physicochemical characterizations of the 3D-printed GEL and GEL/DB

composite scaffolds. (A) Light microscopy images of the scaffolds on 0,

14, 28 and 49 days to assess the degradation/swelling behaviour. Scale
bars: I1mm. (B) Weight changes of the scaffolds after 24 h and (C) 56 days

(n=6, mean £ SD). (D) Quantification of the degradation rate by a linear

slope of the weight changes between 24 h and 21 days with statistically

significant differences (*p<0.05 and ***p<0.001). (E) FTIR spectrum of
the DB, GEL and GEL/DB composite scaffolds (n=3)"°,
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4.2.1.5. In vitro Cytocompatibility Assessment

MC3T3-E1 cells were used for in vitro cell culture experiments to evaluate the
cytocompatibility of GEL/DB scaffolds (Figure 4.9 A). For the cell culture study,
1%DB and 3%DB incorporated GEL scaffolds were utilized owing to their higher
printability capability and reproducibility. Tissue culture polystyrene (TCP) and pure
GEL scaffolds served as the control groups. The results show that cells grew and
proliferated on each scaffold group. LDH release experiments were carried out to
determine the potential cytotoxicity of the composite scaffolds and findings revealed
similar LDH releasing for each group without statistically significant differences
between time periods and groups, indicating no cytotoxicity on cells (Figure 4.9 B).

Cytotoxicity of the GEL and GEL/DB scaffolds were evaluated after cell
seeding as illustrated in Figure 4.9 A. The LDH releasing measurement showed that
LDH levels releasing by cell stable during 28 day culture period which indicate higher
viable cell density (Figure 4.9 B). Additionally, WST-8 data demonstrated that the
metabolic activity of cells seeded on composite scaffolds was increased during the 21-
day incubation (Figure 4.9 C). The highest viability level was detected on day 21 for all
groups and statistically significant differences were found compared to TCP
(**p<0.01). In particular, the 1% DB particle incorporated group showed higher
viability on day 21, with statistically significant differences compared to the other
groups (***p<0.001). Live/Dead staining results showed cell viability on the GEL and
GEL/DB groups (Figure 4.9 D). The cells spread and proliferated in all groups after 14
days. It was hard to detect dead cells even after 14 days; therefore, fluorescence images
only represent live cells as a green fluorescence. Cell viability was high and no dead
cells were found during the cell culture period, indicating that 3D-printed DB composite
scaffolds are cytocompatible and suitable for cell growth (Figure 4.9 D). The
cytotoxicity assessments revealed that pristine GEL and GEL/DB composite scaffolds
have a favourable environment for MC3T3-E1 pre-osteoblasts and exhibit promising
properties for cell viability. Similar to our results, the biocompatibility of GEL scaffolds
with various cell types has been reported in numerous studies!®”!%%. Besides the
cytocompatibility of GEL, cell viability was improved significantly by the incorporation
of DB particles, which might be led by the collagen hydroxyapatite content of the

particles'®’.
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Figure 4.9.

In vitro cytocompatibility results of the 3D-printed composite scaffolds. (A)
Schematic illustration of the cell culture with MC3T3-E1 pre-osteoblasts.
(B) Quantifying the extracellular LDH release for 21 days with no statistical
significant differences (ns) between groups and time points (n=6). (C) WST-
8 assay of MC3T3-El cells on the GEL/DB scaffolds (n=6), normalised to
TCP control on the first day of incubation. All data are represented as mean
+ SD. *p<0.05, **p < 0.01, ***p<0.001 indicate statistically significant
difference of means. (D) Fluorescence microscopy images of MC3T3 cells
on the scaffolds cultured for 14 days. Calcein AM (green), PI (red), and
DAPI (blue) staining represent live and dead cells and cell nuclei,

respectively. (Scale bars: 100 pm) '3°,

SEM analysis was performed to assess the cell growth and attachment on the

pristine GEL and GEL/DB composite scaffolds. Images displayed spindle-shaped,

elongated

pre-osteoblasts on the surface of the scaffolds and cells covering the entire

surface (Figure 4.10 A). Cells spread on the surface until confluency, with a favourable

cell-material interaction. Figure 4.10 B demonstrates that pre-osteoblasts not only

spread on

the surface but also migrated into the interconnected pores and covered the

pore walls during 14 days of cell culture (Figure 4.10 B). Moreover, a dense cell layer

with a multi-layered ECM production was observed on the composite scaffolds (Figure
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4.10 C). Cell proliferation was determined by PicoGreen assay and total dsDNA content
was quantified. The results indicated that cell proliferation gradually increased on the
composite scaffolds during the cell culture period (Figure 4.10 D). The cells grown on
the 1% and 3% DB containing scaffolds showed higher proliferation than those grown
on the TCP and GEL groups at each time point. There were statistically significant
differences for 21 days (**p<0.0.1) as well as 28 days (***p<0.0.1) compared to the
other groups. The RGD sequence of GEL and cytocompatible DB particles improved
cell attachment and proliferation. The particle incorporation, notably the homogeneous
distribution of DB particles within the GEL matrix, as displayed previously in the uCT

images (Figure 4.5), could be associated with increased cell proliferation.
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Figure 4.10. Cell growth and proliferation on the 3D-printed scaffolds. (A) SEM images
of MC3T3-E1l cells on 14 days of culture on GEL, GEL/1%DB, and
GEL/3%DB scaffolds (from top to bottom). Scale bars: 20 pum (left
images), Sum (right images), 2um (insets). (B) SEM images of the cells
covering the pore structure in circular patterns. Scale bar: 100 um (left), 10
um (right). (C) SEM images of dense cell layers on the surface of scaffolds
with a multi-layered ECM production after 14 days. Scale bar: 1 um. (D)
PicoGreen proliferation assay result of cells on the GEL and GEL/DB
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scaffolds (n=6), normalised to TCP control on the first day of cell culture.
Data are shown as mean + SD and *, **, *** and **** indicate p<0.05,
p<0.01, p<0.001, and p<0.0001 statistically significant data by one-way
ANOVA analyses!'°,

Figure 4.11 displays the SEM analysis and multiphoton imaging demonstrating
cell-material and cell-particle interactions over 14 days. MC3T3-E1 pre-osteoblasts
covered the scaffolds’ surface and spread on the DB particles while exhibiting effective
interaction (Figure 4.11 A). When combine with SEM analysis, similar cell adhesion
was observed by multiphoton microscopy (Figure 4.11 B). DAPI staining (cyan) and F-
actin (red) staining indicated the nucleus and cytoskeleton of the cells, respectively. DB
particles showed a bright (as shown in blue) second harmonic generation signal (SHG)
due to the autofluorescence property of fibrous collagen presence in DB (Figures 4.11 B
and C). MC3T3-E1 pre-osteoblasts attached and surrounded DB particles within the
GEL matrix (Figures 4.11 D and E). Multiphoton microscopy images confirm that cells
proliferated on the scaffolds and migrated through the pores while interacting with
particles, which may result in due to the collagen fibers presence in DB that facilitate
cell adhesion and cell-material interaction, or, enzymatically, mTG crosslinking could
support the cell adhesion 40, In addition, it is already known that the porous structure of
the scaffold could be another beneficial factor the cell adhesion, since micropores
formed after freeze-drying . Notably, during the degradation process, porosity may
increase, leading to an increased surface area; thus, cells can spread over larger surfaces,
and homogenous cell-material interaction can occur. As reported by Yung et al., when
degradation starts, cells move through to the GEL matrix, which is tuneable by the
mTG!"%17% Thus cells can move through the scaffolds and migrate inner part of the
scaffolds'#®!7°, The cell culture study demonstrated favourable cell-particle and cell-
matrix interactions in 3D-printed GEL/DB composite scaffolds and showed promising
results for bone-tissue engineering applications. Preserving the natural hydroxyapatite
and collagen composition of the DB particles by our decellularization method, enhanced
the cell adhesion, proliferation and migration, as well as the mechanical and

physicochemical properties.
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Figure 4.11.

The interaction between cells (black arrows) and particles (yellow arrows)

in the GEL/DB composite scaffolds for 14 days. (A) SEM analysis of
MC3T3-E1 pre-osteoblasts interacted with DB particles on composite
scaffolds. Scale bar: 20 pum (left), Sum (right). (B-E) Multiphoton
microscopy images, DAPI (cyan, nuclei), F-Actin (red, cytoskeleton),
SHG (blue, DB particles). Maximum intensity projection. (B) 3D view of
pre-osteoblasts growing on GEL/DB composite scaffolds. Scale bar: 100
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um (C) The surface of the scaffolds covered with a dense cell layer. Scale
bar: 100 um. (D) 3D view of cells growing on pore structures and around
DB particles (yellow stars indicated particles in blue colour). Scale bar: 50
um. (E) Cell-particle interaction and complete cell coverage around the

particle. Scale bar: 50 pm!°,

Similar to our approach, DB-ECM mixed with poly-e-caprolactone (PCL) was
compared with nonbiological hydroxyapatite additive materials, which are frequently
used in bone tissue engineering in terms of cell proliferation and osteogenicity. The
results showed that DB-ECM materials increased the proliferation and expression of the
osteogenic markers for adipocyte-derived stem cells'¥’. Numerous studies reported the
fabrication of the scaffold containing hydroxyapatite-like inorganic additives or
collagen as a supportive biological derived polymer in bone tissue engineering!”""!74, In
addition to the promising findings of previous studies, DB provide a natural source of
natural collagen fibers and hydroxyapatite crystals. Fabricated DB-particle-
incorporated GEL scaffolds demonstrated the proper features for bone-tissue
engineering and exhibited favourable cell-material and cell-particle interactions. The
addition of DB particles to the GEL matrix increased cell attachment and proliferation,
and cells migrated into the pores, interacting with particles. This enhancement in cell
behaviour was assumed due to the collagen fibers and hydroxyapatite components
present in the decellularized bone. As hypotheses, the remaining natural bone
histoarchitecture by our decellularization method promoted cell behaviour within the
GEL matrix, and DB incorporated biomaterial inks exhibited promising features for 3D-
printing applications. With the successful fabrication of the GEL/DB biomaterial inks
and the promising cell response, it was considered that including a smaller size of bone
particles within the GEL matrix could enhance printability, allowing for a higher
concentrations of DB particles. Therefore, smaller sizes (45 um) of bone particles were
prepared and mixed with GEL, then mechanical and rheological characterization as well

as in vitro biological activity of cells were investigated for further studies.
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4.2.2. Bovine DB Particle Incorporated GEL Bioinks

4.2.2.1. Rheological Assessments

The rheological characterization of the GEL and DB incorporated GEL
biomaterial inks was assessed (Figure 4.12). Shear rate sweep tests were performed for

each group by measuring the viscosity by increasing the shear rate from 0 to 300 s!

(with a shear rate increment of 0.1 s™!

per second). The test results revealed that the
viscosity of the DB-particle-incorporated-GEL and pure GEL materials decreased while
the shear rate is increased, which indicates that all materials exhibited shear-thinning
behaviour, as described previously!”. In addition, with the addition of DB particles, the
viscosity increased (Figure 4.12 A). At a shear rate of 1/s, the viscosity of GEL and
GEL/5DB (100 um) were similar and determined as ~130 and ~150 Pa.s, respectively.
The viscosity of the smaller (45 pm) DB-particle-incorporated GEL was increased,
however; notably, 10% concentration of DB particles was determined as the highest
viscosity. The viscosity of GEL/5DB (45 pm) and GEL/10%DB (45 pm) materials were
found as ~180 and ~300 Pa.s, respectively, at a shear rate of 1/s (Figure 4.12 B). In the
3-interval thixotropy test, GEL and DB incorporated GEL showed self-recoverable
properties, indicating that biomaterial inks can maintain their shapes after 3D printing
(Figure 4.12 C). The concentration of DB particles in GEL influenced the self-recovery
property of composite biomaterial inks. The recovery of pure GEL was the lowest
compared to the DB-incorporated GEL biomaterial inks. The most prominent recovery
of the viscoelastic property was determined for the GEL/10% DB material group. The
rheological tests demonstrated that DB particles incorporated-GEL and pure GEL
materials exhibit a shear-thinning behaviour and self-recoverability which indicates that
prepared biomaterial inks are printable. The prepared GEL/DB composite biomaterial
inks demonstrate promising rheological properties for potential application for

3D printing.
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Figure 4.12. Rheological test results of the GEL/DB biomaterial inks. (A) The shear rate

sweep test results show viscosity when the shear rate increases. (B)

Viscosity of the GEL and GEL/DB groups at a shear rate of 10/s. (C) The

3-interval thixotropy test indicates the shape recovery during printing.
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4.2.2.2. Fabrication of 3D-Printed GEL/DB Composite Scaffolds

GEL/DB composite scaffolds containing 5% and 10% DB particles (wt%) were
3D printed in cylindrical shapes and 0- /90 strand patterns.(Figure 4.13 A). The
composite scaffolds were easily fabricated in all groups. The printing of 10% DB
particle-incorporated GEL material, however, was not possible in the 100 um DB
particle-incorporated group due to the clogging of the nozzle. Therefore, an attempt was
made to use a smaller particle size (45 pum) to evaluate the influence of more DB
particle incorporation into the GEL matrix. Light microscopy images demonstrated the
well-shaped 3D-printed structures, resulting in ideal, square-shaped macropores. (Figure
4.13 A). In addition, DB particles are seen in the 3D-printed structures as a white colour
phase in the microscopy images. In addition, increasing turbidity was detected when
particle amount increased in structures (Figure 4.13 A). As seen in the GEL/10DB
group, scaffolds showed a white colour in comparison to the other groups, which
indicates higher amount of DB particles (Figure 4.13 A). Furthermore, incorporation of
the smaller size of the DB particles increased the turbidity of the scaffolds when
compared to the 100 um DB particle-incorporated GEL scaffolds.

The printability accuracy of the bovine-bone-particle-incorporated hydrogels
was determined with the assessments of the Pr and U factors based on the strand
homogeneity and pore circularity of 3D-printed structures. The quantification of Pr
showed that all groups have a similar printability capacity (Pr ~1) to produce square
pores. The pure GEL hydrogels and the hydrogels containing 5% and 10% DB of 45 pm
size showed similar Pr factors (Pr ~1) (Figure 4.13 B). The Pr factor of hydrogels with
5% DB of 100 um size, however, showed only a slight decrease and a tendency for
strand fusion (Pr=0.88) (Figure 4.13 B). Both rabbit and bovine bone particles at the 5%
concentration demonstrated a similar printability capacity (Figure 4.3 B and 4.13 B). In
addition, as intended, reducing the particle size increased printability and allowed the

use of higher concentration of particles (10% DB particles).
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Figure 4.13. 3D-printed bovine DB particles incorporated-GEL hydrogels. (A) Light
microscopy images of 3D-printed composite hydrogels. Scale bars: 2000
um (top), 1000 um (bottom). Printability assessments of hydrogels based
on the measurement of (B) Pr and (C) U factors, (D) strand diameter and
(E) pore size. Data are shown as mean = SD. *p<0.05, **p<0.01,
*#%p<0.001 and ****p<0.0001 indicate statistically significant differences

compared to 3D-printed structures by one-way ANOVA tests.

The measurements of the U factor demonstrated that the U factors of the 3D-
printed hydrogels were very close to 1, and all hydrogels had a similar U factor without
statistically significant differences (Figure 4.13. C). Moreover, the strand diameter of
3D-printed scaffolds increased as the DB particle concentration increased. The pure
GEL hydrogels showed the lowest strand diameter: 505 + 23 um. The strut diameters of
hydrogels containing 5% DB (100 um), 5% DB (45 pm) and 10% DB (45 um) were
measured as 806 = 22 um, 765 £ 51 um and 907 £ 33 um, respectively (Figure 4.13 D).
Statistically significant differences were found in the DB-incorporated groups compared
to the pure GEL hydrogels. The pore sizes of the 3D-printed GEL, GEL/5% DB (100
pm), GEL/5% DB (45 pum) and GEL/10% DB (45 um) were determined as 596 pum,
456 um, 815 um and 765 pum, respectively. There are statistically significant differences
between GEL and GEL/5%DB (100 pm) groups, in addition, when compare
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GEL/5%DB (100 pm) groups with GEL/5%DB (45um) and GEL/10%DB (45 pum)
groups (Figure 4.13 E). The measurements indicate that pore sizes in all groups are
proper for cell attachment, migration and proliferation in bone tissue engineering
applications!>. Considering all measurements, 3D-printed composite hydrogels
exhibited printability capacity with the formation of the 3D layer-by-layer structures,

indicating promising bioink formulations for bone tissue engineering applications.

4.2.2.3. Mechanical Properties of 3D-Printed GEL/DB Scaffolds

The mechanical properties of the GEL and GEL/DB hydrogels were investigated
with compression tests. Mechanical tests revealed the effect of the DB particle
incorporation into the GEL matrix. Young's modulus and the maximum force borne by
the hydrogels until failure increased with the incorporation of the particles, as seen in
Figure 4.14 A. The Young's modulus of the pure GEL group measured the lowest, at
15.89 + 2 kPa, and statistically significant differences were found in comparison to the
other groups (****p<0.0001). The Young's modulus of each of the 5% DB-containing
groups in both the 100 pm and 45 pm sizes was similar and determined as 26.79 + 2
kPa and 29.56 + 3 kPa, respectively, without any significant differences (Figure 4.14
A). 10% DB-containing GEL composite hydrogels demonstrated the highest Young’s
modulus (46.61 + 2 kPa), with statistical differences compared to the other groups
(Figure 4.14 A). Additionally, the maximum borne by the hydrogels during tests were
determined. Similar to the Young's modulus determination, the maximum force borne
by the hydrogels increased as the incorporation of the particle concentration increased
(Figure 4.14 B). The maximum forces were determined as 14.87 = 2 kPa, 25.14 + 3 kPa,
32.53 £2 kPa and 52.52 + 4 for the GEL, GEL/5% DB (100 um), GEL/5% DB (45 pm)
and GEL/10% DB (45 um) groups, respectively. Statistically significant differences
were found among all groups (Figure 4.14 B). The compression test results demonstrate
the influence of the particles on the mechanical properties of hydrogels, indicating that
particle incorporation into the GEL matrix improves its mechanical properties. The
incorporation of the decellularized rabbit bone particles increased Young's modulus
slightly, with no statistical differences except in the 5% particle concentration group, as
shown in Figure 4.6. Young's modulus of GEL/5%DB rabbit and bovine (in 100 pm
size) hydrogels were found as 29 + 3 kPa and 26.79 + 2 kPa, respectively. In 45 pum
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particle size GEL/5%DB bovine bones group, Young's modulus determined as 29.56 +
3 kPa and there were no statistical differences between 100 pm particle size bovine and
rabbit groups (Figure 4.14 A). The increasing DB particle concentrations (5% DB and
10% DB) increased the mechanical properties of the GEL hydrogels, however, particle
size (100 pm and 45 pm) did not effected significantly. The addition of the inorganic
reinforcement could increase the mechanical stiffness of the 3D structures, as shown
previously!’®. Biscaia et al. developed hydroxyapatite reinforced PCL scaffolds with a
3D printing technique and compared the materials’ compressive modulus among
groups!’®. The highest compressive modulus was found in the higher hydroxyapatite
containing group, resemblance with our results caused by the higher concentration of
DB particles due to the higher content of hydroxyapatite!’s. One of the primary
purposes of using a higher particle concentration is to improve mechanical properties,
which is a requirement for 3D-printed hydrogels with low mechanical properties for
bone-tissue engineering applications. Using DB particles at higher concentration could
overcome this limitation, as demonstrated by the 10% DB-incorporated group. The
proper particle—polymer interaction, as shown in the SEM images (Figure 4.4 C),
allowed for a load transfer between particle and GEL, according to the composite
theory. Therefore, the mechanical properties of the composite hydrogels were enhanced.
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Figure 4.14. Mechanical characterization of the bovine DB particles incorporated-GEL
composite hydrogels. (A) Young’s modulus of the hydrogels and (B)
Maximum force the samples could bear until failure. The compression tests
were performed using six replicates (n=6). Data are shown as mean £ SD.
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 indicate statistically
significant differences compared to 3D-printed GEL and GEL/DB
hydrogels by one-way ANOVA test.
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4.2.2.4. Cytocompatibility and Cell Growth inside the 3D-Bioprinted

Constructs

GEL/DB hydrogels prepared with two different sizes of DB particles (45 um and
100 um) were bioprinted using hTERT-MSCs in circular shapes with 5 layers and
cultured for 28 days. The biological activity of cell-laden scaffolds was assessed in
terms of cytotoxicity, biological activity and osteogenecity.

The cell viability inside the 3D-bioprinted structures was evaluated with a
Live/Dead staining assay, and cell-laden scaffolds were observed by fluorescence
microscopy. Live/Dead staining images revealed cell growth inside the GEL and
GEL/DB scaffolds (Figure 4.15) during the 28 day culture period. After 7 days, cells
were elongated and spread over the hydrogels with high cell viability. In fluorescence
microscopy images, DB particles were observed as a blue colour due to the
autofluorescence feature of the collagen. The spreading of hTERT-MSCs was
favourable at each time point, and complete cell coverage was observed after 28 days of
culture. Moreover, the density of live cells (green) was quite high on all incubation
days. It is difficult to find dead cells (red) on day 28, indicating that DB-incorporated
composite bioink formulations are cytocompatible and suitable for cell growth.

The potential extracellular cytotoxicity effects of the scaffolds were quantified
using LDH cytotoxicity assay after bioprinting. Cell-laden scaffolds were cultured for
28 days, and LDH was measured from the cell culture supernatant at each time point.
The results showed that the cytotoxicity level of the scaffolds was stable and not
increased in any group during the 28 days of the culture period. No statistical
differences were detected during the culture period, indicating that the prepared bioink
formulations had no cytotoxic effect on hTERT-MSCs (Figure 4.16 A). As shown also
in the rabbit-DB-particle-incorporated-GEL scaffolds, bovine DB particles have no
cytotoxicity effects on hTERT-MSC either (Figure 4.9 B). It was found that different
sizes and concentrations of DB particles have no influence on cytotoxicity and cell
viability, as reported by Dong et al. in a comprehensive review regarding the size-

dependent cytotoxicity of silica nanoparticles'”’.
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Figure 4.15. Live/Dead staining results of hTERT-MSC cells inside the bioprinted
GELand GEL/DB composite scaffolds for 14 days of the cell culture.

GEL

GEL/5DB
(100 pm)

GEL/5DB
(45 um)

GEL/10DB
(45 Um)

Calcein AM (green) and PI (red) staining represent live and dead cells,

respectively. The blue color indicates the particle’s autofluorescence.

Cell proliferation was assessed by a PicoGreen assay based on the quantification
of the dsDNA content of the cell-laden constructs. The dsDNA quantification results
showed that hTERT-MSCs proliferated during the 28 days, with an increasing trend
(Figure 4.16 B). The highest proliferation of hTERT-MSCs was detected for the
GEL/10DB group in comparison between all groups at each time point of the culture. In
addition, cell proliferation significantly increased inside the GEL/DB structures, and it
was found that as DB particle concentration increased, the dsDNA number increased as
well. Increasing cell proliferation might be directly associated with the DB particle
addition as well as the homogeneous distribution of DB particles within the GEL matrix
(Figure 4.5). Particle-cell interaction promote proliferation inside the GEL hydrogels.
The particle incorporation significantly supported cell proliferation, which may be
related to the collagen and hydroxyapatite composition of DB particles shown in the
results of histological staining and biochemical analysis (Chapter 3, Figures 3.5, 3.6 and
3.7). In addition, numerous studies reported that 3D-bioprinted structures using several

biopolymers with hydroxyapatite and the addition of hydroxyapatite significantly
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supported the cell proliferation and osteogenicity in vivo!’%17°, According to our
cytotoxicity and DNA assessment results, the DB-incorporated GEL composite hTERT-
MSCs-laden scaffolds showed no toxic effects on cells and have a suitable environment
for cell growth, with cytocompatibility.

The hTERT-MSCs inside the 3D-bioprinted GEL/DB scaffolds were cultured
both with (+OS) and without (-OS) an osteogenic induction medium for 28 days to
assess the differentiation capacity of the cells. Cell differentiation was determined by
PicoGreen dsDNA and ALP activity assays for 28 days. The dsDNA assay results show
that hTERT-MSCs proliferated gradually inside 3D-bioprinted scaffolds in both the
+0OS and -OS groups (Figures 4.16 B and D). The addition of the DB particles in both
sizes enhanced the cell proliferation with and without osteogenic induction. Due to the
collagen and hydroxyapatite composition of the particles, cell proliferation was
supported during the culture period, and the highest cell proliferation was determined in
the GEL/10DB group on day 28. Statistically significant differences were found at 7,
14, 21 and 28 days compared to the pure GEL group in both the -OS and +OS groups.
In the +OS induced groups, it was detected that cells proliferated more, and the amount
of dsDNA was higher on day 7 compared to the -OS groups. Afterward, the cells
continued to proliferate, but proliferation did not increase significantly, which could be
explained by the differentiation of the cells, as shown in Figure 4.16 E.

The ALP activity of the cells gradually increased during the 28 days in both -OS
and +OS induction. Higher ALP activity was detected in the groups containing more
DB particles compared to the pure GEL groups. In addition, ALP activity was detected
to be increased even without -OS induction, which may be associated with DB
particles’ presence in the scaffolds and decent cell-particle interaction. The cells inside
the GEL/10DB group (-OS and +OS) showed the highest ALP activity on day 28, with
statistical differences compared to the other groups (Figures 4.16 C and E). These high
levels of ALP may be due to the hydroxyapatite content of the DB particles, which
induce osteogenic differentiation. In a parallel approach, Meesuk et al. demonstrated the
proliferation and osteogenic activity of MSC seeded on 3D-printed hydroxyapatite
scaffolds for bone regeneration, and 3D-printed hydroxyapatite scaffolds exhibited

higher ALP activity and osteogenic gene expression compared to the control group'®.
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Figure 4.16. Biological activity of hTERT-MSC cells inside the bioprinted GEL/DB
scaffolds. (A) Potential cytotoxicity determined by LDH assay. (B)
PicoGreen dsDNA assay results show the total number of cells inside the
bioprinted scaffolds. Differentiation capacity of cells was assessed by (D)
total cell number and ALP secretion (C) without and (E) with osteogenic
induction. Data are represented as mean = SD. *p<0.05 and **p<0.01,
*¥#%p<0.001 and ****p<0.0001 indicate statistically significant

differences of means between groups by one-way ANOVA tests.
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The differentiation study results revealed that scaffolds containing DB particles
could support the differentiation of cells both with and without +OS induction,
confirming that DB particles could support osteogenic activity. In addition, the
synergetic effect of the natural biomineralisation capacity of the DB particles (preserved
by our decellularization method) and +OS induction supported the osteogenic
differentiation of the hTERT-MSCs, showing that the cells growing inside the GEL/DB
scaffolds have a higher differentiation capacity compared to pure GEL scaffolds. Thus,
the differentiation studies confirmed the support of osteogenic differentiation using

decellularized bone particles, which is the central hypothesis of this thesis study.

4.2.2.5. Cell Morphology inside 3D-Bioprinted GEL/DB Constructs

Confocal microscopy imaging was performed to investigate in detail the cell
morphology inside the 3D-bioprinted scaffolds. DAPI and F-Actin stainings were used
for cell nuclei (blue) and cytoskeleton (green), respectively (Figure 4.17). DB particles
showed a bright autofluorescence, which may result from fibrous collagen in the DB
particles, which were seen as a red/pink colour. Confocal microscopy images revealed
the morphology and spreading of hTERT-MSCs inside the structures. The images
indicate that cells grow and proliferate, interacting with DB particles and covering the
entire surface of both the pure GEL and the DB particle incorporated-GEL scaffolds
(Figure 4.17). 3D confocal images shows that attached and elongated hTERT-MSCs
were observed both inside and on the surface of the 3D-bioprinted structures, showing
the cell proliferation and migration throughout the surface of the 3D-bioprinted
constructs in both pure GEL and GEL/DB constructs. In GEL/DB groups, cell adhesion
demonstrated that cells interacted ideally with homogeneously distributed DB particles
in the GEL matrix. The collagen fibers of DB particles may induce cell adhesion inside
the GEL matrix. As the DB particles were homogeneously distributed throughout the
GEL matrix, as shown in the light microscopy images, cells might be similarly
distributed in the 3D-bioprinted structure interacting with the DB particles. Confocal
microscopy results reveal that both GEL and DB-incorporated GEL composite bioinks

support cell attachment and cell-material interaction.
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Figure 4.17. Confocal microscopy images of the hTERT-MSCs growing inside the 3D-
bioprinted GEL and GEL/DB structures for 14 days of the cell culture
period. Nucleus (blue): DAPI, cytoskeleton (green): Actin 488. DB

particles (red/pink): autofluorescence. Scale bars: 100 um.

4.3. Conclusions

This chapter demonstrates the successful fabrication of DB-incorporated
composite scaffolds by 3D printing and 3D bioprinting technique. The incorporation of
rabbit and bovine bone particles in different sizes and concentrations into the GEL

matrix was assessed in terms of their material characteristics and biological activity.
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Bone particles were homogeneously distributed within GEL matrix, as revealed
by puCT analysis. Rabbit DB particles incorporated-GEL scaffolds were fabricated by
the combination of 3D-printing and freeze-drying techniques. 3D-printed composite
rabbit-particle-incorporated GEL scaffolds displayed high porosity, with macro- and
microporous structures. According to the printability assessment results, pristine GEL
and 1% or 3% DB particle incorporated GEL scaffolds exhibited the most uniform
strands, with a square-shaped pore morphology compared to 5% group. The Pr factor of
the biomaterial inks showed that printability capacity decreased with increasing particle
concentration in the groups containing a 100 um particle size. The highest concentration
(5%DB) groups, however, still exhibited a printability of ~0.9, indicating that they
could be printed with sufficient shape fidelity for 3D-printing applications. While the
data indicate that the 100 um DB particle concentrations >5% mitigates printing
capacity, in vitro experiments highlighted that DB particle concentrations <5%, with
high printability properties, showed no cytotoxicity but enable a suitable
microenvironment for cell proliferation and effective cell-material and cell-particle
interactions. The smaller size (45 pm) of bovine particles improved printability using
5% and 10% DB particle concentrations. The bovine particle-incorporated GEL
composite biomaterial inks demonstrate appropriate rheological property, with suitable
self-recoverability for potential 3D bioprinting applications. The cell culture assays
showed similar cellular behaviour compared to the 5% particle concentration. In
addition, the 10% particle group demonstrated the highest proliferation and osteogenic
differentiation compared to the other groups. hTERT-MSCs were differentiated inside
the particle incorporated-GEL structures without osteogenic induction, which might
result from the particles’ natural hydroxyapatite content. It was demonstrated that cells
could migrate inside the structure and completely cover the surface after 3D bioprinting.
In addition, as expected, more effective cell-particle interaction was observed inside the
3D-bioprinted structures compared to the cell-seeded scaffolds which exhibited good
cell-particle and cell-material interaction as well. The 3D-bioprinting of the composite
structures allowed for more cell-particle interactions inside the GEL matrix and
increased cell proliferation during the culture period.

The approach of using DB particles as a natural source of collagen and
hydroxyapatite in the 3D-bioprinting technique provides excellent interaction with cells,

which offers a potential application for the bioinks in bone tissue engineering.
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CHAPTER S

DECELLULARIZED BONE INCORPORATED ALGINATE
BIOINKS

The 3D-bioprinting technique offers promising results and allows for the
production of tissue-specific scaffolds with a controllable complex microstructure!?718!,
In biofabrication strategies, it is possible to pattern and fabricate living materials with a
predefined three-dimension (3D) architecture using computer-aided design and
production techniques®. In 3D bioprinting, the biomaterial ink and cells or cell-based
bioactive components, which are crucial for tissue regeneration, are combined to create
a printable material is defined as a ‘bioink’. The simultaneous printability of hydrogels
with the target tissue cells as a bioink formulation results in the production of 3D live
constructs that allow for cell growth inside the construct and that have a strong
regeneration capacity for the defected tissues’®.

Most hydrogels are relevant candidates for 3D-bioprinting applications due to
their high water content and biocompatibility, providing a 3D environment'%®, In
addition to the biocompatibility of hydrogels, the shape fidelity and spatial control
ability of the structures after printing are key requirements for the production of
complex 3D contracts'®2. Moreover, cells should grow and proliferate inside the printed
structures while depositing without adverse effects on the viability and phenotype of the
cells!®3. If these requirements are accomplished successfully, 3D constructs could be
produced with clinically appropriate shapes and sizes regarding predefined shapes and
pore structure. Alginate (ALG), as a biodegradable polymer obtained from brown algae,
is commonly used for printing or bioprinting applications. It has high liquid absorption
capability, providing good thixotropic properties, and can also be easily cross-linkable
with CaCl,, which allows for shape fidelity after printing'®. Its inferior mechanical
properties, however, must be increased to obtain more stable structures. There are
various methods to improve mechanical strength: for instance, using a higher polymer
concentration or mixing with other polymers. Methylcellulose (MC) is a

polysaccharide-based, non-toxic, biocompatible and highly hydrophilic biopolymer that
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is used as an additive for food and drug administration in Europe, the USA and most
other countries in the world. It has also been used as a viscosity-enhancing polymer;
therefore, incorporating MC might improve the alginate hydrogel’s viscosity!'®.
Besides, the incorporation of the decellularized bovine bone (DB) particles could
enhance the mechanical properties of the hydrogels and induce the differentiation of the
constructs.

In this chapter we discuss the incorporation of the DB particles into ALG-MC
hydrogels and evaluate the printability and biological activity of cells inside the 3D-
bioprinted constructs for bone-tissue engineering applications. For this purpose, ALG—
MC hydrogels were prepared and mixed with DB particles, then with 3D-bioprinted
using human telomerase reverse transcriptase (hTERT) expressing mesenchymal stem
cells (MSCs). The stability of the 3D-bioprinted cell-laden constructs was maintained
by crosslinking with CaCl.. After 3D-bioprinting, the cell-laden constructs were
cultured for 28 days and were characterized in terms of their cytocompatibility and

bioactivity as well as morphologically, mechanically and chemically for potential

application in bone-tissue engineering.

5.1. Materials and Methods

Preparation of the bioink formulations ALG, MC and DB particles were used.
Firstly, ALG (sodium alginates, Sigma-Aldrich) and MC (Sigma-Aldrich; MW=88
kDa) were autoclaved for sterilisation. ALG (3% (w/v)) was dissolved in sterile PBS
then mixed with 5% and 9% (w/v) concentrations of MC individually. ALG-MC and
DB particles in 100 um size were mixed at room temperature, resulting in a final
concentration of 3% (w/v) ALG, 5% and 9% (w/v) MC and 5% (w/v) DB by stirring
until a homogeneous blend was obtained. To prepare bioink composition, hTERT-
MSCs were initially sub-cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 1% (v/v) L-glutamine, 10% (v/v) Fetal Bovine Serum (FBS) and 1%
(v/v) penicillin-streptomycin. Next, cells were detached from the cell culture flask using
Trypsin/EDTA, and the cell number was determined. Cell pellets at a concentration of
5x10° cells/ml were obtained by centrifugation at 1500 rpm and gently mixed with the
ALG-MC/DB inks using a mixing unit'%. The prepared ALG-MC/DB hydrogels with
different MC concentrations were referred as ALG-5MC, ALG-9MC, ALG-9MC/DB
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and ALG-9MC/DB to indicate the MC concentrations as 5% (w/v) MC (5MC), 9%
(w/v) MC (9MC), respectively.

The prepared bioinks were bioprinted at 25 °C using a 3D extrusion bioprinter
(GeSiM 3.1, GmbH, Germany). Bioinks were transferred into the cartridge and extruded
through a 410 um diameter conical needle with a tip velocity of 5-10 mm/s. The cell-
laden scaffolds were fabricated in a cylindrical shape with 10 layers. After printing, the
cell-laden constructs were crosslinked using 100 mM CaCl: (Sigma-Aldrich, Germany),
then placed inside the incubator to return the cells to the physiological environment
immediately. The bioprinted cell-laden scaffolds were cultured in DMEM supplemented
with 1% (v/v) L-glutamine, 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin
(Sigma Aldrich, all supplements) for 28 days in an incubator at 37 °C in a humidified
atmosphere of 5% CO and 95% humidity. For the osteogenic induction (+OS),
osteogenic supplements: 10”7 M dexamethasone, 10 mM beta-glycerophosphate and
0.05 mM ascorbic acid 2-phosphate were added to the cell culture medium, and
osteogenic differentiation of cells was induced starting from day 1 of the culture period.
3D-printed scaffolds were characterized in terms of their printability, rheological,
morphological, degradation and mechanical properties. The cytocompatibility,
proliferation and osteogenicity of the cells inside the 3D-bioprinted scaffolds were also

assessed.

5.2. Results and Discussion

5.2.1. Rheological Assessments

The rheological characterization of the ALG-5MC, ALG-9MC, ALG-
SMC/5DB, and ALG-9MC/5DB hydrogel precursors was carried out to observe the
effect of MC and DB incorporation into the ALG matrix. The viscosity curves revealed
that viscosity decreased while the shear rate increased (Figure 5.1 A). All prepared
materials, with and without DB particles, demonstrated shear-thinning behaviour, which
indicates that all hydrogel precursors prepared have printability capacity. The results,
however, were more pronounced for the ALG-9MC and DB-incorporated ALG-MC
hydrogel precursors. Viscosity was determined as ~150 Pa/s for the 3ALG-5MC at a
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shear rate of 1/s and increased to ~1200 Pa.s for 3ALG-5MC/5DB. Also, the viscosity
of 3ALG-9MC and 3ALG-9MC/5DB was determined at 650 Pa.s and 1016 Pa.s,
respectively, at a shear rate of 1/s (Figure 5.1 B). The results indicate that viscosity and
shear stress were increased with the addition of DB particles. The thixotropy tests
described the structural recovery of the material results performed, and all hydrogel
precursors showed self-recovery properties. The addition of DB particles did not
influence the thixotropic properties (Figure 5.1 C). Although ALG has been commonly
used for printing applications, it has poor viscosity. For optimum printability, viscosity
is the main parameter, and increasing the polymer concentration is a traditional and
quite basic approach. The higher polymer concentration, however, could reduce the
viability of cells inside the bioinks while improving printability. From this point of
view, the combination of different polymers and the incorporation of biological
additives could allow for enhancing viscosity and consequently printability. In a
previous study, MC was used as a viscosity-enhancing agent to prepare ALG-based
bioink formulation, and ALG-MC blend allowed the printability at clinical size with the
relevant rheological properties'®’. In another study, different ALG and MC blends were

188  MC was chosen as a second

evaluated to optimise the extrudability properties
polymer due to its thixotropic property and the fact that it allows tunable viscosity for
ALG-based bioink formulation. Hence, the 5%MC and 9%MC groups showed the
relevant rheological properties. Moreover, the addition of the DB particles significantly
increased the viscosity, notably in the 5% MC groups, allowing self-recovery and

printability capacity.
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Figure 5.1. Rheological properties of the DB incorporated ALG-MC hydrogels. The

measurements were carried out using four sample replicates (n=4),

data are represented as mean.

and
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5.2.2. Fabrication of 3D-Printed ALG-MC/DB Composite Scaffolds

The ALG-MC/DB composite scaffolds were fabricated in circular shapes with 5
layers and 0°/90° strand patterns prior to bioprinting to assess their printability and
material characterizations. Figure 5.2 demonstrates the top views of the 3D-printed
ALG-MC/DB scaffolds obtained by light microscopy. The light microscopy images
depict well-shaped 3D printed structures and a uniform strand diameter (Figure 5.2 A).
It was easier to print 3ALG-9MC groups compared to the 3ALG-5MC group. 3ALG-
SMC ink tended to fuse during printing due to its low viscosity, as shown in rheological
tests (Figure 5.1). In addition, the incorporation of DB particles enabled a precise strand
deposition, led by a stable layer-by-layer structure with a neat pore geometry (Figure
5.2 A). Moreover, 3ALG-9MC and DB-incorporated 3ALG-9MC scaffolds were
printed easily with consistent strand width, exhibiting higher printability capacity.

The Pr factor was quantified using light microscopy images defined by Ouyang
et al.'">. The DB-incorporated ALG-MC hydrogels exhibited a defined morphology
with consistent width in 3D, leading to square pores and uniform grids, which indicate
the optimum gelation property for ideal 3D printing. The Pr factor of 3D-printed
hydrogels was determined as similar, which was very close to 1 (Figure 5.2 B). The Pr
factor of ALG-5MC hydrogels was low compared to the ALG-9MC and showed a
tendency toward the fusion of the strands, leading to a more circular pore geometry
(Pr=0.9). This value, however, is still acceptable for sufficient 3D deposition''>. The
measurements of the uniformity factor revealed that 3D-printed hydrogels have similar
uniformity without statistically significant differences (Figure 5.2 C).

In addition to the Pr and U factors, the strand diameter and pore size of the
hydrogels were determined. The strand diameter of ALG-5MC and ALG-5MC/DB
groups were measured as 797 £ 6 um and 730 um, respectively, and statistically
significant differences were detected compared to the ALG-9MC and ALG-9MC/DB
groups (Figure 5.2 D). The pore sizes of the 3D-printed ALG-5MC, ALG-5MC/DB,
ALG-9MC and ALG-9MC/DB were determined as 420 um, 389 um, 624 um and 642
um, respectively. The addition of the higher concentration of MC increased the pore
size of the 3D-printed hydrogels. Statistically significant differences were detected
between SMC- and 9MC-containing groups (Figure 5.2 E). Hydrogels containing SMC

and 9MC showed statistical differences in both pore size and strand diameter
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assessments, but DB incorporation had no influence on the printability and structure of
the hydrogels. In accordance with the results of Gelinsky et al., ALG-MC hydrogels
were printed with successive layer deposition'®’, and with the addition of DB particles

did not change the printability in this study.
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Figure 5.2. Light microscopy images of 3D-printed ALG-MC and ALG-MC/DB
composite hydrogels. (A) Light microscopy images of the hydrogels in
top and side view after crosslinking. Scale bars: 1000 pm (top), 500 um
(bottom). (B-E) Printability assessments of the ALG-MC and ALG-
MC/DB hydrogels (n=4), (B) Printability factor (Pr), (C) Uniformity
factor (U), (D) strand diameter, and (E) pore size of the scaffolds. Data
are shown as mean £ SD. *p<0.05 and ****p<0.0001 indicate statistically

significant differences of means.
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5.2.3. Mechanical Properties of ALG-MC/DB Scaffolds

The mechanical properties of ALG-MC and DB-incorporated ALG-MC
hydrogels were investigated with compression tests. The samples were printed as 15
layers, and mechanical tests were performed on wet hydrogels. Young's modulus and
maximum force that the hydrogels bore until 80% deformation were assessed. Young's
modulus of the ALG-5MC and ALG-9MC were found to be 10.74 = 3 kPa and 13.12 +
3.6 kPa, respectively, similar to the results of Li et al.’s study!®®. ALG-9MC/DB
hydrogels exhibited the highest Young’s modulus (16.32 + 3.1 kPa), and statistically
significant differences were found compared to the ALG-5MC and ALG-9MC groups
(Figure 4.3A). In addition, Young’s modulus of the DB-incorporated ALG-5MC group
(13.74 + 4 kPa) was higher than that of the ALG-5MC (10.74 £+ 3 kPa) group, with a
statistical difference (*p<0.05). In addition, the maximum forces that hydrogels bore
until 80% deformation were determined. The data showed that DB incorporation
increased the maximum force (Figure 4.3B). Maximum forces were determined as
20.33 kPa, 27.90 kPa, 57.53 kPa and 63.78 kPa for the ALG-5MC, ALG-5MC/DB,
ALG-9MC and ALG-9MC/DB groups, respectively. The maximum force bore by the
hydrogels increased as the incorporation of the particle increased, and statistically
significant differences were found (Figure 5.3B). The compression test results
demonstrate the influence of the particles on the mechanical properties of 3D-printed

hydrogels, indicating that particle incorporation into the polymer matrix improves the

mechanical properties.
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Figure 5.3. Mechanical characterization of the ALG-MC/DB composite hydrogels. (A)
Young’s modulus of the 3D-printed hydrogels and (B) Maximum force that
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the samples can bear until 80% deformation. The compression tests were
performed using six replicates (n=6). Data are shown as mean + SD.
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 indicate statistically
significant differences by one-way ANOVA test.

5.2.4. Degradation Behaviour of 3D-Printed ALG-MC/DB Scaffolds

The swelling/degradation properties of the ALG-MC and ALG-MC/DB
composite hydrogels were assessed by measuring weight changes. Scaffolds were
freeze-dried and incubated by immersing cell culture medium for 35 days. At each time
point, scaffolds were observed by light microscopy (Figure 5.4 A). All 3D-printed
scaffolds were swollen for three days, and higher weight gain was measured on day one
for all groups, then scaffolds stayed in the swollen phase for 3 days (Figure 5.4 B). The
swelling capacity of the ALG-9MC scaffolds was higher than that of the ALG-5MC
groups, with a total weight gain 20% and 25%, respectively on day three (Figure 5.4 B).
As similar results, it was also shown previously that the higher MC concentration in
ALG-MC composition increased the swelling capacity of the scaffolds!®. DB-
incorporated ALG-5MC and ALG-9MC groups exhibited higher swelling behaviour
and were measured as 28% and 32%, respectively on day three. The measurements
indicate that the DB particles could increase the swelling capacity. In addition, the
scaffolds started to lose mass after reaching the maximum swelling point. Degradation
started after 3 days, proceeding with a constant degradation, and approximately 10-15%
mass loss was observed for all groups on day 21 then proceed with mass loss on 35 day
(Figure 5.4 B). DB particles incorporated groups exhibited more stable behaviour
compared to the other groups that lost more mass on day 35 (Figure 5.4 B). It could be
concluded that the higher concentration of MC increased the stability of the structure
and with the addition of the DB particles, degradation rate decreased.

ALG and ALG-based materials have a slow degradation rate, and mammalian
cells has no ability to produce enzymes to degrade the materials'®. In order to improve
degradation behaviour, it can be synthesised by modification of functional groups and
could mix with other polymers, such as MC, or incorporation of bioactive particles, as

we presented in this thesis study. In addition, the degradation by-products of MC are
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mainly glucose, which could be a nutrient for cell culture!®. Therefore, degradation of
the ALG-MC scaffolds could support cell growth during the cell culture period due to

its biocompatible by-products.
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Figure 5 4. . Degradation behaviour of the 3D-printed ALG-MC/DB composite
scaffolds. (A) Light microscopy images of the scaffolds at 0, 3, 7, 14, 21
and 28 days of the incubation. Scale bars: 5000 um. (B) Weight changes of
the scaffolds after 24 hours and (C) 35 days incubation.

5.2.5. Cytocompatibility, Cell Growth and Osteogenicity of Cells Inside
3D-Bioprinted Constructs

ALG-MC/DB bioinks were 3D-bioprinted using hTERT-MSCs in circular
shapes with 5 layers and cultured for 28 days. The biological activity of the cell-laden

scaffolds was assessed in terms of cytotoxicity, biological activity and osteogenecity.
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Live/Dead staining was performed to evaluate the cell viability inside the constructs
during the culture period. The results reveal cell viability in the 3D-bioprinted ALG—
MC and ALG-MC/DB constructs for 28 days of the culture period (Figure 5.5). In the
ALG-MC groups, cell viability was higher on day 1, but after day 14 cell viability was
slightly decreased. The DB-incorporated ALG-MC scaffolds showed cell viability at
each time point of the culture period, and some elongated and spread cells were

observed in the 3ALG-5MC/5DB scaffolds.

ALG-5MC ALG-9MC ALG-5MC/5DB ALG-9MC/5DB

Figure 5.5. Live/Dead staining results of 3D-bioprinted ALG-MC and ALG-MC/DB
constructs during 28 days of the culture period. Live cells (Calcein AM,
green), dead cells (Ethidium bromide, red), and DB particles (blue,

autofluorescence). Scale bars: 500 um.
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The possible cytotoxicity, proliferation and osteogenic differentiation of the
cells inside the 3D-bioprinted constructs were investigated (Figure 5.6). The LDH
cytotoxicity assay results showed similar LDH levels, except for the ALG-5MC group.
A statistical difference was found for the ALG-5MC group compared to the other
groups on day seven. LDH levels for ALG-5MC, however, decreased after 7 days. In
addition, the LDH levels did not increase during the 28 days of the culture period,
which indicates that prepared ALG-MC/DB scaffolds are not toxic for hTERT-MCSs
(Figure 5.6 A).

The proliferation of cells inside the scaffolds was quantified with PicoGreen
assay based on the dsDNA for 28 days. The dsDNA quantification shows that hTERT-
MSC:s proliferated and that the DB-incorporated groups exhibited higher cell numbers
compared to the ALG-5MC and ALG-9MC groups at each time point (Figure 5.6 B).
The cell numbers increased throughout the 14 days in all groups, and the highest cell
number was found in the ALG-9MC/DB group, with significant differences compared
to the ALG-9MC groups (Figure 5.6 B). After 14 days, the cell number had decreased
in both the DB-incorporated and -unincorporated groups (Figure 5.6 B). No statistical
differences were found at 14, 21 and 28 days. According to the cell proliferation results,
the DB-incorporated ALG-MC composite scaffolds show a more suitable environment
for hTERT-MSC cells than do the ALG-MC groups without particles. As a
biocompatible polymer, alginate is a good candidate to support cell growth, but MC acts
like an inert polymer and does not support cell attachment or growth!®!. For this reason,
cell proliferation was affected, and the number of living cells decreased (Figure 5.6 B).
In addition, with the addition of the DB particles into the ALG-MC blend, cell
proliferation was supported and increased. Similar to our approach, cell proliferation
was improved by the addition of different materials, for instance Ahlfeld et al.,
demonstrated plasma-based AGL-MC bioinks and evaluated MSCs biological activity
inside the 3D-bioprinted structures. They found that the plasma-based bioinks support
the cell proliferation and differentiation compared to the ALG-MC bioinks'®?. In
addition, Liu et al. demonstrated that egg-white powder addition into ALG—-MC bioinks

improves the biological properties'*3.
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Figure 5.6. Biological activity of hTERT-MSC cells inside the bioprinted ALG-MC/DB
constructs. (A) Potential cytotoxicity determined by LDH assay. (B)
PicoGreen dsDNA assay results show the total cell number inside the 3D-
bioprinted constructs. The differentiation capacity of cells was assessed by
(D) total cell number, ALP secretion (C) without and (D) with (+OS)
osteogenic induction. Data are represented as mean = SD. *p<0.05 and
**p<0.01, ***p<0.001 and ****p<(0.0001 indicate statistically significant
differences of means between groups by one-way ANOVA tests.
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The osteogenic differentiation capacity of hTERT-MSCs in 3D-bioprinted ALG-
MC and ALG-MC/DB constructs was evaluated during the 28 days of the incubation
period in terms of proliferation and ALP activity assays. 3D-bioprinted ALG-MC and
DB incorporated ALG-MC constructs were cultured with an osteogenic induction
(+OS) medium for 28 days. The cell proliferation based on the dSDNA assay shows that
hTERT-MSCs proliferated gradually inside the 3D-bioprinted DB incorporated
constructs during cell culture period, but the cell number decreased for the ALG-5MC
and ALG-9MC groups (Figures 5.6 D). Unlike the non-osteogenic-induced groups, the
cell number increased in the DB-incorporated ALG-MC constructs, especially in the
ALG-9MC/DB group. Moreover, cell numbers remained relatively the same in the
ALG-5MC and ALG-9MC groups during the 28 days of the incubation period.
Furthermore, statistically significant differences were found for 7, 14, 21 and 28 days
between the DB-incorporated and non-incorporated groups. In the +OS induced groups,
it was detected that the hTERT-MSCs inside DB-incorporated ALG-MC groups
proliferated more, and the amount of dsDNA was higher on days 21 and 28 compared to
the -OS groups.

ALP activity of the MSCs in the 3D-bioprinted constructs was evaluated for the
28-day culture period. The ALP activity of cells in the ALG-5MC and ALG-9MC
groups with -OS induction was stable during the 28 days; in the +OS induced groups,
however, ALP activity increased as expected, especially on days 21 and 28 (Figures 5.6
C and E). The ALP activity of cells for the DB-incorporated ALG-MC constructs
gradually increased during the 28 days in both -OS and +OS induction (Figures 5.6 C
and E). The highest ALP activity in the +OS induction groups was detected in the ALG-
O9MC/DB constructs, with statistically significant differences compared to the other
groups (Figure 5.6 E). In addition, ALP activity was detected to be increased even -OS
induction, which may be associated with the DB particles present in the constructs.
These high levels of ALP may be due to the hydroxyapatite content of the DB particles,
which induces osteogenic differentiation.

The differentiation study results reveal that 3D-bioprinted constructs containing
DB particles could be more supportive of the differentiation of cells with and without
+0OS induction. In addition, the synergetic effect of the natural biomineralisation
capacity of the DB particles (preserved by our decellularization method) and +OS
induction induced osteogenic differentiation of the hTERT-MSCs, showing that the
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cells inside the ALG-MC/DB constructs have higher differentiation capacity than
without DB incorporation. Thus, the differentiation studies confirmed the support of
osteogenic differentiation using decellularized bone particles, which is the main

hypothesis of this thesis study.

5.2.6. Cell Morphology inside 3D-Bioprinted ALG-MC Constructs

Confocal microscopy imaging was performed to investigate the cell morphology
inside the 3D-bioprinted constructs. DAPI and F-Actin stainings were used for cell
nuclei (blue) and cytoskeleton (green), respectively. The DB particles showed a bright
signal due to the autofluorescence of fibrous collagen in the DB particles, which were
seen as a blue/red/pink colour (Figure 5.7). Confocal microscopy images revealed the
morphology of hTERT-MSCs inside the structures. The images indicate that cells grow
inside the constructs. Cell adhesion, cell spreading and cell coverage of the construct,
however, was not observed in the 3D-bioprinted structures as much as in 3D-bioprinted
GEL/DB constructs. This may be caused by the dense structure of the ALG-MC
materials. As reported previously, cells have the ability to grow inside the constructs
due to the nontoxicity of the biomaterials and cell viability maintained, however, cells

188 Tn numerous studies showed that ALG-based

cannot be attached to the materials
bioinks have lack of cell attachment and with the addition of different materials cell
proliferation and attachment improved. It was reported previously, ALG-based bioinks
exhibit low cell attachment or cell proliferation (as also shown in Figure 5.6 B) and
cells have ability to maintain their viability with loose attachment/interaction with the

material 190-194,

93



ALG-5MC ALG-5MC-DB

ALG-SMC ALG-9MC-DB

Figure 5.7. Confocal microscopy images of the cells inside the 3D-bioprinted ALG-
MC/DB constructs for 14 days of the cell culture period. Nucleus (blue):
DAPI, cytoskeleton (green): Actin 488, DB particles (blue/red/pink):

autofluorescence. Scale bars: 100 pum, 50 um (images in red frame).

5.3. Conclusions

This chapter demonstrated 3D biofabrication of DB-incorporated ALG-MC
constructs with hTERT-MSC and evaluated its printability, degradation and mechanical
stiffness as well as the biological activity of cells inside 3D-bioprinted constructs.

DB-incorporated ALG-MC scaffolds were successfully 3D-bioprinted in 5%
MC and 9% MC concentrations. All prepared materials exhibited shear thinning
behaviour and have structural recovery capacity according to the rheological test
(Figure 5.1). The addition of DB particles significantly increased the viscosity, notably
in the 5% MC groups. DB-incorporated ALG-5MC and ALG-9MC scaffolds were 3D-

94



printed easily and exhibited well-shaped 3D structures with uniform strand diameter
(Figure 5.2 A). The incorporation of DB particles enabled a regular strand deposition,
led by a stable layer-by-layer 3D structure (Figure 5.2 A). The ALG-5MC group
without DB particles showed a tendency to fuse the strands due to its low viscosity, as
shown in rheological tests (Figure 5.1). DB incorporation into the ALG-5MC group,
however, enhanced printability, as seen in Pr and U factor quantification (Figure 5.2 B).
Pr and U factors of 3D-printed hydrogels were determined as similar, which were very
close to 1, indicating the optimum gelation property for ideal 3D printing (Figures 5.2 B
and C). ALG-MC hydrogels were printed with successive layer deposition, and DB
incorporation had no influence on the printability and structure of the hydrogels. In
addition, according to the mechanical test results, DB-particle incorporation into the
polymer matrix improves the compressive modulus (Figure 5.3 A). With the
swelling/degradation experiments, it was confirmed that all 3D-printed scaffolds are
swollen for three days, then degradation begins, with a consistent degradation and 20%
mass loss observed for day 21 (Figures 5.4 B and 5.4 C).

ALG-MC/DB bioinks were 3D-bioprinted using hTERT-MSCs and cultured for
28 days. LDH assays confirmed the non-toxicity of the materials (Figure 4.6A), and
dsDNA quantification showed that cell number decreased after 14 days (similar to the
Live/Dead staining), but the DB-incorporated groups exhibited higher cell numbers
compared to the ALG-5MC and ALG-9MC groups (Figure 5.6 B). The ALP activity of
cells in the ALG-MC/DB groups gradually increased, especially on days 21 and 28 in
the +OS induced groups (Figures 5.6 C and 5.6 E). In addition, increasing ALP activity
was detected in the ALG-MC/DB groups without osteogenic induction, indicating that
DB particles support osteogenic differentiation, as also demonstrated in Chapter 4.

In conclusion, DB-particle-incorporated ALG-MC composite scaffolds
exhibited well-shaped 3D structures with the high printability capacity of the ALG-MC
blends. Although exhibited lower cell viability in the later period of the culture, ALG—
MC/DB bioinks allowed for the differentiation of cells inside the structures and
supported osteogenic differentiation. The results show that, with the addition of DB
particles, both the mechanical properties and biological activity of cells were enhanced
due to the collagen fibers and hydroxyapatite crystal content of the DB particles. Thus,
a novel bioink was developed that could be a promising candidate for bone tissue

engineering applications.
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CHAPTER 6

DECELLULARIZED BONE INCORPORATED
ALGINATE-GELATIN BIOINKS

Biofabrication technique with tailored architecture and cell organisation is a
main focus in additive-manufacturing and regenerative-medicine applications. Recently,
many studies have described the novel techniques and novel materials for the
fabrication of three-dimemsion (3D) structures!'%®19%1%, Hydrogels are mainly used with
cells for the fabrication of 3D structures due to their highly hydrated 3D environment
and as they allow cell encapsulation. The main important points in the fabrication of
cell-laden structures are the production of 3D constructs with clinically relevant sizes
and high shape fidelity constructs with adequate mechanical stiffness, as well as the
maintenance of cell viability and bioactivity!®’. Therefore, the key challenge faced in
the 3D-biofabrication technique is the development of ideal tissue-specific materials
that can maintain the balance between the shape fidelity of the structure and cell growth
after bioprinting.

Alginate-based bioinks are the most-used biopolymer in biofabrication
techniques due to their good thixotropic property, easy printability and crosslink
capacity #1971 On the other hand, gelatin (GEL) provides a suitable environment for
cell growth due to its biocompatibility and arginyl-glycyl-aspartic acid (RGD)
sequence. As demonstrated in Chapter 4, bioprinting of GEL bioinks with human
telomerase reverse transcriptase (hTERT) expressing mesenchymal stem cells (MSCs)
exhibited high cell viability, proliferation and complete cell coverage of the 3D-
bioprinted structures. In addition, gelation of the GEL is controllable due to its
thermoresponsive property and easily crosslinkable with biocompatible microbial
transglutaminase (mTG), as shown in Chapter 4. Besides the excellent
cytocompatibility of GEL, alginate-methylcellulose (ALG-MC) bioinks exhibited
higher shape fidelity and printability capacity, however, lower cell viability was
observed, as shown in Chapter 5. Therefore, in this chapter, ALG-GEL-based bioinks
with hTERT-MSCs were prepared to obtain higher shape fidelity and higher cell
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viability. Decellularized bone (DB) particles obtained from bovine femurs were used as
a bioactive additive to improve the mechanical strength and biological activity of
MSCs. After bioprinting, stability of the cell-laden constructs was maintained by
crosslinking with CaCl, and mTG. 3D-bioprinted constructs were cultured for 28 days
and characterized in terms of their cytocompatibility and bioactivity as well as
morphologically, mechanically and chemically for potential application in bone-tissue

engineering.

6.1. Materials and Methods

ALG-GEL-based biomaterial inks were prepared using 3% (w/v) ALG, 7.5%
(w/v) GEL and 5% (w/v) MC, then mixed with 5% (w/v) DB particles to obtain
composite inks. ALG, GEL and MC were prepared by dissolving in ultrapure water as
described Chapter 4 and Chapter 5. The concentration of ALG, GEL, MC and DB
particles did not change, but different volumes of ALG and GEL were used as 1:1, 1:2
and 2:1 (ALG:GEL (v/v)) to assess the addition of GEL in ALG-MC blends. Next, 5%
DB particles (100 um size) were mixed with each blend to assess the incorporation of
DB particles. For the bioink formulation, hTERT-MSC cells were used.

For the bioink composition, hTERT-MSCs were used, and a cell pellet (5x10°
cells/ml) was prepared by centrifugation at 1250 rpm, then mixed with prepared ink
materials using a mixing unit'¢. Prepared bioinks were bioprinted using a 3D-extrusion
bioprinter (Bioscaffolder 3.1, GeSiM, GmbH, Germany). The -cartridge holder
temperature was set to 25 °C to stabilise the viscosity. Bioinks were transferred into the
cartridge and extruded through a 410 um diameter conical needle with a tip velocity of
5-10 mm/s. The scaffolds were fabricated in a cylindrical shape with five layers. After
printing, cell-laden constructs were crosslinked using equal amounts of 10% mTG
(Ajinomoto ACTIVA WM, 85—135 U/g) and 100 mM CacCl to stabilise the scaffolds.
After washing twice with HBSS, DMEM containing 1% (v/v) L-glutamine, 10% (v/v)
FBS and 1% (v/v) penicillin-streptomycin (Sigma Aldrich, all supplements) were added
to the cell-laden scaffolds. The bioprinted cell-laden scaffolds were cultured for 28 days
in an incubator with a humidified atmosphere of 5% CO and 95% humidity. For the
osteogenic induction (+OS): 0.05 mM ascorbic acid 2-phosphate, 107 M
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dexamethasone and 10 mM beta-glycerophosphate were added to the cell culture
medium, and osteogenic differentiation of cells was induced, starting from day one of
the culture period. 3D-printed scaffolds were characterized in terms of printability as
well as their rheological, morphological, degradation and mechanical properties, and the
cytocompatibility, proliferation, and osteogenicity of the cells inside the 3D-bioprinted

scaffolds were also assessed.

6.2. Results and Discussions

6.2.1. Rheological Assessments

Rheological characterization of the ALG-GEL-MC and ALG-GEL-MC/DB
hydrogel precursors was performed to observe the influence of GEL and DB addition to
the ALG-MC precursors and evaluate the viscosity properties for printing. All prepared
materials, both with and without DB particles, exhibited a shear-thinning behaviour that
indicates that all materials have printability capacity (Figure 6.1 A). In addition, shear
stress increased when the shear rate increasing during the tests (Figure 6.1 A). Shear
stress of all precursors exhibited similar behaviour under shear rate similar with the
viscosity results. The viscosity curves show that viscosity decreased while the shear
rate increased (Figure 4.1 B). The addition of the GEL increased viscosity, as notably
seen in the curve of the 1:2 group (Figure 6.1 C). In addition, DB incorporation
increased the viscosity in each prepared blend. At a shear rate of 1/s, the viscosity of the
1:1, 1:2, 2:1, 1:1/DB, 1:2/DB and 2:1/DB groups was determined as 410 Pa.s, 653 Pa.s,
494 Pa.s, 526 Pa.s, 680 Pa.s, 505 Pa.s, respectively (Figure 6.1 C). The highest viscosity
was obtained for 1:2/DB group containing DB particles and higher GEL content.
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Figure 6.1. Rheological properties of the ALG-GEL-MC and ALG-GEL-MC/DB blends

(A). The measurements were carried out using four sample replicates (n=4),
and data are represented as mean. (B) The decreasing viscosity of prepared
blends while shear rate increasing, which indicate printability capacity. (C)

Viscosity of ALG-GEL-MC and ALG-GEL-MC/DB blends obtained at a

shear rate of 1/s.
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6.2.2. Fabrication of 3D-Printed ALG-GEL-MC/DB Scaffolds

ALG-GEL-MC/DB composite scaffolds were fabricated in a circular shape with
five layers prior to bioprinting with cells. Figure 6.2 A shows a top view of the 3D-
printed scaffolds obtained by light microscopy. Light microscopy images depicted well-
shaped 3D-printed structures with ideal, square pore geometry (Figure 6.2 A). Printing
of the 3ALG-5MC did not change with the addition of the GEL and it was easy to
preserve the shape fidelity of the 3D scaffolds. As seen in light microscopy images, 1:1
group exhibited the optimum square pore geometry compared to the other scaffolds.
The 2:1 and 1:2 groups, however, also have well-shaped structures, and it was possible
to print more than 15 layers. In addition, the incorporation of the DB particles increased
the strand diameter, notably in the 2:1/DB groups (Figure 6.2 A and 6.2 D).
Nevertheless, well-shaped 3D scaffolds were obtained with suitable shape fidelity.

The Pr factor, U factor, strand diameter and pore size of the 3D-printed scaffolds
were quantified using light microscopy images. The DB-incorporated ALG-GEL-MC
scaffolds exhibited defined morphology, leading to square pores and uniform grids. The
Pr factor of the 3D-printed hydrogels was determined as similar, which was very close
to 1 (Figure 6.2 B). The Pr factor of the 2:1 and 2:1/DB scaffolds was lower compared
to the other groups, but the Pr factor (Pr=0.9) was still acceptable for sufficient 3D
deposition (Ouyang et al., 2016). The measurements of the uniformity factor revealed
that 3D-printed hydrogels have similar uniformity, and there were no statistically
significant differences between the scaffold groups (Figure 6.2 C). The strand diameters
of the 1:1, 1:2, 2:1, 1:1/DB, 1:2/DB and 2:1/DB scaffolds were measured as 566 um,
447 um, 721 um, 618 pum, 467 um and 643 um, respectively (Figure 6.2 D). The
highest strand diameter was determined in the 2:1 and 2:1/DB groups, with statistically
significant differences compared to the other groups (Figure 6.2 D). The pore sizes of
the 1:1, 1:2, 2:1, 1:1/DB, 1:2/DB and 2:1/DB scaffolds were determined as 623 pm, 610
um, 458 um, 609 um, 600 um and 564 pum, respectively (Figure 6.2 E). Statistically
significant differences were detected among these groups. Similar to the strand diameter
data, no statistical differences were found between the DB-incorporated and DB-non-
incorporated groups (Figure 6.2 E). In addition, the pore sizes obtained in all hydrogel
groups are suitable for cell attachment, proliferation and diffusion of the nutrients in

bone tissue engineering applications®®!33,
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With the combination of the rheology and printability assessments, the results
indicate that all blends have printability capacity and exhibit well-shaped 3D geometry,
with suitable shape fidelity.
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Figure 6.2. Light microscopy images of 3D-printed ALG-GEL-MC and ALG-GEL-
MC/DB composite hydrogels. (A) Light microscopy images of the
hydrogels in top view after crosslinking. Scale bars: 2000 um (top), 1000
um (bottom). (B—E) Printability assessments of the ALG-GEL-MC and
ALG-GEL-MC/DB hydrogels (n=4), (B) Printability factor (Pr), (C)
Uniformity factor (U), (D) strand diameter, and (E) pore size of the
scaffolds. Data are shown as mean £ SD. *p<0.05 **p<0.01, ***p<0.001

and ****p<(.0001 indicate statistically significant difference of means.
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6.2.3. Mechanical Properties of 3D-Printed ALG-GEL-MC/DB
Scaffolds

The mechanical properties of ALG-GEL-MC and DB-incorporated ALG-GEL-
MC scaffolds were investigated with compression tests. Samples were printed as 15
layers, and compression tests were performed with wet hydrogels. Young's modulus
and the maximum force that the hydrogels could bear until 80% deformation were
quantified. Young's modulus of the 1:1, 1:2, 2:1, 1:1/DB, 1:2/DB and 2:1/DB scaffolds
was found to be 11.20 + 1.8 kPa, 16.01 + 2 kPa, 23.86 + 5 kPa, 14.19 = 2 kPa, 15.42 +
3.4 kPa and 16.55 + 3.9 kPa, respectively (Figure 6.3A). The 2:1 scaffold exhibited the
highest Young’s modulus, and statistically significant differences were found between it
and the 1:1 and 2:1/DB groups. The incorporation of the DB particles slightly increased
Young’s modulus, but there were no statistical differences between DB-incorporated

and non-incorporated groups except the 2:1/DB group.
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Figure 6.3. Mechanical characterization of the DB particles incorporated-ALG-GEL-
MC composite hydrogels. (A) Young’s modulus of the 3D-printed hydrogels
and (B) Maximum force that the samples can bear until 80% deformation.
The compression tests were performed using six replicates (n=6). Data are
shown as mean + SD. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
indicate statistically significant differences compared to 3D-printed ALG-
GEL-MC and ALG-GEL-MC/DB hydrogels by one-way ANOVA test.

In addition, the maximum forces that the hydrogels could bear until 80%
deformation were determined with compression tests. The data showed that DB
incorporation increased the maximum force (Figure 6.3B). Maximum forces were
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determined as 28.48 kPa, 22.32 kPa, 54.15 kPa, 50.34 kPa, 31.91 kPa and 57.12 kPa for
1:1, 1:2, 2:1, 1:1/DB, 1:2/DB and 2:1/DB scaffolds, respectively. The highest maximum
force was found in the 2:1 and 2:1/DB groups, and statistical differences were found
compared to the other groups (Figure 6.3B). Moreover, the maximum force borne by
the hydrogels increased with the incorporation of DB particles, notably between the 1:1
and 1:1/DB groups, with statistically significant differences (Figure 6.3B). The
compression test results demonstrate the influence of the particles on the mechanical
properties of 3D-printed hydrogels, indicating that particle incorporation into the

polymer matrix improves the mechanical properties.

6.2.4. Cytocompatibility, Cell Growth inside the 3D-Bioprinted

Constructs

ALG-GEL-MC/DB scaffolds with different ALG and GEL combinations 1:1,
1:2 and 2:1 (ALG:GEL (v/v)) were bioprinted using hTERT-MSC cells in a circular
shape with five layers and the biological activity of the cell-laden scaffolds was
evaluated by fluorescence microscope and biochemical assays.

Live/Dead staining assay was performed to evaluate the cell viability inside the
scaffolds during the culture period. Fluorescence images depicted cell viability in the
3D-bioprinted ALG-GEL-MC/DB scaffolds during the 28 days of the culture period.
The fluorescence images showed the live cells (green), dead cells (red) and DB particles
(blue, autofluorescence property of particles; Figure 6.4). On day one, dead cells were
visible inside the bioprinted constructs then the number of dead cells decreased on the
following days of the culture. At each incubation time, cell viability was high in all
scaffolds, and the attached cells formed clusters, especially in 1:2/DB scaffolds, on day
one and then spread inside the 3D-bioprinted constructs. On day 14, the cells started to
elongate in the constructs, especially in the 2:1/5DB scaffolds. As seen in the
fluorescence images cells elongated on the DB particles showing a well interaction with
both material and particles (Figure 6.4). Cells growing inside the bioprinted constructs
maintained their viabilities until day 28 of the culture period, which indicates that the

prepared bioink formulations are cytocompatible.
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Figure 6.4. Live/Dead staining results of 3D-bioprinted ALG-GEL-MC and ALG-GEL-
MC/DB constructs during the 28 days of the culture period. Live cells
(Calcein AM, green), dead cells (Ethidium bromide, red), DB particles

(blue, autofluorescence) Scale bars: 500 pm.

The potential cytotoxicity of the ALG-GEL-MC/DB scaffolds was assessed by
LDH cytotoxicity assay and the results showed that the cytotoxicity level of the cells
inside the 3D-bioprinted constructs was mainly stable during the 28 days of the culture
period (Figure 6.5 A). At the beginning of the culture period, on day one and day seven,
LDH levels were higher compared to the other time points of the culture, especially the
highest LDH level detected in the 2:1 group. Following these time points, however,
LDH levels decreased, with no statistical differences among groups, which indicates
that the ALG-GEL-MC and ALG-GEL-MC/DB bioinks have no cytotoxic effect on

hTERT-MSCs.
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The proliferation of the cells inside the bioprinted constructs was quantified
during 28 days of the culture period. PicoGreen assay based on dsDNA quantification
shows that hTERT-MSC cells gradually proliferated inside the bioprinted constructs
(Figure 6.5 B). Notably, scaffolds with higher GEL amounts significantly supported cell
proliferation in comparison to other groups. Higher cell proliferation was determined on
day 28 and statistically significant differences were found compared to other groups
(Figure 6.5 B). In addition, higher cell proliferation was reached with the addition of
GEL into the ALG-MC structure in comparison to the data demonstrated in Chapter 5
(Figure 5.6 B).

To assess the differentiation capacity of the cells, 3D-bioprinted ALG-GEL-
MC/DB constructs were incubated with an osteogenic induction medium for 28 days,
and PicoGreen dsDNA and ALP activity assays were performed. The results show that
hTERT-MSC cells proliferated in all groups during the 28 days of the culture period
(Figure 6.5 D). Unlike the non-osteogenic groups, cell numbers inside the 1:1, 1:2 and
2:1 groups were higher than in the DB-incorporated groups, with statistical differences.
On day 28, cells inside the constructs reached a similar cell number, but statistical
differences were found between groups (Figure 6.5 D). In addition, the total cell number
inside the 1:2 scaffolds was higher in both the +OS and -OS groups, which indicates
that the addition of the GEL into the ALG-MC bioink provides a more favourable
environment for hTERT-MSC cells and allows cell growth inside the hydrogels.

The ALP activity of the cells in 3D-bioprinted constructs was evaluated for a 28-
day culture period. The ALP activity of the cells in groups without DB particles and -
OS induction was stable throughout the 28 days, without statistical significant
differences among groups or time periods (Figure 6.5 C). In addition, the ALP activity
of cells inside DB-incorporated constructs increased slightly after 14 days, and
statistically significant differences were found among the groups without DB particles
(Figure 6.5 C). In all +OS induced groups, ALP activity increased during the culture
period as expected, especially on days 21 and 28 (Figure 6.5 E). The ALP activity of the
cells inside the DB-incorporated ALG-GEL-MC constructs was higher than in the
groups without DB particles throughout the 28 days (Figure 6.5 E). In accordance with
the proliferation assay, the +OS induced groups showed higher ALP activity. The GEL
addition enhanced the proliferation and therefore osteogenic differentiation in the
structures compared to the ALG-MC constructs (Chapter 5, Figure 5.6 E).
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Figure 6.5. Biological activity of hTERT-MSC cells growing inside the bioprinted
ALG-GEL-MC/DB constructs. (A) Potential cytotoxicity determined by
LDH assay. (B) PicoGreen dsDNA assay results show the total cell number
inside the bioprinted constructs. Differentiation capacity of cells assessed by
(D) total cell number in osteogenic medium and also by ALP secretion (C)
without and (E) with (+OS) osteogenic induction. Data are represented as
mean = SD. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 indicate
statistically significant differences of means between groups in each time

point by one-way ANOVA tests.
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ALP activity results revealed that DB particles significantly support ALP
activity and therefore induce osteogenic differentiation as similar in ALG-MC
consturcts (Chapter 5, Figure 5.6 E). These high levels of ALP were supported by the
enhanced cell proliferation with the addition of GEL into the ALG-MC matrix and also
may be associated with the inorganic content (hydroxyapatite crystals) of the DB
particles, which induces osteogenic differentiation. The synergetic effect of the natural
biomineralisation capacity of the DB particles (preserved by our decellularization
method) and +OS induction supported osteogenicity. Thus, the differentiation studies
confirmed the support of osteogenic differentiation using DB particles, which is the

main focus of the project.

6.2.5. Cell Morphology inside 3D-Bioprinted ALG-GEL-MC/DB

Constructs

Confocal microscopy imaging was performed to observe the cell attachment and
morphology inside the 3D-bioprinted scaffolds. DAPI and F-Actin stainings were used
for cell nuclei (blue) and cytoskeleton (green), respectively. In addition, DB particles
are visible due to the autofluorescence property of fibrous collagen in the DB particles,
which were seen as a red/pink colour. The confocal microscopy images showed the 3D
stack images composed of many layers of cell-laden constructs and magnified 3D stack
images taken from the inner side of the construct (Figure 6.6). Confocal microscopy
images revealed the morphology and spreading of hTERT-MSCs inside the structures.
The images indicate that cells grow and proliferate, interacting with DB particles and
covering the entire surface of the 3D-bioprinted constructs (Figure 6.6). Attached and
elongated hTERT-MSCs were observed both inside and on the surface of structures,
showing the cell attachment and migration with decent cell-particle interaction

throughout the surface of the 3D constructs.
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Figure 6.6. Confocal microscopy images of hTERT-MSCs attached and growing inside
the 3D-bioprinted ALG-GEL-5MC/DB (1:2) constructs for 14 days of the
cell culture period. Magnified images show the inner parts of the cell-laden
constructs obtained. Nucleus (blue): DAPI, cytoskeleton (green): Actin 488,
DB particles (red/pink): autofluorescence. Scale bars: 250 pm, 100 pum
(from left to right).

6.3. Conclusions

In this chapter, ALG-GEL-MC/DB bioinks with hTERT-MSCs were prepared
and successfully fabricated by 3D bioprinting. 3D-bioprinted constructs characterized in
terms of their cytocompatibility and bioactivity as well as morphologically,
mechanically and chemically for potential application in bone-tissue engineering.

Rheological characterization of the hydrogel precursors showed that all prepared
biomaterial inks, both with and without DB particles, exhibited a shear-thinning
behaviour indicating all inks have printability capacity (Figure 6.1 A). ALG-GEL-
MC/DB composite hydrogels were fabricated in a circular shape with ideal, square pore
geometry (Figure 6.2 A). The Pr factor, U factor of the 3D-printed hydrogels have
similar Pr factor and uniformity (Figures 6.2 B and C). In addition, the pore sizes in all
groups are suitable for cell attachment, proliferation and nutrient’s diffusion in bone
tissue engineering applications.

Beside the noncytotoxicity of the 3D-bioprinted constructs (Figure 6.5 A),
higher cell viability was observed in all groups during the 28 days of the culture period
(Figure 6.4). In addition, attached hTERT-MSCs formed clusters, especially in 1:2/DB

constructs, on day one and then spread inside the 3D-bioprinted constructs (Figure 6.4).
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hTERT-MSCs started to elongate in the constructs, especially in the 2:1/5DB scaffolds
on day 14 (Figure 6.4). Moreover, confocal images revealed that cells elongated on DB
particles inside the structures, exhibiting a well interaction with both material and DB
particles (Figure 6.6). The cells exhibited increasing proliferation trend with the
addition of the GEL and higher cell proliferation was determined on day 28 (Figure 6.5
B). The ALP activity of the cells inside the DB-incorporated ALG-GEL-MC constructs
was higher than in the groups without DB particles throughout the 28 days (Figure 6.5
E). The GEL addition enhanced the proliferation and DB incorporateion into structure
induced osteogenic differentiation (Figure 6.5 E).

In conclusion, with the higher printability and shape fidelity of ALG-MC
biomaterial ink, the addition of GEL into the ALG-MC matrix improved the biological
activity of hTERT-MSCs and incorporation of DB particles induced the osteogenic
differentiation. Thus, a composite bioink formulation with higher cell response and
suitable shape fidelity was developed by using biocaompatible GEL and bioactive DB

particles, which could be a promising candidate for 3D biofabrication applications.
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CHAPTER 7

OVERALL CONCLUSIONS

In this thesis study, the main goals are the development of a decellularization
method for bone tissue and the preparation of different bioinks containing decellularized
bone (DB) particles with the biofabrication of cell-laden constructs by 3D bioprinting
method. For this purpose, rabbit, rat and bovine femur bone tissues were decellularized
without altering the biochemical and biomechanical properties while removing cellular
components from the tissue. DB particles were obtained in 100 pm and 45 um sizes and
used as a natural additive material for preparation of different bioink compositions. This
thesis study demonstrated the successful production of DB particles incorporating
gelatin (GEL)-, alginate (ALG)- and alginate-gelatin (ALG-GEL)-based bioinks, and
fabrication of cell-laden composite constructs produced by the 3D-bioprinting
technique. The addition of the DB particles was evaluated with comprehensive studies
such as printability capacity of all prepared inks, the physicochemical and mechanical
properties of the hydrogels and the biological behaviour of the MSCs inside the 3D-
bioprinted structures, as well as the differentiation capacity of the cells for bone-tissue
engineering applications.

A combination of physical, chemical and enzymatic methods was used for the
decellularization of femur bones obtained from bovine, rat and rabbit. As described in
Chapter 3, three different SDS concentrations were used for the chemical
decellularization method, and 0.1% SDS was chosen as an optimum concentration to
remove cellular components from tissue without damaging the ECM proteins, such as
collagen and GAG. According to the literature, 0.1% SDS is the minimum
concentration for bone-tissue decellularization!®3%147 ~95% DNA reduction was
achieved with 0.1% SDS treatment, indicating effective decellularization’. In addition,
it was also showen that the mineralisation site of the tissue remained the same, unlike
various studies in the literature!®!147,

Following the verification of the decellularization method, bone particles were
used to produce several bioink formulations. Chapter 4 presented the incorporation of
rabbit DB particles into the GEL matrix at 1%, 3% and 5% DB particle (100 pm)

concentrations and the successful fabrication of 3D-printed GEL/DB composite
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scaffolds with uniform strands and square pore morphology (Figure 4.3). SEM analysis
showed good particle-polymer interaction (Figure 4.4 C), and uCT analysis showed
homogenous distribution of the DB particles within the GEL matrix (Figure 4.5). While
the printability data indicate that the 100 pm size of DB particle concentrations >5%
mitigates printability, in vitro experiments highlighted that particle concentrations of
5%, with high printability properties, showed no cytotoxic effects but provide a suitable
microenvironment for cell proliferation and effective cell-material and cell-particle
interaction (Figures 4.9 and 4.10). Obtaining a similar approach to our study, Nyberg et
al. demonstrated a comparison of DB ECM (40 um diameter) with commercially
available additives in 3D-printed poly-e-caprolactone (PCL) scaffolds, and cell-
proliferation and osteogenic-marker expressions in the DB-addition groups were higher
than in other groups'¥’. With the successful fabrication of the GEL/DB scaffolds and
promising cell response, it was considered that including a smaller size of bone particles
in the GEL matrix could enhance printability and allow for higher DB particle
concentrations in the bioink composition. Therefore, smaller sizes (45 um) of bone
particles were used to obtain GEL/DB bioink formulations at 5% and 10%
concentrations. The smaller size (45 pum) of bovine-particles-incorporated GEL inks
exhibited promising shear thinning, with suitable self-recoverability for potential
application for 3D bioprinting and improved printability compared to 100 ym DB
particles. In addition, the 10% particle group demonstrated the highest proliferation and
osteogenic differentiation, which might result from the natural hydroxyapatite content
of the particles. 3D bioprinting of the composite structures allowed for more cell—
particle interactions inside the GEL matrix and increased cell proliferation during the
culture period. This enhancement of cell behaviour may be caused by the collagen
fibers and hydroxyapatite components preserved by the decellularization method, as
shown in many studies that have included hydroxyapatite particles!’3:180:200.201 = Ag
hypotheses, the remaining natural bone histoarchitecture by our decellularization
method promoted cell behaviour within a highly biocompatible GEL matrix, and DB-
incorporating biomaterial inks exhibited promising features for 3D-printing
applications.

Alginate (ALG)-based bioinks were also developed; Chapter 5 discussed the
incorporation of the DB into hydrogels. ALG, as a biodegradable polymer obtained

from brown algae, is commonly used for printing or bioprinting applications. It has high
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liquid-absorption capability, providing good thixotropic properties, and is easily cross-
linkable with CaCl,, which allows shape fidelity after printing!®4. However, inferior
mechanical properties of ALG, must be increased to obtain more stable structures.
Methylcellulose (MC) is a polysaccharide-based, non-toxic, biocompatible and highly
hydrophilic biopolymer that has been used as a viscosity-enhancing polymer, and as
such the addition of MC could enhance viscosity of alginate hydrogels!®. In addition,
the incorporation of the decellularized bovine bone particles could enhance the
mechanical properties of the hydrogels and induce osteogenic differentiation. In
addition, no study in the literature has described the incorporation of DB particles into
the ALG-MC bioink. With this thesis study, DB particles were incorporated into the
ALG-MC ink and hTERT-MSCs were used for the bioink composition for the first
time. The printability of the ALG-MC bioinks was significantly higher than GEL-based
bioinks, and compressive moduli were increased by the addition of the DB particles, but
cell viability was decreased after 14 days of the culture period. Similar results also
reported by Liu et al., which demonstrated the cell behaviour inside the ALG-MC
bioinks and enhanced the biological activity using egg white powder within ALG-MC
blends'®*. In this thesis study, the addition of DB particles to the ALG-MC improved
cell viability and proliferation. Besides the nontoxicity effect of the bioinks on cells, the
addition of DB particles supported cell adhesion, proliferation and osteogenic
differentiation. The data are in correlation with previously reported study that described
a positive effect of inorganic bioglass additives into ALG-MC blends on hMSC cell
proliferation within 3D-bioprinted scaffolds??.

Since cell viability decreased after 14 days in ALG-MC scaffolds, the addition
of the GEL to the ALG—MC bioinks was considered due to the higher cell viability and
proliferation capacity of cells inside the GEL structure, as demonstrated in Chapter 4.
Regarding this approach, different ALG and GEL volumes were used for ALG-GEL-
MC ink formulations, and DB particles were included in the structure. It was found that
the addition of the GEL to ALG-MC increased the cellular activity in the hydrogel, in
accordance with the previously reported studies??2%, Cell viability and proliferation
inside the structures were enhanced when increasing the GEL content with no cytotoxic
effect. In addition, DB-particle incorporation increased cell attachment, proliferation
and differentiation. It was found that the cells could migrate inside the ALG-GEL-

MC/DB structures with good cell-particle interaction. Moreover, the osteogenic
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differentiation capacity of cells was supported by DB-incorporated ALG-GEL-MC
hydrogels. In correlation with this approach, the addition of different polymer (MC or
GEL) or organic/inorganic particles (DB particles composed of collagen fibers and
hydroxyapatite) improved the mechanical properties of the hydrogels and supported the
biologic activity of the cells inside the 3D-bioprinted structures.

In conclusion, DB-incorporated GEL-based and ALG-GEL-based bioinks
provide bioprinting with MSCs and have promising results for bone-tissue engineering
applications. As hypotheses, the approach of using DB particles as a natural source of
collagen and hydroxyapatite in 3D-bioprinting techniques using biocompatible
polymers provides good interaction with cells, which suggests the potential application

of the scaffolds in bone-tissue engineering.
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