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OZET

Hiicresel Tedavi I¢in Hiicre Mikrokapsiilii Dizayni

Polimerik malzemeler kullanilarak biyomimetik kapsiillerin olusturulmasi, kok
hiicreleri izole etmenin, onlar1 gevresel etkilerden korumanin, allogreft reddini ortadan
kaldirmanin ve hiicresel tedavinin etkinligini artirmanin bir yoludur. Bu ¢aligmanin ilk
boluminde, fibroblastlar (L929) ve mezenkimal kok hicreler, 12 gline kadar
inkiibasyon i¢in in vitro kosullar altinda aljinat ve aljinat-jelatin mikro boncuklar igine
kapsiillendikten sonra gelismis canliliklar1 ve islevsellikleri aragtirildi. Bu nedenle,
elektrostatik destekli piiskiirtme teknigi ile tiniform ve enjekte edilebilir (<200 um)
hicre yikli mikro boncuklar olusturulmustur. Sonuglar, mikro boncuklar igindeki
L929 ve MKH hicrelerinin inkibasyon suresince metabolik aktivitelerini
stirdiirdiiklerini gosterdi. Her iki hiicre hattinin glikoz tiiketimi ve laktik asit iiretim
seviyeleri tutarli bir sekilde gozlemlendi. 12. giinde salinan hiicre sayisinin 0. giine
gore arttigr bulundu. Kok hiicre tedavisinin BET ek tedavisi ile kombinasyonu,
kemigin yeniden sekillenmesi ve yeni kemik dokusu olusturulmasi igin yeterli tedaviyi
saglayabilir. Aljinat-jelatin ve betulin'in hFOB 1.19 hiicresinin canlilig, isleyisi ve
osteojenik farklilasmasi {iizerindeki etkisi in vitro kosullar altinda 12 gunlik
inkiibasyona kadar arastirildi. Sonuglara gore, 1 uM'den fazla betulin konsantrasyonu,
2B hiicre kultiriinde hFOB 1.19 hucreleri Gzerinde sitotoksisite gostermektedir. AlJel
mikroboncuklarinin i¢indeki hFOB 1.19 hiicresi, 1 ve 5 uM BET konsantrasyonunda
12 giine kadar islevselliklerini siirdiirmiistiir. Osteogenik belirteglerin ifadesi, 2B
hiicre kiiltiirtinde hFOB 1.19 ile karsilastirildiginda betulin'in hFOB 1.19 yiiklii AlGel

mikroboncuklar lizerinde daha fazla osteoindiiktif etki gdstermistir.

Anahtar Sozcukler: Mikroenkapsiilasyon, Aljinat mikroboncuklari, Aljinat-Jelatin

mikroboncuklari, Osteojenik Farklilasma, Betulin



ABSTRACT

Design of Cell Microcapsule for Cell Therapy

Construction of biomimetic encapsulates using polymeric materials is way to isolate
stem cells, protect them from environmental effects, eliminate allograft rejection, and
increase the efficiency of cellular therapy. First part of in this study, fibroblasts (L929)
and MSCs were investigated for their improved viability and functionality once
encapsulated inside the alginate and alginate-gelatin microbeads under in vitro
conditions for up to 12 days of incubation. Thus, uniform and injectable (<200 pum)
cell-loaded microbeads were constructed by the electrostatically assisted spraying
technique. Results showed that both L929 and MSCs cells continue their metabolic
activity inside the microbeads during the incubation periods. Glucose consumption and
lactic acid production levels of both cell lines were consistently observed. The released
cell number on day 12 was found to be increased compared to day 0. Combination of
the stem cell therapy with BET supplement treatment might provide sufficient therapy
to bone remodeling and construction new bone tissue. The effect of alginate-gelatin
(AlGel) and betulin on viability, functioning, and osteogenic differentiation of hFOB
1.19 cell was investigated under in vitro conditions up to 12 days of incubation.
According to result, more than 1 uM concentration of betulin exert cytotoxicity on
hFOB 1.19 cells in 2D cell culture. hFOB 1.19 cell inside the AlGel microbeads
continue their functionality up to 12 days at 1 and 5 uM concentration of BET.
Expression of osteogenic markers indicate more osteoinductive effect of betulin on
hFOB 1.19 loaded AlGel microbeads compared with hFOB 1.19 in 2D cell culture.

Keywords: Microencapsulation, Alginate microbeads, Alginate-Gelatin microbeads,

Osteogenic Differentiation, Betulin



1 INTRODUCTION AND AIM

Cell therapies are used to regenerate tissue, increase the efficiency of the cancer
therapy, and produce specific growth factors (GF) after injection of the cells inside the
body. However, direct injection of stem cells presents the syringe needle flow force
which disrupt the cell membrane and decrease the viability of transplanted cells
ranging from 1% to 32%. Viability of the transplanted cells post injection is crucial for
efficiency of injectable cell-based therapies at injured side. Cell viability rate post
injection might be improved by encapsulation of cells with hydrogels which protect to
cells from damaging effect of extensional forces by direct injection. On the other hand,
previous study on effect of alginate hydrogel derivatives on stem cells indicate that
composition of alginate hydrogel is not only modifies chemical and physical properties
of hydrogel, but also effect to cellular response and efficiency of injectable cell-based
therapies. Previous studies showed that the AlGel microbead provides more intact
microbead formation compared to the alginate form. In this study, we aim to provide
more biomimetic culture conditions for stem cells which potentially ensure more
protein secretion and high cell proliferation during the 12 days of incubation time,

which would be an enough time for cellular therapies in general.

Bringing biopolymers of alginate and gelatin together enhance performance, and
quality of microscaffolds and simulate signaling cascades related to ossification,
osteogenic differentiation, and proliferation of the cells. Combinations of biopolymers
by addition of gelatin to alginate microbeads makes microbeads more applicable for
proliferation and differentiation of osteoblast cells. A recent study showed that
adipose-derived stem cells loaded microbeads might be used for cell-based bone tissue
regeneration (Leslie etal., 2017). On the other hand, some triterpenoids such as betulin
derivatives improve osteogenic differentiation of some murine cells in osteogenic
condition in vitro. Moreover, porcine chondrocyte inside the betulin treated scaffolds
induce expression of anabolic genes, catabolic genes, and differentiation factors.
Although, osteogenic activity of betulin (BET) on murine osteoblast models is
confirmed in vitro, there is limited number of studies examined the effect of BET and

3D microenvironments on osteoblast cell models for in vitro research. In this study,



osteogenic differentiation of hFOB 1.19 cell lines inside the combinations of

biopolymers of alginate and gelatin microbeads is examined upon treatment with BET.



2 BACKGROUND

Cell therapy is an attractive strategy for the regeneration of tissue and the
regulation of growth hormone levels inside the body. Cell transplants are clinically
used treatment on various diseases such as neurodegenerative disease, rheumatologic
disease, orthopedic disease, endocrine disease, and cardiovascular disease (Kim et al.,
2019). Cells that are transplanted via injection into blood veins or target tissue get into
body circulation via veins and disperse within the tissue. Cells dispersion within the
tissue decrease the cell survival rate and efficiency of the cell therapy. Additionally,
cell transplants might be degraded by the patient’s immune cells after transplantation
inside the patient body. The activity of cell transplants is inhibited, and metabolic
activity of the cell transplants is decreased by an immune reaction. Cell dispersion
within the tissue and degradation by the immune reaction are the main disadvantages

of cell therapy.

Research on encapsulation of cells shows that membrane, used for encapsulation
of the cells, acts as a barrier to the immune cell can eliminate the degradation of the
cells by the body’s immune response. Consequently, cell transplants might be long-
term survival inside the patient body after encapsulation (Evron et al., 2018). Previous
studies showed that cells might be encapsulated with different kinds of polymeric
materials. Polymeric materials might increase the retention time of the cellular
population at the target site of the patient body, and provide more effective tissue

regeneration therapy, decreasing the time of the therapy.

Biomaterials such as polymeric, ceramic, or composite are commonly used in
biomedical applications (Hinderer et al., 2015). Most used biomaterials in medical
applications are classified according to types such as natural, synthetic, blended forms

of biomaterials.

Naturally sourced biomaterials have a wide range of physical, chemical, and
adjustability properties compared with other types (Huang et al., 2019), (Guo et al.,

2019). They might be formed in different shapes and structures such as fiber formation.



Fiber formation of polymers mimics the extracellular matrix structure of tissue and
cells might be easily attached to fiber formation of polymer which are used as a tissue
scaffold (Luo et al., 2019). Construct of tissue-like scaffolds with various polymeric
materials is the strategy to replacement of the defect tissue with construct of tissue-
like scaffold. Thus, biomaterials in biomedical applications should be biocompatible
for biological molecules and shouldn’t cause long-term inflammatory responses inside

the body post transplantation (Liu vd., 2013).

Regenerative therapy mainly focuses on regeneration of the damaged tissue and
reducing the inflammatory response of the patient. Biomaterials in regenerative
therapy are be categorized according to their biological properties, chemical
properties, and mechanical structure of the tissue. The main aim of regenerative
medicine is the construction of the scaffold which mimics to extracellular matrix
structure of the target tissue. Various types of polymers might be used to increase
regeneration of the damaged tissue and interaction between the cells and tissue. An
inflammatory response (inflammation) to biomaterial inside the body varies according

to natural and synthetic sources.

2.1 Encapsulation Technology in Cell Therapy

The complexity of the tissue-specific architecture limits the construction of
biomimetic scaffolds to induce cellular process in vitro. Biomimetic scaffold should
contain many regulatory elements and signaling pathways that have a role in the
cellular process in vitro. Cell transplantation to the patient is a more attractive strategy
to regenerate tissue. Transplanted cells maintain their functioning and secrete proteins
and hormones at specific sides. Transplanted cells might be isolated from the patient's
own body (autologous cells) or donor (allogeneic cells) and also these stem cells are
capable to differentiate into specific cells by regulation of environmental factors (Shah,
2013). The other classification of stem cells is a source of the cells which are
embryonic stem cells (ESCs) or adult stem cells (ASCs) (Liu & Chang, 2010).



Isolation of the autologous stem cells from the patient which requires additional
surgery is another challenge for cell therapy. Allogenic and xenogeneic sources for
isolation of the stem cell from a donor are alternative strategies in regenerative
medicine. In these strategies, allogeneic and xenogeneic sources cells used in cellular
therapy cause immunological response inside the patient body after transplantation of
cells to a patient. The immunological response inside the body activates the immune
cells which degrade the transplanted cells and decrease the efficiency of the cellular
therapy. On the other hand, autologous stem cells are isolated from the patient's own
body (adipose tissue or bone marrow) might be used for increasing the therapeutic
efficiency (Leslie et al., 2017). Thus, autologous stem cells are more applicable cells
for therapeutic approaches compared with other cell types and it does not provide any
immune response into the patient body. While immunosuppressive and
immunosuppressant drugs eliminate the immune response, but long-term usage of
immunosuppressive and immunosuppressant drugs causes an undesirable side effect
on the patient body (Freimark et al., 2010; Gasperini et al., 2014).

Immobilization of the cells inside the capsule form might overcome the immune
reaction post injection. Encapsulated cells with biomaterials are long-term functional
and protected from degradation by immune reaction post injection (Song & Roy,
2016). Moreover, diffusion of macromolecules from capsule is illustrated with various
encapsulation strategies (Evron et al., 2018). Protein therapy via cell transplantation is
a more popular strategy in the clinic. Protection of cells from degradation by immune

reaction increases the efficiency of the cell therapeutic approach.

Peripheric fibrosis decrease the efficiency of cell therapy and long-term
functionality of the transplanted cells into the patient's body. Peripheric fibrosis block
metabolic activity of the transplanted cells into the body. The peripheral fibrotic
response might be reduced by applying immunosuppressive drugs to increase the long-
term functionality of the transplanted cells. While, presence of peripheral fibrotic
growth on the surface of the cell-loaded microbeads is also observed (Ludwig &
Ludwig, 2015), cells inside the microbeads can continue to long-term functionality
inside the patient body.



The other limitation of cell therapy is that distribution of the cells post injection.
Cell transplants distribute at target location and mixed with body circulation. Thus,
cell transplant is not effectively regenerate the target side of the patient because of the
localization problem. Localization of the transplanted cells at the target tissue might
be achieved by various kinds of polymeric scaffolds and strategies especially with
microencapsulation of the autologous stem cells. Encapsulation of cells might localize
at a specific side of the porous polymeric network. Localization of the autologous stem
cells with different kinds of polymeric scaffolds and strategies increases the

therapeutic efficiency inside the patient body.

Various polymers were used to construct capsule formation to immobilize the cell
inside the capsule. This polymeric formation might be isolated from a natural or

synthetic source.

2.2 Polymers Used in Encapsulation Technology

2.2.1 Synthetic polymers

Synthetic polymers are used in a wide variety of applications side in today. They
are also used for encapsulation technologies and tissue engineering applications.
Synthetic polymers are good mechanical properties, low toxicity inside the body,
cheap, and long-term usage when they are compared with natural polymers. Synthetic
polymers might be blended with natural polymers to form desired properties of the
materials. This blended formation of the polymers displays desired properties in both
natural and synthetic biomaterials. Polycaprolactone poly(L-lactide-co-e-
caprolactone), polyethylene oxide, and hydroxyapatite are examples of synthetic
materials. While some of them contain polyester and organic structure, they are low

biocompatibility and biodegradability inside the body.

Synthetic polymers are highly hydrophobic polymers, and their blended formation
is commonly used in cell culture research for binding of the cell to the material surface

and in vitro biocompatibility of the materials (B. Y. Wang vd., 2012). Previous



research showed that blended scaffold (alginate/polyethylene oxide) increases the
attachment of the fibroblast cells on scaffolds and proliferation capacity on it (1).
Synthetic polymers were classified into 4 different groups such as polyethers,

polyesters, poloxamers, recombinant protein-based polymers.

2.2.1.1 Polyether

Polyether contains more than one ether group in its molecular structure. It is a
synthetic polymer because of the functionality of the ether group in the main chain.
The most used candidate of the polyether is polyethylene glycol (PEG) which is used
in the pharmaceutical industry. Polyethylene glycol (PEG) is highly water-soluble, and
it might be conjugated with proteins. This procedure is called PEGlyation.
Physicochemical properties of the proteins or peptides are altered such as
enzymatically degradation, immunogenicity, or residence time after PEGlyation of the
proteins or peptides. On the other hand, the copolymer form of PEG (PEG-PLA-based
copolymer) exhibits thermo-reversible ability. The other copolymer structure is PEG
with polycaprolactone (PCL). PEG-PCL copolymer is formed because of the low
degradation rate and high hydrophobicity of the PCL. Moreover, scientists construct
the PEG-PCL-PEG which shows sol-gel-sol transition behavior. PEG/PCL ratio
regulates the thermo-reversible behavior or the copolymer.

2.2.1.2 Polyesters

Polyesters contain more than one ester group in their molecular structure. It is a
type of synthetic polymer because of the functionality of the ester group in their main
chain. There are many esters used in drug delivery applications and therapeutic
approaches. Polylactic-co-glycolic acid (PLGA) is one of the co-polymer that
combination of poly-lactic acid (PLA) and polyglycolic acid (PGA). Degradation of
the PLGA has occurred with the hydrolysis of the ester linkages. PLGA is a very
biocompatible but easily degradable polymer. Various types of copolymers were
designed to overcome the shortcoming of the polymer. These copolymers are PLGA-
PEG, PLGA-PEG-PLGA, PEG-PLGA-PEG. These block copolymers are like thermo-



reversible block copolymers. They are gel form at body temperature, and they have
flowing properties at or below room temperature. PEG-PLGA-PEG block is generally
used for encapsulation of the therapeutic product. Gelation properties of the PEG-
PLGA-PEG might be changed with alteration of the PEG-PLGA-PEG copolymer.
These designed block copolymers are well biodegradable, and their biodegradability
is clearly described with different studies (2), (3). Block copolymeric system is widely

used for different therapeutic approaches.

2.2.1.3 Poloxamers

Poloxamers are classified as non-ionic triblock co-polymers compose of
polypropylene oxide (PPO), and polyethylene oxide (PEQO). Polypropylene oxide
(PPO) place’s central part and PEO which is hydrophilic surround the PPO.
Poloxamers are also called a pluronic in trade (4,5). They have a thermosensitive
property, been used in sustained delivery of therapeutic proteins (6-8). Poloxamers
which are inert were used to maintain the stability of the incorporated therapeutic
proteins and they increase their survival period as compared with sustained-release
drug delivery (9) (10). Moreover, poloxamers were used to deliver the therapeutic
substance to the target side. Pluronic F127 (PF127) is the most used polymer type for
the effective delivery of molecules to the target side.

2.2.1.4 Recombinant protein based polymer

Recombinant Protein-Based Polymers (genetically modified polymers) were used
to deliver desired molecules to the target side. In some therapeutic approaches, desired
properties of the protein-based polymer might be designed using genetic engineering
tools. Target molecules might easily be absorbed in the target side after designing the
genetically modified polymers. The most widely used genetically engineering polymer
examples are CPPs, transferrin, lectins, and silk-elastin-like protein (SELP) (11,12).
These polymers contain repeated amino acid sequences which genetically engineered,
and these are produced in a biological organism. Designed genetically engineered

polymers are naturally degraded by different pathways.
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Targeting of the large molecular weight and poorly permeable therapeutic proteins
to the cells might be increased by cell-penetrating peptides (CPPs). Cell-penetrating
peptides might be used in different strategies such as lipid bilayer of the cell to perform
the endocytosis process of the therapeutic proteins and peptides into the cytoplasm.
Moreover, therapeutic proteins might be delivered with cell-penetrating peptides such
as intestinal absorption of the insulin molecule. Delivery of the various macromolecule

inside cells was evaluated with different studies (13,14).

2.2.1.5 Transferrin

Transferrin is the type of glycoprotein and receptors. It is highly expressed on the
intestinal epithelial cells. It has different properties such as endogenous iron-binding.
For this reason, transportation of the iron element via a transferrin receptor might be
performed with the endocytosis process within the cells. Additionally, the transferrin
receptor on the intestinal epithelial cells might provide absorption of drug molecules.
Different molecules such as insulin and human growth hormone might be absorbed via

transferrin receptors (15,16).

2.2.1.6 Silk elastin like protein

Silk elastin-like proteins (SELPsS) consist of recombinant silk-like proteins
obtained from bombyx mori silkworm (GAGAGS) and elastin-like proteins obtained
from mammalian trophoblastic (GVGVP) (11). The number and sequence of the
repeats organize the physicochemical properties of the SELPs. SELPs ,which is the
soluble form in nature, might be densely cross-linked with hydrogels to form an
irreversible phase transition state. Each part of the SELPs has a role in the mechanical
stability of the gel. The silk part of the SELPs gives viscoelastic properties and the
elastin part ensures the viscoelastic behavior of the gel. Mechanical properties of the
silk-elastin-like proteins balance the hydrogel network formed by SELPs. SELPs
concentration also controls the releasing of some therapeutic proteins which have

unique charge on the released agents (17), (18).
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2.2.2 Natural polymers

Natural polymers can be used to enhance the efficiency of cellular therapies due
to their biocompatibility and biodegradability properties. Source of biomaterials alter
the polymeric structure of the natural polymer. Natural polymers are isolated from
biological sources such as a microorganism, plants, or animals. The most valuable and
remarkable property of a natural polymer is a structural similarity between the human
tissue and easy integration with damaged tissue, biocompatibility, and
biodegradability (19).

Various types of natural polymers are used in encapsulation technology to
fabricate microbeads. Naturally sourced biomaterials mimic extracellular matrix
structure and increase the metabolic activity of the cells in cell encapsulation
technology. Atrtificial tissue structures are constructed with natural sources materials
such as proteins (collagen, gelatin, silk..), polysaccharide (cellulose, chitin/chitosan,
glucose..), and glycosaminoglycans (heparan sulfate, and keratan sulfate). Artificial
tissue is commonly used in cell therapy for regeneration of the damaged tissue after
cellularization of the artificial tissue. Cell transplants are protected from
immunological response within the construction of the closed fibril formation loaded

with extracellular matrix sourced materials (20).

Encapsulation technology might provide a highly hydrophilic environment and
higher water holding capacity in a 3-dimensional construct. Cells inside polymeric
microbeads might be more viable and have long-term functioning (21). Natural
polymers are more applicable for cell encapsulation study because of their different
properties such as highly soft, more porous structure, low protein adsorption after
transplantation, and providing a low interface between the fluids compared to synthetic
polymers (22). Natural polymer-based microbeads are commonly used techniques in
cell therapy. It has different properties such as easy interaction with the injection side,
high biocompatibility inside the patient body, good inflammation response, and high
regeneration capacity inside the damaged tissue. Natural polymers were grouped into

two main categories. The first group of natural polymers is polysaccharides.
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2.2.2.1 Polysaccharides

Polysaccharides are the type of carbohydrate located inside the extracellular
matrix structure and have fundamental roles in biological processes in nature.
Polysaccharides are consisting of sugar rings which are linked by glycosidic bonds.
Glycosidic bonds might be easily degradable with glycoside hydrolase enzyme. They
have a positive charge at their ammonium group (NH?3*) and negatively charged at
their carboxylic groups (COOQ") and sulfate group (SO-3). Interaction between the
charged group and self-assembly of the polysaccharides chain gives their original
shape. Polysaccharides were used in different technologies such as cell encapsulation
technologies and tissue engineering applications (23). Polysaccharides might be
isolated from different sources in nature such as sea moss, plant cells (alginate), animal
sources. Naturally sourced polymers such as pectin, chitosan, agar, carrageenan, and
alginate. Natural polymers might be classified their charged state such negatively

charged alginate and positively charged chitosan.

Negatively charged alginate is a type of natural polymer used in pharmaceutical,
textile, food, and biotechnological industries (24), (25). It has a linear polysaccharide
structure and a 1,4-glycosidic bonding structure between the a-l-guluronic acid (G)
and B-d-mannuronic acid side (M). Sequence and ratio MG blocks characterize
alteration of alginate in nature especially upon the organism (26). The affinity of the
alginate to the multivalent cations (Mg?*, Ca?*, Sr?*, Ba®*) enhances with increasing
of a-I-guluronic acid (G) content because of the ionic interaction of multivalent cations
with guluronic acid blocks. This process is described as an “egg-box” model. Alginate
has unique gel properties, physical and chemical stability, crosslinking structure,
biocompatibility, low toxicity, easy sterilization, low cost, and soft gelatinating
process (27). However, the chemical and physical properties of alginate might be
changed by many parameters such as ionic strength of the medium, gelling ions
concentration, pH of the solution. Deprotonation of the carboxylic acid group might
occur at a certain value of the pH. Deprotonation of a carboxylic group enhances the
dissolving rate of the alginate in the solution. On the other hand, alginic acid is not

completely soluble in any solvent such as water. A sodium-alginate solution is a
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soluble form of alginate in waters. The solubility of the sodium alginate might be
changed with increasing of the pH. Sodium-alginate might be precipitated and formed
as an alginic acid via increasing the pH value. Precipitation of the sodium-alginate
depends on the homopolymeric blocks and molecular weight of the polymer (28). 3D
network of the alginate might be formed by the simple procedure of ionic bonding.
Multivalent cations diffuse inside the alginate solution and these ions might be released
by pH variation of the microenvironment (29). For that reason, more complex
polymeric materials were designed to control the mechanical and swelling properties
of the materials (30), (31). Additionally, alginate has limited stability in vivo
conditions (ion exchange in physiological conditions). Different crosslinking agents
were used to construct covalent crosslinks such as glutaraldehyde (32) hexamethylene
diisocyanate (33). Oxidation of the hydroxyl groups at C-2 and C-3 might modify
alginate. Oxidation with periodates construct to the formation of dialdehyde at each
oxidized monomer unit. This form of alginate derivatives has more labeling capacity
with an increased degradability and these derivatives can easily attach to substituents
or reductive agents by the reductive amination process. The reductive amination
process between the dialdehyde and alkyl amine is performed via reduction agents
such as sodium borohydride (NaBH4) and cyanoborohydride (NaCNBHa4). In this
method, long alkyl chains might be introduced to alginate derivatives and new alginate
derivatives which have various physical and chemical properties might be obtained.
One of the studies showed that the alginates have higher biocompatibility and pore
dimensions when it is grafted with low molecular weight polyethylene glycol (PEG)
(34). Hydroxyl sites of alginate might modify with various groups such as acetyl,
phosphor, sulfate. Acetylation of the alginate constitutes a more flexible polymer
structure and a higher swelling ratio of the polymer (35). On the other hand, the
phosphorylation ratio of the alginate polymer gives information about the rate of the
resistance to degradation of the alginate. The sulfated form of alginate has unique high

blood compatibility and anticoagulant activity (36).

Alginate might be chemically modified with a simple method such as
esterification of the carboxylic groups. Esterification reaction of carboxylic groups

might be performed by several alcohols and alkyl halides in presence of the catalyze

14



(37). One of the groups synthesizes that fatty alcohol (octanol, dodecanol, or
hexadecanol) grafted amphiphilic alginate esters. The other study shows that
esterification of the sodium alginate with vinyl sulfone-terminated multi-arm PEG
(PEG-VS) might be used for microencapsulation of the cells (38). Sodium alginate-
cysteine conjugate might be synthesized on thiolate residues and used in controlled
drug release studies (39). Additionally, amidation of the alginate with amine molecules
constructs the hydrophilic derivatives of the alginate (40). The other strategy for
crosslinking of the alginate hydrogels might be performed with photo-irradiation such

as exposure to ultraviolet (UV) light (41).

Positively charged chitosan is produced by the deacetylation process of the chitin.
Chitosan is a composition of the alternating monomers which are 2-acetamido-2-
deoxy--B-D-glucopyranose (GIcNAc; A) and 2-amino-2-deoxy- B-D-glucopyranose
(GIcNAC; D) (42). The deacetylation process of the chitin might be made up of chitin
deacetylase or alkaline conditions. Acetamido-groups of chitins are deacetylated in
acid conditions, the B-glycosidic linkage is hydrolysis in this condition, and
degradation of the polysaccharides has occurred. The second condition of
deacetylation of the acetamide group is alkaline (15-20 M NaOH at 100-120 °C). No
hydrolyzing of B-glycosidic linkage is obtained in this procedure. Deacetylation of the
sequence has occurred on a different side of the GICNAc sequence (43). Various
studies illustrate that the deacetylation degree (DA) of the amino groups which are
highly electronegative change polarity, pH, water-soluble behavior, ionic strength of
the chitin of the alginate. Chitosan positively is charged via proton taken up and behave
as hydrophilic polycations. Positively charged chitosan which can easily interact with
transition and post-transition ions might be used for the removal of heavy and reactive
metals from the wastewater (44). The water solubility of chitosan depends on its ionic
concentration of it. An excess amount of HCI might construct chlorhydrate formation
of the chitosan (45). Hydroxyl groups on C-3 and C-6 of chitosan is also reacted with
a various reagent such as sulfhydryl. Phosphorylation of the chitosan by reacting of
phosphorylating agent onto amino groups of chitosan increases the chelating
properties and water solubility of chitosan (46), (47). The water solubility of the

chitosan might be enhanced with quaternization of primary amine of deacetylated
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glucosamine. Paracellular permeability of the chitosan might be obtained at a
positively charged state. However, chitosan has positively charged at pH values lower
than 6.5. For that reason, the different studies developed alginate derivative (mono N-
carboxymethyl chitosan (MCC), and trimethyl chitosan (TMC)) to overcome this
limitation alkaline pH values present in the small intestine (48), (49). The various
crosslinking agent which are glutaraldehyde, oxalic acid, formaldehyde, glyoxal, and
genipin might be used to improve physical (thermal stability, swelling ratio), chemical,
and mechanical properties (mechanical strength). Chitosan derivatives via metallic
ions, tripolyphosphate (TPP), sulfate, B-glycerophosphate molecules. The main
criterion of the chemical and mechanical stability of the chitosan is pH. Low
mechanical and chemical stability was observed via ionic crosslinking of the alginate
because of the high pH-sensitive swelling (50) pH Graft copolymer might be
synthesized with y-radiation and UV-light. pH-sensitive chitosan with good swelling
properties might be fabricated with ¢ C-y-radiation (51). Moreover, chitosan which is
cationic functions might be interacting with different opposite charged polymers such
as alginates and proteins. For that reason, chitosan has a large scale of potential

application side (cell encapsulation, tissue engineering, and drug delivery system).

The degradation rate of the polysaccharide might be controlled with different
physiological (enzymatic activities, redox potential, pH, and glucose concentration)
and external stimuli (temperature, light, magnetic field, and mechanical forces)
systems. Some polymeric structure is strongly dependent on alteration of the pH value.
Alginate has a stable structure at pH values ranging from 5 and 10. Proton catalyzed
hydrolysis has occurred when the pH value is lower than 5. Degradation of alginate at

a pH value of more than 10 has occurred via p-alkoxy-elimination.

Hydrolysis of glycosidic bonds was described with 3 different mechanisms. The
first mechanism is the protonation of the glycosidic oxygen. The second one is the
oxonium ion. The last mechanism is explained with the addition of the water molecules
to carbonium oxonium ion (52). Additionally, carbonate and phosphate ions might
catalyze the B-alkoxy-elimination. Esterification of the alginate might perform with

electron attracting effect on carbonyl group in C6. This process is followed by the
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removal of the H-5. Degradation of alginate has also occurred values around neutrality.
This process which is class ORC reactions (Oxidative Reductive Depolymerization) is

varied with amounts of phenolic compounds (53).

Chitosan degradation might have occurred with acid hydrolysis. N-acetyl linkage
and O-glycosidic linkage are catalyzed by acid. The rate of N-acetylation in dilute acid
is equal to the rate of hydrolysis of glycosidic linkages. Hydrolysis of glycosidic
linkage is controlled by the acetyl group in the structure of the alginate positively
charged group which is close to the glycosidic linkages. At a lower pH value, acid
hydrolyze B-glycosidic linkages which are cleaved at A-A and A-D sides. On the other
hand, at higher pH value alkaline hydrolyze the chitosan, and degradation is occurred
(54). A previous study showed that simple covalent modification on chitosan prevents
the degradation of the chitosan in the stomach at low pH. Chitosan might be targeted

to the small intestine side (55).

Enzymatic degradation of the polymer has occurred in various organisms via
upregulation of enzymes at the target side. An enzyme-based approach for the targeted
delivery system was applied to the different target sides. Alginate might be naturally
degraded with alginate lysates or alginate polymerase. Alginate lyases use the B-
elimination mechanism and each of them has unique properties. The first mechanism
of the B-elimination is to remove the negative charge on the carboxyl anion. The
second mechanism is that the general base catalyzes the proton abstraction on C5. The
last mechanism is the elimination of the 4-O-glycosidic bonds. Elimination of 4-O-
glycosidic bonds is done with transferring of the electron from the carboxy! group and
formation of the double bond between the C4 and C5 (56). Enzymatic degradation of
chitosan is performed at hydrolyzing of the glucosamine-N-acetyl-glucosamine, N-
acetyl-glucosamine-N-acetyl-glucosamine,  glucosamine-glucosamine  linkage.
Chitosan might be degraded by lysozyme and bacterial enzymes in the colon (57).
Degradation of the chitosan not only lysosome activity but also DA. Lysosomal
degradation of the chitosan is followed by degradation of chitosan into oligomers.
Oligomer form of chitosan is degraded to monomers by NAGase (58). The DA of the

chitosan gives chance to use chitosan in tissue engineering applications.
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2.2.2.2 Proteins

Proteins are the types of polymers that made up blocks of amino acids. Proteins
are a component of the extracellular matrix. Different approaches were used to mimic
extracellular with various components such as fibrous proteins, adhesive proteins,

proteoglycans, and glycosaminoglycans (59-61).

Collagens (around 30 types) have been identified with different roles and different
target areas (59,60). Collagen is most abundant and a component of proteins inside the
extracellular matrix (ECM). Type 1 collagen is predominantly in skin, tendon, and
bone tissue. Collagen in cartilage is mostly type 2 collagen. Type 3 collage is inside
the structure of the blood vessel. The other type of collagen is Type 4 which separates
epithelial tissue from mesodermal tissue. Primary structure polymer indicates that
collagens could be extracted from tissue because of the interchain connection between
the amino acid sequences. Each type of collagen has a unique structure. The structure
of collagen contains three a-chains. The sequence of a-chains is a repeating sequence
(Gly-X-Y)n. X and Y correspond to proline and hydroxyproline. The a-chains of
collagen construct left-handed helices, and then left-handed helices turned and create
right-handed triple helix. The formation of the triple helix model constitutes fibrils and
fibers formations (62-64). Collagen might be isolated from bovine skin, fish, sea
plants, and tendons (62,65). It causes a low inflammatory host response. It also has
high biocompatibility and biodegradability properties. The extraction cost of the
collagen is very high, for that reason, it has poor availability at different application
sides. Collagen could be applicable with other polymers to obtain good

biocompatibility and mechanical properties for clinical therapy.

Gelatin is produced from collagen Type | which is obtained from bovine or
porcine. Gelatin might obtain with two different methods. One of them is the thermal
treatment of collagen. Heat treatment to collagen breaks down the hydrogen bond of
it. The formation of the collagen triple helix structure converts into gelatin. The other
method to fabricate gelatin is the hydrolysis of collagen. Two types of gelatins might

be obtained according to pH conditions. The formation of the gelatin Type A is
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obtained in an acidic environment. Gelatin type B is produced in an alkaline solution.
Each of the production methods alters the properties of the gelatin. Collagens contain
a large amount of RGD (Arg-Glyc-Asp) sequence which have a direct role on cell
adhesion and proliferation. Gelatin contains a similar amino acid sequence to an amino
acid sequence of collagen, but gelatin could not induce antigenicity inside the body.
The antigenicity property of the collagen might be obtained because of the presence of
aromatic amino acids such as tryptophan, phenylalanine, and tyrosine (66—68). Gelatin
has superior properties for tissue engineering applications. However, it could be
directly used in tissue engineering applications because of the poor mechanical

strength, high viscosity, fast enzymatic degradations.

Elastin mostly takes place in vascular and connective tissue because of its
elasticity. Elastin provides the RGD sequence for cellular growth. Additionally, elastin
is composed of a repeated amino acid sequence which is VPGVP (valine, proline, and
glycine). Elastin is not applicable because of the contamination during the purification
processing. The presence of the elastin might cause the immune response inside the
body. Development of a synthetic version of the elastic is the alternative way because
of this limitation of the elastin such as (synthetic tropoelastin, elastin-like polypeptides
(ELP)).

Fibronectin has a crucial role in the construction of the extracellular matrix.
Fibronectin is found not only in cells but also in plasma. They have almost the same
two subunits. These subunits are composed of three repeating modules (Types I-111).

Fibronectins enhance cell adhesion by binding of a5B1 integrin of the cell membrane.

Laminins are cross-shaped glycoproteins. It contains a trimetric structure
composed of a, B, and y chains. Interaction between these proteins constructs space for
adhesion of the molecules in various tissue types (59,69). Glycoproteins are important
for cell migration, spreading, adhesion, and proliferation. Additionally, it takes an
important role in the construction of many tissues especially during embryogenesis
(61,69,70).
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Silk proteins (SLPs) have hydrophilic and hydrophobic blocks in their structure
(71). The hydrophobic part of protein composes of the repeated sequence of sort amino
acids (glycine, and alanine). Hydrophilic polymer of the proteins contains a non-
repetitive sequence which is charged chains amino acid residues. SLPs is highly bio-
compatible polymer for an efficient therapeutic approach in cell therapy. Additionally,

it is used as a genetic engineering tool for the efficient delivery of cells.

Growth factors are regulatory molecules that take part in cell signaling to manage
cellular activity. GFs can induce signaling in the endocrine, paracrine, and autocrine
when it reacts at a suitable concentration. For that reason, GFs take a part in various
important processes such as cell migration, growth, proliferation, and differentiation.
Their short half-life, low stability inside the body limits their physiological
applications side. Various biomaterials and different approaches were used to preserve
growth factor stability and sustained release in a target area. Commonly used GFs are
bone morphogenetic proteins (BMPs), insulin-like growth factor-1 (IGF-1), platelet-
derived growth factor (PDGF), vascular endothelial growth factor (VEGF), basic
physiological growth factor (FGF-2), and transforming growth factor- g (TGF- ).

Decellularized extracellular matrix (dECM) is another biological source that
contains various types of polymeric and biologic biomolecules. Extraction of the
decellularized matrix from cellular components might be performed with different
methods such as chemical (detergent, or enzymes) and physical (washing steps).
Decellularized matrix must preserve its original structure and contain biologically
active molecules such as GFs. The extracellular matrix contains not only the
heterogeneous mixture of the proteins (laminin, fibronectin, and GFs) but also
carbohydrates and proteoglycans (72,73). ECM might be damaged during the

decellularization of the extracellular matrix from cell debris.

2.3 Stem Cell Encapsulation Technologies

There are many technologies were used for cell encapsulation technology. The

main principle of this method is capturing the cells inside the liquid core (74). The
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extrusion method which is the suspension of the liquid polymer and cells is the most
applicable method for cell encapsulation strategy. Beads are formed via extrusion of
the liquid mixture (polymer and cells) into the hardening solution which protects the
bead formation. Various encapsulation strategies were used the obtain a more

applicable size for cell therapy and the uniform shape of the beads.

2.3.1 Microgel encapsulation technologies

The main principle of the microgel encapsulation technique is the extrusion of a
liquid mixture from nozzle tips. Droplets are formed at the discharge point of the
nozzle in the system. Mechanism of the droplet formation changed with the interaction
of the gravitational, surface tension, impulse, and frictional forces (75), (76).
Classification of the extrusion techniques is simple dripping, electrostatic extrusion,
coaxial airflow, vibrating jet/nozzle, jet cutting, and spinning disk atomization.
Droplets might be solidified with different strategies either physical (cooling or
heating) or chemical process (gelation). The main advantages of the extrusion
techniques are that they are not affected by temperature and other solvents.
Additionally, a highly viscous polymer solution might be used for encapsulation of the

materials.

One of the methods for drop generation by gravity might be performed with
gravity. Liquid sample extruded until the edge of the nozzle and gravity force is
enough to overcome the surface tension until the drop is released from the edge of the
nozzle. In this system size of the microbeads diameter depends on the size of the orifice
diameters (77). The main disadvantages of this technique are the fabrication of low

quantities and the large diameter of the droplets (>2mm).

Electrostatically assisted spraying is one of the methods to construct small-sized
microbeads. The principle of spraying is based on pulling the biomaterials from the
needle top into the gelling path. The voltage is applied between the needle and the
electroconductive solution (hardening solution). This method is also known as

electrostatic extrusion. The electric force is applied to the droplets to fall off the needle
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tips and droplets fall off with their weight. Microbeads are constructed when the
droplets fall into the hardening solution. The electric voltage (0-30 kVa) of the system
used in this system does not damage cells and proteins. Moreover, this system allows

the production of very small and uniform-sized particles.

The other techniques for the fabrication of the droplet are coaxial airflow-induced
dripping. In this technique, a stream of compressed air is used for pulling the liquid
droplet from the nozzle. Uniform size and shape droplets might be produced in this
technique, but the main disadvantage of this technique is the low production rate of

the droplets.

An aerodynamically assisted jetting system contains a controllable pressure
chamber. In this system, an aerodynamic flow field is generated with a pressure
gradient between the input and exit orifice. This aerodynamic flow field fabricates
small-sized droplets from the needle throughout the exit orifice. The diameter of the
small-sized droplet is 20 micrometers. The other techniques for microbeads fabrication
are Laminar Jet Breakup, Vibrating Jet / Nozzle Technique, Jet Cutting Technique,

Rotating (Spinning) Disk Atomization.

2.3.2 Macroencapsulation technologies

Various encapsulation strategies (macro and micro size) were used for the
encapsulation of mammalian cells for different clinical usage (21). Capsules used in
cell therapy acts as a barrier between transplanted cells and immunological response.
Retrievable and scalable macro capsules were designed to obtain long-term viability
and functioning of the cell inside the patient body. Macro capsules might localize at a
specific location and provide the immune isolation of the cells. The size of the macro
capsule is not counterbalanced organ size and function. The large retrievable macro
capsule used in the experiment is 100.000 times lower than organ size (78), (79), (80).
However, retrievable macro capsule devices might apply to some therapeutic

approaches such as diabetes.
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Studies on transplantation of islet cells loaded retrievable macro capsule showed
that macro capsule might be long-term used for diabetes patients in clinical
applications (Gabr et al., 2018), (82), (83). On the other hand, various cell types and
genetically modified cells might load in the retrievable macro capsule to regulate
protein or growth factor levels in protein deficiency disease for regenerative therapy
(Saenz Del Burgo et al., 2018a). Additionally, co encapsulation of the two different
cells might improve the efficiency of the therapeutic approach. In islet transplantation
study, the immunosuppressive potential of mesenchymal stem cells (MSCs) via
increasing nitric oxide production and secreting higher levels of immunomodulatory
cytokines enhance the efficiency of the islet transplantation (84). Moreover,
pericapsular fibrotic overgrowth (PFO) might be decreased with mesenchymal stem
cells which have a role in tissue repairing of the damaged tissue, promoting

angiogenesis, and reducing inflammation.

2.4 Macroencapsulation for 3D in vitro Cell Culture

Cell therapy on tissue regeneration with patient-derived tissue or cell sources
paves the way for new therapeutic opportunities for patients. Mesenchymal stem cell-
based therapy is applied in various types of diseases and degenerative tissue such as
tendons (85), intervertebral disk (86), bone (87), and articular cartilage (88). Various
cell types such as beta cells were used for the regulation of hormone and growth factor
levels for the treatment of patients. Clinically islet (Beta cell) transplantation is an
alternative way to exogenous insulin independence for prolonged periods. The main
limitations of islet transplantation are the lack of organ donors, inconsistent islet yield,
and multiple organ donors per patient (89). The other severe limitation of the islet
transplantation points out to the host immune rejection from recipient immune cells.
These recipient immune cells and host immune rejection eliminate the long-term
functionality and survival of the transplanted cells (90). However, decreasing the
survival rate of delivered cells inside the patient body directly correlated with a
decrease in the efficiency of cell transplantation therapy. So, immunosuppressive
drugs have emerged as alternative tools for obtaining effective cell therapy but some

immunosuppressive such as glucocorticoids had significant islet toxicity (89).
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Immunological problems in cell therapy resulted in the development of new
therapeutic strategies for the long-term survival of transplanted cells. Encapsulation of
the cells via biocompatible and semi- permeable macro-capsules is an attractive way
for tissue regeneration. So, implantable, and retrievable macro-capsules for cell
therapy seem to provide outstanding advantages to improve the therapeutic efficiency,
especially in genetically engineered cell transplantation ranging from the elimination
of frequent administrations of cells to the isolation of delivered cells from

immunogenic attacks (91).

Polymeric capsule-based strategies have yielded promising results in various
disease models without the need for immunosuppressing agents (92). The cell-
encapsulation strategy has emerged as a powerful tool for protecting cells from
immunoreactions, hence allowing the nutrient transfer to maintain cell survival and
function inside (93). Encapsulation strategies as macro and micro size were applied to
mammalian cells for different clinical usage (21). Capsules have the potential to
possess a special role as a barrier between transplanted cells and immune responses
inside the body. Implantable and scalable macro- capsules were designed to obtain
long-term viability and functioning of the delivered cell inside the patient body (21).
On the other side, large-sized macro-capsules which are 100.000 times smaller than a
regular organ size might demonstrate limited organ function (78-80). Still, studies on
transplantation of islet cells loaded retrievable macro-sized capsule design showed that
macro-capsule might provide long-term usage for diabetes in clinical applications (81—
83).

Retrievable macro-capsule constructs have been utilized as attractive scaffolds for
the delivery of various cell types and genetically modified cells to regulate protein or
growth factor levels in protein deficiency diseases (84). Especially, an
immunosuppressive feature of mesenchymal stem cells (MSCs) was shown to be
enhanced in terms of the efficiency of the islet transplantation via increasing nitric
oxide production and secreting higher levels of immunomodulatory cytokines (84).
Based on these findings, the potential of MSCs for repairing damaged tissue,

promoting angiogenesis, and reducing inflammation might be revealed to a greater
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extent for patient-specific cellular therapies. In this study, we have designed a semi-
permeable 3D macro-capsule for the proper delivery of MSCs, which can be evaluated
as a container for the encapsulation of cells with high cell viability. Although several
biomaterial-based encapsulation techniques have been previously established for cell
transplantation, this design provides a container-based reservoir of encapsulated cells
with a more effective, cheaper, reproducible, and achievable strategy for further
cellular therapies. A biocompatible and biodegradable PCL polymer was preferred for
3D printing of this macro-capsule, for which the level of porosity was analyzed by
measuring the amounts of transported biomarkers throughout such as consumed
glucose and produced lactic acid. MSCs with high viability up to 72 hours might
contribute to the development of effective approaches for biomaterial-based cellular

therapy.

2.5 Microencapsulation for 3D in vitro Cell Culture

Stem cells might be delivered to the donor via intravenous infusion and
transplantation. There is some limitation for transplantation of the stem cells to the
patient such as immunoreaction, mechanical damage while injection, and entrapment
of the cells in the lungs. Cell viability, proliferation, differentiation, and cryoprotection
inside the encapsulate are important parameters for the efficiency of cell therapy after
transplantation inside the patient body. Cultivation environment of the cells regulates
the differentiation of the stem cells and proliferation of the cells (94) (95). Proliferation
of the cells inside the capsule structure might be increased by mimicking of the tissue-
specific architecture and physiological conditions. Various strategies were used to
mimic tissue-specific architecture such as encapsulation of the cells with polymers.
The concentration and types of the polymer such as alginate change the proliferation
of the encapsulated stem cells(95). Moreover, alginate might provide long-term usage
of alginate in cell culture applications for cell growth, proliferation, and biomolecule
transportation such as diffusion inside the microbeads to the environment. Production
of the alginic acid based on acid extraction from alginic tissue, and then extracts were
neutralized with alkaline, lastly neutralized extract was precipitated by addition of

calcium chloride or mineral acid.

25



One of the main challenges of the alginate in vivo experiment is that alginate is
not enzymatically degradable inside the body. Gelation of alginate structure is
degraded by immune reaction and in vivo conditions inside the body. Cells inside the
alginate microbeads might be released via chelating of the Ca?* molecules and
breaking of the crosslinks between the chains. Moreover, the stability of calcium ions
inside alginate gel is degraded by cell proliferation and cellular waste (lactate,
phosphate, and citrate) inside the microbeads in vitro conditions. Alginate degradation
inside the body is controlled by different strategies such as alginate lyase enzyme
treatment (Leslie et al., 2013). A recent study on the fabrication of mesenchymal stem
cell-loaded microbeads is showed that mesenchymal stem cells inside the microbeads
were remain alive during a 3-week in vitro cell culture environment and for 3 months
in vivo condition (97). Another study illustrates that high G rate alginate which has
rigid structure compared to low G rate alginate eliminates the releasing of the stem
cells from the microbeads and preserves viability from up to 14 days (98).
Additionally, Arg-Gly-Asp-Try (GRGDY)-modified alginate (RGD-modified
alginate) provide 80% viability after 15 days incubation periods. RGD modification
on alginate proves that mesenchymal stem cell attachment and elongation on the
polymeric structure (99). Extracellular matrix proteins were wused in
microencapsulation to mimic the microenvironment and long-term survival and

proliferation of the cells inside the microcapsule.

Gelatin is the one of the extracellular matrix proteins used in encapsulation of the
mesenchymal stem cells. It produced from collagen type 1 by various strategies such
as thermal treatment and hydrolysis. Production method of the gelatin from collagen
alter not only structure but also properties of the gelation. Alteration of the pH during
the production of the gelation change the formulation of the gelatin such as gelatin
type A (acidic environment) and gelatin type B (alkaline solution). Large amount of
the RGD (Arg-Glyc-Asp) sequence inside the collagen provide unique properties for
cell adhesion and proliferation. However, collagen possess aromatic ring groups
induce antigenicity inside the body. Production of the collagen from gelatin decrease

the aromatic ring groups inside the collagen structure and antigenicity inside the body.
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Stem cell differentiation inside the microbeads might be altered by various
conditions such as cultivation environment and polymer type. It was shown that
mesenchymal stem cells (MSCs) inside the alginate-based capsule are differentiated
into insulin production cells via cultivation of the differentiation medium (95).
Additionally, concentration of the polymer changes the porosity of the microbeads
formation. According to research, average matrix pore size change from 10.9 um to
3.4 pum according to alginate concentration (0.5% to 2% (w/v)). The pore size of the
microbeads also controls the diffusion of the macromolecules and metabolic activity
of the cells during the cultivation period. On the other hand, porosity of the microbeads
is regulated by the size of the microbeads. Cell concentration inside the microbeads is
positively correlated with the size of the microbeads. The number of cells in the
microbeads regulates the differentiation because of the cell-cell interaction (100,101).
Human mesenchymal stem cells (hMSCs) which are encapsulated in PEG and poly
(ethylene glycol)-diacrylate (PEGDA) hydrogels differentiated into chondrocytes
(102,103). Another example of the osteogenic differentiation of the stem cells in-vitro
and in-vivo achieved by co encapsulation of the murine Anti-BMP2 monoclonal

antibodies (mADbs) into alginate microcapsule (104).

Blend formation of the gelatin and alginate mixture might apply as an injectable
gel and microbeads formation. Viability of the cells inside the formulation might
positively correlated with gelatin content in blend formation. On the other hand,
mechanical properties of the gel formulation increase with alginate content blend
formation. For to increase mechanical properties of the alginate-gelatin mixture,
research used the ferric ions to increase the mechanical properties of the alginate
gelatin mixture. In this research, they showed that ferric acid constructs the ionic
coordination between the carboxylic group of alginate and gelatin (105). This bonding
formation increase the mechanical stability of the gelling structure and stability of the
mixture provide the increasing of the gelatin capacity inside the blend formation.
Moreover, gelatin content inside the mixture positively correlated with cell viability
inside the gel (105).
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Encapsulation of the stem cells might maintain the viability of the cells after
cryopreservation of the stem cell and during the storage period. Semipermeable
alginate hydrogels which is cross-linked by strontium enhance cell viability and
proliferation rate of the cells such as human mesenchymal stem cell (hMSC) and
mouse embryonic stem cells (MESCs) (106). Moreover, mESCs which is loaded
arginine-glycine-aspartic acid-serine (RGDS)-coupled calcium alginate in 10% (v/v)
dimethyl sulfoxide (DMSO) have higher stem cell marker, higher cell survival rate,
and better cell healthy compared with suspension one. Cell loaded alginate-gelatin
(AIGel) microbeads gives promising result to angiogenesis of endothelial cell (107),
maturation of human myelomonocytic cells line U937 (108), preservation of the
stemness feature of cardiomyoblasts (109), and cytoprotectiveness and

cytofunctionality effect inside the microbeads (110).

2.5.1 Cell loaded microcapsule for regeneration studies

Cells loaded microbeads were investigated in vitro condition to apply on various

diseases such as bone, cartilage, cardiovascular, brain, diabetes, skin, liver, and cancer.

Bone tissue might be regenerated with an injection of the stem cell which might
minimize invasive surgeries. Bioactive calcium phosphate cement (CPC) is alternative
strategy to construct bone and provide a good scaffolding capacity. Osteoblast cell
attachment and expression capacity is much higher level due to mimicking of bone
mineral structure. Bioactive calcium phosphate cement (CPC) has low mechanical
properties and cannot tolerate stress-bearing. Porogens and absorbable fibers were
used to increase the mechanical properties of CPC (111). On the other hand, the
injection of alginate microbead to the target area which is the alginate-chitosan-CPC
(CPC-AC-cell) construct has a great potential to regenerate complex-shaped bone
defects (112). Injectable cell-loaded microbeads which have osteogenicity,
osteoconductivity, and osteoinductivity properties have a great potential to repair
tissue damage, especially bone tissue. In this structure, osteogenicity and
osteoinductivity are regulated by the content of MSCs, and osteoconductivity is

constructed by collagen meshwork (113).
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Cartilage has a limited healing capacity which makes regeneration of cartilage
tissue research an attractive topic today. Strategy on encapsulation of the cells into the
chondro-conductive matrix might be used in cartilage regeneration and repair. Cell
encapsulation is important for the localization of the transplanted cell into the target
side (114). Microencapsulation of the mesenchymal stem cell (MSCs) inside the self-
assemble collagen microbeads could provide excellent cell delivery devices for tissue
regeneration (115). The chondrogenic cell might be produced with different sources
such as embryonic stem cells or human embryonic stem cells. Embryonic stem cells
have limited chondrogenic differentiation capacity and tumorigenicity risk because of
the cellular heterogeneity of the different cell populations. Chondrogenic cells might
be isolated from human embryonic stem cells which are differentiated depends on
selective medium condition such as TGFB1, FGF2, and PDGF.

Cardiovascular diseases are caused by loosing of cardiac cells in patients who
need organ transplantation or cell transplantation to their bodies. Cell therapy is
seeming an attractive therapeutic approach for regenerative therapy in the hearth.
Various cell types such as embryonic stem cells (ESCs) are used to differentiate them
into cardiomyocyte-like cells. The first limitation of ESCs differentiation is the
multicellular aggregate formation or embryoid bodies (EBs) in vitro conditions
(116,117). Encapsulation of the ESCs via poly-L-lysine (PLL)-coated alginate might
solve aggregation with the liquefaction of the cores. Single ESCs cells are placed
within each bead and with a specific size. Moreover, ESCs cells in PLL-coated alginate
microbeads might be cultured in serum-free conditions or serum supplement medium,
and the large number of the ESCs might be produced in scalable stritted-suspension
bioreactors (118). Encapsulation of the cardiac stem cells (CSC) eliminates the
mechanical clearance and increases the acute retention of the CSCs. Various polymers
such as agarose-fibronectin or fibrinogen are applicable for microencapsulation of the
human CSCs. Agarose-fibronectin or fibrinogen microbeads maintain CSC viability
even under hypoxic stress conditions. The other advantage of the transplantation of the
encapsulated CSCs cell compared with transplantation of the cell suspension in the
production of a large amount of the pro-angiogenic/cardioprotective cytokines and

production of the pro-angiogenic/cardioprotective cytokine increase the vascular
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regeneration (119). Mouse ESCs and cardiomyocytes loaded injectable nano matrix
gels containing Arg-Gly-Asp-Ser (PA-RGDS) are also used to regenerate hearth
myocardial infractions. The injectable construct of mESC-CMs with PA-RGDS
enhances cardiomyocyte functioning and long-term functioning at the target site of the
tissue for 12 weeks (120).

Brain injury might cause unexpected disease due to the disability or death. The
brain is not able to regenerate defect brain tissue. Restoration of the brain tissue might
be achieved with stem cell transplantation (121). Human wharton's jelly mesenchymal
stem cells (hUCMSCs) loaded gelatin-laminin (GL) 3D bioactive scaffold were
implanted to the injured site. This strategy prevents the release of the hUCMSCs to the
environment and degradation of the transplanted cells from the host’s immune
response and neuroinflammation (122). Application of mesenchymal stem cell-loaded
alginate on traumatic brain injury decreases the neural cytoskeletal and cortical glial
cell abnormalities and hippocampal neural cell loss. Additionally, mesenchymal stem
cells might regulate the expression of specific peptides such as GLP-1 for the
prevention of the accumulation of amyloid-beta (Abeta) peptides which cause
Alzheimer’s disease (AD) (123,124).

Diabetes is caused by damaged pancreatic islet cells (B-cells). B-cells in diabetes
patients could not secrete insulin hormone inside the tissue. Exogenous insulin
injection to the patient body is a strategy to balance insulin hormone levels inside the
patient body. Lack of organ donors, inconsistent islet yield, and multiple organ donors
per patient are the main challenges of islet transplantation (89). Allogenic islet
transplantation creates host immune rejection which degrades cells and decreases the
long-term functionality, survival, and efficiency of the cell therapy inside the tissue
(90). Encapsulation of the islet cells might decrease the immunological response to the
islet cell and increase the therapeutic efficiency of the cell. Mesenchymal stem cells
which are derived from mouse bone marrow or human umbilical cord blood might be
differentiated into insulin-producing cells. Encapsulation of insulin-producing cells
via alginate prevents immune degradation of the cells while decreasing the blood

glucose levels and increasing body weight. Additionaly, co encapsulation of the islet
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cells with mesenchymal stem cells is another strategy to mimic the islet
microenvironment. In this strategy, MSCs have an immunomodulatory property inside
the tissue. Immunomodulation of the MSCs increases the functioning of the islet and

survival of the islet cell graft (125).

Skin tissue construct for regeneration study contain tissue-engineered dermis
(TED) and this dermis structure consists of the collagen-chitosan scaffold. The main
limitation of this construct does not contain any vascular structure in it. It has been
demonstrated that microencapsulation of the VEGF gene-modified hUCMSC-derived
fibroblast cells increases the vascularization structure in collagen-chitosan laser
drilling acellular dermal matrix composite scaffold after transplantation into skin

defect wounds in pigs (126).

Liver fibrosis might be reduced by mesenchymal stem cell (MSCs) therapy. This
mechanism is related to MSCs secreted some anti-fibrotic and anti-inflammatory
effects in liver fibrosis. One of the studies illustrates that encapsulated mesenchymal
stem cells with alginate polyethylene glycol secrete some soluble molecule to reduce
liver fibrosis. These molecules are anti-apoptotic (IL-6, IGFBP-2) and anti-
inflammatory (IL-1Ra) cytokines and matrix metalloproteinase 9. Secretion of these
factors decreases the expression of the alpha-smooth muscle actin (a-SMA) which is

the regulatory factor of live fibrosis (127).

In a cancer patient, stem cells that have a migration potential to the target area
have been used as a carrier to therapeutic approach. Encapsulation of the stem cells
provides a physical barrier to eliminate extrinsic factors and increase therapeutic
efficiency (128). The researcher showed that ICORVIR17 and mesenchymal stem
cells loaded synthetic extracellular matrix is the best options for reduction of the tumor

regrowth compared with direct injection of the ICORVIR17 to the tumor area (129).

The different diseases are caused by the dysfunction of the different cell types.
The complexity of the tissue-specific architecture limits the control cellular process in

vitro. There are many regulatory elements and signaling pathways that have a role in
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the cellular process in vitro. This problem also seems in drug development studies for
the treatment of various diseases. Cell transplantation to the patient is a more attractive
strategy to regenerate tissue. Transplanted cells might produce specific proteins and
hormones at specific sides. Transplanted cells might be isolated from the patient's own
body (autologous cells) or donor (allogeneic cells). Stem cells are capable to
differentiate into specific cells by regulation of environmental factors (128). The other
classification of stem cells is the source of the cells which are embryonic stem cells
(ESCs) or adult stem cells (ASCs) (130).

2.5.1.1 The effect of AlGel encapsulation and BET on osteogenic differentiation

Cell-loaded alginate gelatin microsphere gives promising results for enhancement
of mechanical properties of microbeads, maturation of the osteoblast cell, and
regeneration of the bone fractions. AlGel crosslinked microcapsule (ADA-GEL) leads
to tunable stiffness and stability properties compared to alginate hydrogel (131). nHA
inside the AlGel microcapsule increases the mechanical property of the microsphere,
cellular proliferation, and osteogenesis of the cells. The effect of mechanical property
on osteogenic differentiation inside the AlGel microcapsule might be associated with
mitogen-activated protein kinase activation downstream of the RhoA-Rho associated
protein kinase (ROCK) signaling pathway (132), (133). Additionally, stiffer AlGel
microcapsule increases the mineral deposition and osteogenesis potential. On the other
hand, metabolites such as ATP are important for the cellular differentiation of
mesenchymal stem cells (134). Respiration of the cell and oxidative stress inside the
microbeads might be regulated via blend formulation of the alginate microbeads.
Gelatin inside the alginate microbeads enhance the aerobic respiration of the human

adipose-derived mesenchymal stem cells (135).

Differentiation of mesenchymal stem cells into osteocytes, adipocytes, and
chondrocytes in vitro is regulated by environmental factors such as the interaction of
the biomaterials and stem cells and supplements inside the osteogenic medium (fetal
bovine serum, ascorbic acid, beta-glycerophosphate, dexamethasone, etc.).

Biomaterial's interaction with stem cells activates various signaling pathways such as
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TGF-B/BMPs, Notch receptor, Wnt/p-catenin, Hedgehog, and MAPK (136).
Activation of signaling pathways via biomaterials promotes cell adhesion,
proliferation, and osteogenic differentiation of mesenchymal stem cells. Cell adhesion
of mesenchymal stem cells to biomaterial also activates intracellular pathways such as
mitogen-activated protein kinase (MAPK) signaling pathways (137). In the MAPK
signaling pathway, the maturation of the stem cells is initiated with adhesion of the
cells, and followed by proliferation, and completed by differentiation of the stem cells
(138). Maturation process is followed by activation of ERK pathways (7-11 days),
activation of the JNK pathways and p38 which regulate the late stages of cell
differentiation and apoptosis. Maturation process is ended with calcium depositions
and ECM synthesis (collagen) (13-17 days).

Betulin (BET) is a type of triterpenoid and extracted from betule bark which have
been used for the treatment of micro-fracture and dislocated bone in traditional
medicine (139). BET has various pharmacological properties such as anti-tumor
activity, anti-inflammatory activity, anti-viral activity, antibacterial activity, and
osteogenic activity (140,141). Anti-tumor effect of betulinic acid is demonstrated on
various types of cell lines such as melanoma, neuroblastoma, medulloblastoma,
glioblastoma, head & neck cancer, ovarian carcinoma, cervix carcinoma, lung
carcinoma leukemia (142). BET effect on cancer cells might correlate with the
induction of apoptosis via loss of mitochondrial membrane potential. The osteogenic
potential of BET showed by various signaling cascades especially the activity of INK
and ERK (143). A recent study showed that BET activates INK, ERK1/2, and mTOR
kinase-dependent signaling pathway and enhance osteogenesis of human fetal
osteoblast cell line (hFOB 1.19) (144).
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3 MATERIALS AND METHODS

3.1 Material Preparation

Alginate (low viscosity, A1112, Sigma-Aldrich) solution was dissolved with %4
concentration in saline (Polypharma/ Polyfleks) solution and stirring at RT during

overnight.

Gelatine (Gelatin from bovine skin, Type B, Sigma Aldrich) solutions were
prepared with %1, %2, %10, and %20 concentration (by weight) in saline (
Polypharma/ Polyfleks). Gelatine solutions (% 0, 5, 10, 20, 40 ratio by volume) were
added into total alginate solution and by this way, gelatin/alginate mixtures (AlGel)

were prepared.

Calcium chloride (CaCl2) (75 mM) was used as a crosslinking solution. Incubation
of nozzles (0.35 mm) inside sodium citrate solution (85 mM) prevent clogging of the
system. Sterilization of encapsulation systems performed with ethanol (%70) and then

treated with UV (2 hour) inside the cell culture hood before the cell culture experiment.

3.2 Macrocapsule Production

Designed macro-capsule were 3 dimensionally (3D) drawn in Autodesk Fusion
360 program. Drawn with assigned dimensions as 2x5x10 mm, macro-capsules were
printed by using Axolotl Bioprinter Dual Print Head System (Axolotbio, Turkey)
which was loaded with polycaprolactone (PCL) (Mwt: 80 kDa). The highly permeable
membrane through the capsule structure was expected to allow the transportation of
nutrients and GFs inside the capsule to the environment. The permeability of the
porous membrane was optimized with various printing options (feed rate: 25%, 70 psi,
first layer height: 2, extruder temperature: 120 °C, working stage: 55 °C, printing path:
random). Printing options of programs (REPETIER-HOST and SLIC3R) change
capsule structure and permeability of the porous membrane. Lastly, the macro-capsule

is visually controlled to the presence of leakage on the closed form of the macro-
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capsule. Then, the permeability of the macro-capsule is tested via the transportation of
human serum albumin (HSA) protein and trypan blue dye from inside to capsule to

outside during the day.

3.3 Macrocapsule Permeability Study

Obtained macro-capsules were checked for their permeability abilities by using
Trypan blue dye as an indicator. Trypan blue dye (50uL) was injected into the macro-
capsule. The injection zone was filled with melted polycaprolactone. Trypan blue

release from microcapsule was analyzed after 1 day of incubation time.

Human serum albumin (50 pL/ 10000 pg) (20% HSA, Octapharma, Switzerland)
was used to test protein transportation between inside to capsule to outside during the
day. Injection of HSA inside the capsule was sealed with melted PCL. Protein-loaded
macro- capsule was periodically transferred to fresh test tubes containing an equal
volume of fresh PBS solution in each period at RT (0, 0.5, 1, 3, 6,12, and 24 hours).
Releasing of HSA content to the environment each time at RT was determined and
quantified by using a calorimetric measurement BCA assay kit (BCA assay, Takara,

Shiga, Japan) according to the manufacturing procedure.

Macro-capsule was coated with 3.5 nm of gold- palladium and visualized with
SEM (Thermo Fisher Scientific QuattroS, ABD). The imaging process was done under

a low vacuum with as EDS detector at 5 kV.

3.4 Macroencapsulation in Cell Culture

Green fluorescence particle (GFP) tagged human umbilical cord mesenchymal
stem cells (Acibadem Labcell, Turkey) inside MSC nutrient- free medium (Biological
Industries, Sartorius, Israel) were incubated at 37 °C with 5% CO,. Medium exchange
is performed every 48 hours until the 80% confluency of the flask was reached. Then,
cells were trypsinized, centrifuged at 300 RCF for 10 minutes, and then collected in

ringer lactate solution (containing 0.5% HSA by volume). Cell number and cell
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viability were counted with a cell counter device (TC20 Automated Cell Counter,
BioRad, ABD)

Sterilization of macro-capsules was performed with serial washing with 10mM
PBS and 4% (v/v) ethanol solution. UV sterilization procedure for 2 hours was applied
after the antibiotic treatment (2% Penicillin-streptomycin) to the macro—capsules,
which were later on directly and indirectly contacted to MSC cells for the measurement
of their cytotoxicity effects. Prior to the experiment, cells were GFP-tagged so that
cytotoxicity assessment of the cells was performed by comparing the GFP intensity

signals (Image J program).

This process was comparably for both cells in cryoprecipitate (Kizilay, Turkey)
solution and non-cryoprecipitate solution encapsulated into the macro-capsules for 15

days of incubation time.

This process was conducted comparably for both cells in cryoprecipitate (Kizilay,
Turkey) solution and non-cryoprecipitate solution encapsulated into the macro-
capsules for 15 days of incubation time. Each group of cells (250.000 cells in 50uL
media) was injected into the macro-capsules, and the area of the injection site was
sealed with previously melted PCL polymer. Afterward, these macro- capsules were
incubated in MSCs nutrient-free medium for 15 days at 37 °C and 5% CO2. At
different time points (1, 3, 5, 7, and 15 days), the culture medium was renewed and
collected media was evaluated for the measurement of glucose consumption level and
lactic acid production level. The cultivation medium was analyzed via the ADVIA®
1800 Clinical Chemistry System (Siemens, Germany) (145).

3.5 Microbead Production

System were sterilized with ethanol (%70) and UV treatment before the operation
of the system (Nisco Encapsulator VAR V1 LIN-0043, Nisco Engineering AG, Zurich,
Switzerland). Research-grade alginate (UV sterilized) sterilized with UV and was

loaded on 50 mL syringe. Syringe pump set up 5 mL/hour flow rate. Then loading of
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the system (cables and tip) with alginate solution was performed. The electrode inside
the system was dipped inside the CaClz (75 mM) crosslinking solution. Voltage of the
system was adjusted after dripping of alginate solution. Optimum electrostatic force
(6 kVa) is applied for alginate microbead fabrication (L. Wang et al., 2013). After 30
minutes running of the system, the voltage and syringe pump were closed. Different
concentration of the microbeads group (5000, 2500, 1250, 500, and 250 (1% replicate),
2000, 1000, 500, and 250 (2" replicate), 2240, 1120, 560, and 280 (3™ replicate)) were
incubated in MsC nutrient medium. The fresh medium was exchanged with waste
medium before the measurement of the microbeads diameter. The number of

microbeads for each group of the experiment is also calculated.

Research-grade alginate (UV sterilized) and gelatin (UV sterilized) solutions were
loaded into system and system set to a flow rate of 5 mL/hour. Then system was run
with alginate-gelatin solution (AlGel). AlGel microbeads were fabricated with 6 kVa
electrostatic force (L. Wang et al., 2013).

3.6 Visualization of Microbeads

Culture medium was exchanged before the visualization of the microbeads with a
microscope (Zeiss Axio Vert.Al inverted microscope) for advanced routine and the
diameter of the microbead was measured with Zeiss Program (Carl Zeiss Microscope).

The diameter value of each group was graphed using Microsoft Excel Program.

3.7 Microbead in Different Condition

Morphological structure and also size of microbead is controlled at various
environmental condition (Medium solution (Nutrient Free Medium (Biological
Industries), Phosphate Buffer Solution (PBS, Gibco), Acetate solution)). Microbeads
were visualized at day 1 and 5 with a fluorescence microscope (Zeiss Axio Vert. Al
inverted microscope) and the diameter of the microbeads was measured with Zeiss
Program (Carl Zeiss Microscope). The diameter value of each group was graphed

using Microsoft Excel Program.
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3.8 Cell Culture Experiment

Fibroblast cells (L929, ATCC, NCTC clone 929) were cultured in DMEM
(Dulbecco’s Modified Eagle Medium) with %10 Fetal Bovine Serum (FBS) and %1
Penicillin  Streptomycin (PSA). L929 cells were thawed according to the
manufacturing procedure, and cells (60,000 cells/cm?) were seeded in cell culture
dishes. Cells were incubated at 37 °C and 5% CO2. Medium exchange were performed
each 48 hours. Cells were trypsinized at %80 confluency and centrifuged at 300 RCF
10 min. Cells were collected in ringer lactate solution (%0.5 Human Serum Albumin

Solution). Cell numbers were calculated with a cell counter device (BioRad).

Adipose isolated stem cells were cultured in MSC nutrient-free medium
(Biological Industries) with 1% PSA. After thawing of the MSC, cells (15,000
cells/cm?) were seeded in a cell culture dishes. During the incubation of the cells, the
medium were replaced with fresh medium every 48 hours. When cells were reached
%80 confluency of the flask, cells were trypsinized and centrifuged 300 RCF for 10

minutes. Cell numbers were calculated with a cell counter device (BioRad).

The human osteoblast cell line (hFOB 1.19, ATCC, CRL-11372) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Phenol Red Free, Gibco, New York,
USA) supplement with 10% fetal bovine serum (FBS, Gibco), 1% peniciline-
streptomycine (PSA, Gibco) at a temperature of 37 °C and humidified 5% CO:2
atmosphere. After thawing of the human fetal osteoblast cells, cells (40,000 cells/cm?)
were seeded in a cell culture flask. The medium was replaced with fresh medium every
48 hours. When cells were reached %80 confluency of the flask, cells were trypsinized
and centrifuged at 300 RCF 10 min. Cell numbers were calculated with a cell counter
device (BioRad).

3.8.1 Microencapsulation of cells

Fibroblast cells (L929), mesenchymal stem cells (MSCs), and human fetal

osteoblast cells (hFOB 1.19) were trypsinized from petri dishes and counted with a
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cell counter (BioRad cell counter). L929 (20 million cells), MSCs (10 million cells),
and hFOB 1.19 (20 million cells) were obtained after trypsinization of the cells. Cells
were diluted into 4 million cells/mL (L929) (48 cells in 1 microbeads) and 2 million
cells (MSC) (24 cells in 1 microbeads), a with alginate put into the syringe. 4 million
cells/mL (hFOB 1.19) (48 cells in 1 microbeads) with alginate-gelatin polymer and
put into the syringe.

Then the system was run for each group of cell-alginate or cell-alginate-gelatin
(AIGel) mixture. Microbeads were fabricated by applying of desired electrostatic force
(6 kVva) which is an optimum for microbead production (L. Wang et al., 2013). The
voltage and syringe pump were closed after 30 minutes of the running of the solution.
Cell loaded alginate and AlGel microbeads were fabricated with 6 kVa electrostatic
force (L. Wang et al., 2013).

Cell-loaded microbeads were collected inside the 50 mL falcon tube. Microbeads
were two times washed with saline solution. Various concentrations of the cell loaded

microbeads were transferred in a medium solution and cultured at 37 °C and 5% COs..

Microbeads were visualized with microscope after adding of fresh medium and
the measurement of the microbeads diameter with zeiss program (Carl Zeiss
Microscope). The diameter value of each group was graphed using Microsoft Excel

Program.

After fabrication process, hFOB 1.19 cell-loaded AlGel microbeads (1000
microbeads/mL) were cultivated in DMEM containing %10 FBS and were visualized
with a fluorescence microscope after adding fresh medium on days 2, 4, 6, 8, 10, and
12. A total of 3 microbeads were selected for each group, the measurement of
microbeads diameter was performed with zeiss program (Carl Zeiss Microscope,
Oberkochen, Germany). The graph of microbead diameter was drawn using Microsoft

Excel Program.
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3.8.2 Analysis of GFP secretion from MSCs

Medium exchange was performed each 48 hours and then, MSCs loaded
microbeads were visualized with fluorosens microscope (Zeiss Axio Vert.Al inverted
microscope for advanced routine). The measurement of GFP signal was performed
using the ImageJ program. Graph of microbeads GFP intensity values were graphed

with Microsoft Excel program.

3.8.3 Glucose consumption and lactic acid production of the cells

After microencapsulation, metabolic activity of the cells was analyzed for 12 days.
Glucose and lactic acid level in medium were measured during the incubation time.
Results were given information about the energy metabolism of the cells. Cell medium
was collected 12 days period and analyzed with the ADVIA® 1800 Clinical Chemistry
System (145).

3.8.4 Cell viability in culture medium

Cell culture medium was collected on day 12 and attached cells to the flask surface
were collected after trypsinization process. Cell numbers were calculated with a cell
counter device (BioRad). Cell viability and cell number was calculated with trypan
blue staining protocol.
3.8.5 Total mMRNA and protein level in culture medium

Cell medium was collected on day 12. The amount of total MRNA in the medium
was measured by nanodrop (Thermo Scientific Nanodrop One). Measurement of total

MRNA concentration was graphed with the Microsoft Excel program.

The total protein amount in the medium was analyzed with a BCA assay Kit

according to product manuel (Takara). Total protein concentration in the medium was
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measured with a microplate reader at a 562 nm spectrophotometer. Total protein

concentration was graphed with the Microsoft Excel program.
3.8.6 SDS-PAGE experiment

Cell medium was collected on day 12. Alteration of the protein distribution inside
the medium was investigated via sodium dodecyl sulphate (SDS) PAGE
electrophoresis. The protein concentration of the medium was measured by BCA assay
(TAKARA) according to the product manual. An equal amount of the protein mixtures
were loaded into SDS page. During the run of the sample, 90V was applied during the
30 minutes and 120V was applied during the 90 minutes. SDS-Page is stained with
Coomassie Brilliant Blue Dye. Gels pictures were observed with hemiDoc Imaging
System BioRad. Band intensities were measured with ImagelLab Program and graphed

using Microsoft Excel Program.
3.8.7 Cell proliferation and metabolic activity

Effect of BET on hFOB 1.19 cells proliferation were investigated with MTS
Assay Kit (Abcam, ab197010, Cambridge, UK). hFOB 1.19 cells (5 x10° cell/well)

were seeded on 96 well plate. After 24 hours, cells were treated with different
concentration of the BET (0, 0.01, 0.1, 0.5, 1, 5 uM) in DMEM containing %1 FBS
without addition of osteogenic supplements (Mizerska- Kowalska vd., 2019). After 96
hours, hFOB 1.19 cell proliferation were examined with MTS assay kit according to

manufacturer’s instruction.

Effect of BET on hFOB 1.19 cell proliferation inside the microbeads were
investigated with MTS Assay Kit (Abcam, ab197010, Cambridge, UK). After
fabrication of hFOB 1.19 cell- loaded AlGel microbeads, hFOB 1.19 cell-loaded AlGel
microbeads were treated with various concentration of BET (0, 0.01, 0.1, 0.5, 1, 5 uM)
in DMEM containing 1% FBS, 1% PSA, 10 mM of B-GlyP (Sigma) and 50 pg/mL of
AA (Sigma). On days 12, hFOB 1.19 cells loaded microbeads were collected and
viability of the hFOB 1.19 cells examined with MTS assay kit according to
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manufacturer’s instruction. Measurement of hFOB 1.19 cells viability inside
microbeads were performed in triplicate wells. Viability level in control well was
considered as 100% and the compared with among groups. Viability values (%) were

graphed using Microsoft Excel Program.
3.8.8 Live and dead assay

Viability of hFOB 1.19 cell-loaded AlGel microbeads which is cultured with
various concentration of the BET (0, 0.01, 0.1, 0.5, 1, 5 uM) in DMEM containing 1%
FBS, 1% peniciline-streptomycine (PSA), 10 mM of B-GlyP and 50 ug/mL of AA
were measured using Live and Dead cell assay (ab115347, Cambridge, UK).

hFOB 1.19 cell loaded microbeads which is culture in 0 puM BET were collected
at each time point on days 2, 4, 6, 8, 10, and 12 and hFOB 1.19 cell loaded microbeads
which is treated with different concentration of the BET (0, 0.01, 0.1, 0.5, 1, 5 uM)
were collected on days 6 and 12. Each group of microbeads were suspended (1:1 ratio)
with 10x live and dead stains. Samples were incubated with live and dead stains for 10

minutes at room temperature. Stained hFOB 1.19 cell loaded microbeads were

photographed with a fluorescence microscope (EVOSTNI M5000 Cell Imaging System,
ThermoFisher, Bothell, WA, USA). Red and green cell inside the microbeads in three
microbeads from each sample were selected to count viable cell number. Viable cell

numbers in microbeads were graphed using Microsoft Excel Program.
3.8.9 ConA-AF488 and DAPI staining

Collected cells at each time point of the experiment were washed with phosphate
buffer saline (10 mM PBS) solution 3 times. Cell-loaded microbeads were firstly
stained with 20 pg/mL concentration of the Concavalin AlexaFluor488 (ConA-
AF488) solution and incubated for 1 hour. After the incubation period, cells were
washed with PBS solution for 3 times and then stained with 10 pg/mL DAPI solution
for 6 minutes. After the incubation period, cells were washed with 10 mM PBS
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solution for 3 times. Stained microbeads were pictured with a microscope (Zeiss Axio

Vert.Al FL inverted microscope).

hFOB 1.19 cell loaded microbeads which is cultured in various concentration of
the BET (0, 0.01, 0.1, 0.5, 1, 5 uM) in DMEM containing 1% FBS, 1% peniciline-
streptomycine (PSA), 10 mM of B-GlyP and 50 pg/mL of AA were collected on days
0 and 12 and washed with 10 mM PBS solution 3 times. Each group of microbeads
were suspended with 20 ug/mL concentration of the ConA-AF488 solution and
incubated for 1 hour. After the incubation period, microbeads were washed with 10
mM PBS solution for 3 times and then stained with 10 pg/mL DAPI solution for 6

minutes. After washing steps, hFOB 1.19 cell loaded microbeads were visualized with

a fluorescence microscope (EVOSTNI M5000 Cell Imaging System, ThermoFisher,
Bothell, WA, USA). A total of 3 microbeads were selected to count signal intensity of
ConA-AF488 solution and DAPI for each group. Graph of intensity values were drawn

using Microsoft Excel Program.
3.8.10 Assay of osteopontin production

ELISA method was applied to measure osteopontin (OPN) concentration in the
cell culture media of hFOB 1.19 cell and hFOB 1.19 cell loaded microbeads. hFOB

1.19 cells were seeded in 96 well plate at a density of 30 x10° celliwell. After 24 hours,
cells were treated with different concentration of the BET (0, 0.01, 0.1, 0.5, 1, 5 uM)
in DMEM containing %1 FBS, 1% PSA, 10 mM of B- GlyP and 50 pg/mL of AA for

12 days and cultured medium of samples were collected on days 12.

After production of hFOB 1.19 cell loaded microbeads, hFOB 1.19 cell loaded
microbeads were incubated with various concentration of BET (0, 0.01, 0.1, 0.5, 1,
and 5 uM) in DMEM containing %1 FBS, 1% PSA, 10 mM of B-GlyP and 50 pg/mL

of AA for 12 days and cultured medium of samples were collected on days 12.

Collected medium samples were centrifuged and stored at -80 °C before use in

osteopontin level measurement using a Abcam human osteopontin elisa kit (Abcam,
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Boston, USA) according to manufacturer’s procedure. Osteopontin level in control
well was considered as 100% and compared among each group. Osteopontin level in

a sample (%) were graphed using Microsoft Excel Program.
3.8.11 Alizarin Red S staining

Mineralization degree of the extracellular matrix of hFOB 1.19 cell and hFOB
1.19 cell loaded microbeads were evaluated using Alizarin Red S (Merck, Darmstadt,
Germany) staining. Before the staining, hFOB 1.19 cell and hFOB 1.19 cell loaded
microbeads were incubated with various concentration of BET (0, 0.01, 0.1, 0.5, 1,
and 5 uM) in osteogenic medium for 12 days. After treatment with BET, hFOB 1.19
cells washed 2 times with PBS and fixed with 4% formalin solution. hFOB 1.19 cells
washed 2 times with ddH,0, stained with Alizarin Red S for 1 hour, and lastly washed

2 times with ddH,0O. Stained cells were visualized with a fluorescence microscope

(EVOS'" M5000 Cell Imaging System, ThermoFisher, Bothell, WA, USA).

After treatment with BET, hFOB 1.19 cell loaded microbeads were collected and
washed with ddH-,0O solution for 2 times. Microbeads were stained with Alizarin red
(Merck, Darmstadt, Germany) (2%) and incubated during the 30 minutes. Stained

microbeads were washed with ddH,O for 2 times and visualized with a fluorescence

microscope (EVOSTNI M5000 Cell Imaging System, ThermoFisher, Bothell, WA,
USA).

Extraction of the alizarin red dye from stained microbeads with 10%
cetylpyridinium chloride (Sigma, C0732) in 10 mM sodium phosphate (pH=7) for 1
hours via rotation of the plate at RT. After incubation period, 200 puL extracted sample
were transferred into 96 well plate. Extracted sample were serially diluted for
quantification of the matrix calcium deposition. Absorbance of the samples at 562 nm
was measured by microplate reader (FLUOstar Omega, BMG Labtech, Almendgriin,
Ortenberg, Baden-wiirttemberg, Germany). All measurement of mineralization degree
of samples were performed in triplicate wells. Mineralization degree in control well

was considered as 100% and the compared with among groups.
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3.8.12 Alkaline phosphatase (ALP) activity

hFOB 1.19 cell loaded microbeads were incubated with various concentration of
BET (0,0.01, 0.1, 0.5, 1, and 5 uM) in osteogenic medium for 12 days. After treatment
with BET, hFOB 1.19 cell loaded microbeads were collected and washed with PBS
solution for 2 times. hFOB 1.19 cell loaded microbeads were incubated with
BCIP/NBT plus suppress solution (34070, ThermoFisher) for 60 minutes. ALP

positive microbeads were washed with PBS for 2 times and visualized with a

fluorescence microscope (EVOSTNI M5000 Cell Imaging System, ThermoFisher,
Bothell, WA, USA).

3.8.13 Statistical analyses
Statistical analyses were performed using Microsoft Excel software (Redmond,
WA, USA). Obtained results were analyzed by running a student’s t-test from the

averaged data obtained from 3 independent experiments with a p-value < 0.05. Levels

of significance were shown at *: p<0.05, **: p<0.01, and ***: p<0.001.
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4 RESULTS

4.1 Macrocapsule Fabrication

A 3D macro-capsule design was constructed via Autodesk Fusion 360 program
and verified with the Repetier-host program (Figures 1 A, and B). This designed
capsule was printed by using Axolotl Bioprinter Dual Print Head System (Figure 1C)
with extrusion (pneumatic) based bioprinting, where a synthetic polyester polymer,
PCL, was first melted at the syringe upon heating up to 120 °C, and then it was printed
on the plate at room temperature with 0.25 mm nozzle. The permeability of the
obtained macro-capsule was tested with 0.5% Trypan blue dye. It was observed that
the aqueous part of trypan blue solution (prepared in 10mM PBS) was released into
the environment, but the blue-colored dye stayed inside the capsule after 1 day of
incubation at room temperature. Compared with small molecular weight dye
molecules, the permeability of the printed macro-capsules was also studied with HSA,
as a model for high molecular weight, but the globular biological protein-based
sample. As a time-dependent manner, almost all HSA injected into the macro-
capsule’s inner cavity was demonstrated to be released within 6 hours and 98% of total
HSA protein was measured to be released from the macro-capsule in 24 hours of
incubation (Figure 1D). Lastly, the sealed site of the leakage form for the porous
capsule after the injection of the solution of interest inside was imaged after the
completion of the release study under SEM microscopy. The injection site of the
macro-capsule was successfully sealed with PCL and the injection site of the macro-
capsule was stable after releasing the protein out as shown in Figure 1E. Moreover, a
closed and hollow form of the PCL-based macro-capsule was used for cell culture

experiments as a control group (Figure 1).
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HSA (ug)

Figure 1. (A) Dimensions of designed macro-capsule with Autodesk Fusion 360
program, (B) printing path for 3D Bio-printer, (C) closed form of macro-capsule (i)
trypan blue loaded macro-capsule (ii) closed form of trypan blue loaded macro-
capsule (iii), (D) HSA release profile upon its diffusion from the macro-capsule, (E)
SEM images of the macro-capsule before (iv) and after (v) HSA permeability tests.

4.2 Cytotoxicity of Macrocapsule

After sterilization of the macro-capsules, their cytotoxicity behavior was
evaluated on GFP-tagged MSCs. Two different methods were applied to the macro-
capsules for their interaction with cells. In the former one, macro-capsules were
directly put on top of the seeded cells in a petri dish. On the other hand, the indirect
contact method included the incubation of cells with a media where macro-capsules
were previously incubated for 72 hours at 37 °C and 5% CO,. After incubation of cells
for 24, 48, and 72 hours, cells were visualized under fluorescent microscopy for their
morphology as well as their GFP expressions as an indication of cytotoxicity level.
Figure 2A compares the adhered cells on petri dishes with the non-treated MSCs as a
negative control group. Significant cytotoxicity levels were not observed for MSCs
investigated for their indirect interaction with the prepared macro-capsules. However,
a slight decrease in the cell viability was detectable for the ones subjected to the direct
contact method depending on the incubation time. This behavior was also confirmed
by the measurement of the GFP fluorescent signal of processed images by the Image

J program (Figure 2B). This difference in obtained cytotoxicity results may be
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attributed to the elimination of nutrient uptake by macrocapsule as incubation time
gets prolonged. Additionally, it was observed that MSCs were detached from petri
dishes upon their being scratched due to direct contact with the outer surface of the
macro-capsule. However, cell attachment and proliferation were not observed under

the macro-capsule contact surface.
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Figure 2. Fluorescent microscopy images of GFP tagged MSCs at different times upon
incubation with the macro-capsule (A), a comparative graph for corresponding GFP
signal intensities calculated by Image J (B).

For a better understanding of the metabolic activities of living cells in the
incubation media, two key biological molecules were analyzed quantitatively. The first
one is glucose molecule, which is an essential element, especially for cell proliferation,
whereas the other one is lactic acid produced by cells as a metabolic waste molecule
during cultivation. Determination of amounts of glucose and lactic acid with respect

to incubation time is a well-accepted method for monitoring cellular metabolic
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activities. The glucose and lactic acid levels inside the culture medium of cells
encapsulated inside the macro-capsule were presented in Figure 3 (A and B,
respectively) for 15 days of the incubation period. Samples collected from the
incubation solution were analyzed by ADVIA® 1800 Clinical Chemistry System and
compared with the results obtained from the 2D cell culture experiment as a control.
Alterations in the glucose and lactic acid levels were observed in both 2D cell culture
conditions and cells in macrocapsules. Results indicate that the prepared macro-
capsules bear a porous architecture allowing the passage of molecules associated with
metabolic activity while ensuring the viability of encapsulated living cells inside 3 (A

and B, respectively).
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Figure 3. Glucose consumption (A) and lactic acid production (B) profiles of MSCs
encapsulated in the macro-capsule.

4.3 Microbead Fabrication

After production of alginate microbeads, microbeads were cultured in MSC

Nutrient Free Medium (Biological Industries) during 14 days in medium (Figure 4 A).

In this study 41.600 microbeads were produced in 30 minutes. Diameter changes
among the group (5000 microbeads/well, 2500 microbeads/well, 1250
microbeads/well, 500 microbeads/well, 250 microbeads/well) for 12 days were

recorded microscope. Diameter results were graphed using Microsoft excel. The
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diameter of the microbeads is increased from 190 to 280 um day by day among the

groups of the experiment (Figure 4.B, and C).

The number of microbeads was counted at each time point of the first replication
of the experiment. Slightly different results were observed not only between each
group of the experiment but also each time points and then we optimize the dilution of

the microbeads.

Time (Days)

Figure 4. Diameter changes among groups of the samples are pictured during 14
days of incubation under the microscope (5%, scale bar: 200 um) (A). Diameter
changes amoung groups of an experiment are graphed (B). Diameter changes of
1250 microbeads/mL between day 0 and day 12 are shown (C).

4.4  Stability of Empty Microbeads in Different Conditions.

The morphologic structure of the microbeads was tested in different incubation
conditions (100 mM pH:5.5 Acetate Solution, Medium, PBS, and saline @ 37 °C). The
morphology of the microbeads were compared between among groups of the

experiment (Figure 5). Salt formation around the microbeads was observed at dayl
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(Figure 5. C) and salt formulation can be removed via medium and saline wash of the

microbeads (Figure 5. F).

Figure 5. Morphological structure and size of empty microbeads at 37 °C in different
incubation conditions. Acetate solution day 1 (A), Medium condition day 1 (B),
Phosphate buffer saline (PBS) condition day 1 (C), Acetate solution day 5 (D),
Medium incubation after day 5 (E), PBS incubation after day 5 (F).

45 Morphological Evaluation of Cell-Loaded Microbeads

Cell (L929, MsC, and hFOB 1.19) stability and proliferation were tracked with
various concentration of the microbeads (Figure 6 and Figure 7). The diameter of cell-
loaded microbeads was recorded (visualized) with microscope. Diameter changes
among the group of the experiment were compared to investigate the cell viability and
proliferation during 12 days of the experiment (Figure 6. B and Figure 7. B).
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Figure 6. L929 loaded alginate microbeads under the microscope (5%, scale bar: 200
pm) (A). Diameter change of L929 loaded beads during 12 days was graphed (B).
Diameter change of 125 microbeads/mL on days 0, 6, and 12 for are shown (C).
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Figure 7. MSCs loaded microbeads during 12 days under fluorescence microscope
(A). Graph of MSCs loaded beads diameter change during 12 days period (B).
Diameter changes between days 0, 6, and 12 of 50 microbeads/mL are shown (C) (5%,
scale bar: 200 pum).
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Figure 8. Stability of cell microencapsulated in AlGel. Visualization of hFOB 1.19 cell
stability inside the AlGel microbeads and hFOB 1.19 cell line released from
microbeads under the microscope (scale bar: 200 um).
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Figure 9. Diameter of hFOB 1.19 loaded AlGel microbeads in DMEM medium for 12
days period.

46 GFP Secretion from MSCs Loaded Microbeads

Green fluorescent protein (GFP) signal of MSCs was recorded by fluorosens

microscope (Zeiss Axio Vert.Al inverted microscope) for 12 days (Figure 10).
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Fluorosens intensity of cell-loaded microbeads was observed during 12 days.
Alteration of the GFP intensity was observed at each group of microbeads day by day
until 12. day. GFP intensity from the microbeads was measured in the ImageJ program
(Figure 10.B).
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Figure 10. Picture of GFP secretion by MSCs loaded microbeads under microscope
(5%, scale bar: 200 um) (A). Graph of GFP intensity MSCs loaded (B). Picture of GFP
secretion by MSCs loaded 50 microbeads/mL on day 0, 6, and 12 (C).

4.7 Glucose Consumption and Lactic Acid Production

Metabolite level in the cell culture medium show cell proliferation and growth.
Both cell lines (L929 and MSCs) continuously proliferated in the microbeads
according to glucose consumption level both cell lines (Figure 11. A, and C). While
glucose level in culture medium is sharply decreased, lactic acid level in culture

medium consistently is increased in 2 days incubation time (Figure 11. B, and D). A
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consistent plot between glucose and lactic acid level in culture medium was observed

following incubation periods.
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Figure 11. Glucose and lactic acid level inside L929 and MSCs cell medium. (A)
Glucose level of L929 cell medium, (B) lactic acid of L929 cell medium, (C) glucose
of inside MSCs cell medium, and (D) lactic acid of MSCs cell medium.

4.8 L929 and MSCs Cell Viability Inside the Alginate Microbeads.

Trypan blue dye was used labeling of both cell lines. Total cell numbers of both
cells inside the medium and petri dish were calculated using cell counter device.
Percentage of the cell viability (L929 cell lines) was decreased with decreasing of the
microbeads numbers in media (500, 250, 125 microbeads number in following orders
percentage of the L929 cell viability %67.5, %54, %60). Cell viability was stable with
decreasing of the microbeads numbers in culture media (400, 200, 100, 50 microbeads
number in following orders percentage of the MSCs cell viability % 42.5, % 45.5, %
46.5, %66) (Figure 12. B).
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Both cell number (L929, and MSCs) inside the medium was decreased with
decreasing of the microbeads numbers. The concentration of the cells in alginate
solution was 4 million cells/mL and 2 million cells/mL. Cell numbers of the L929 and
MSCs cell-loaded microbeads were 48 L929 and 24 MSCs cells per microbeads. Total
cell numbers in the microbeads are also consistently increased among each group
(Figure 12.A).
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Figure 12. Cell viability of released L929 (A) and MSCs (B) cell lines from
microbeads at day 12.

49 Total mRNA and Protein Concentration in Culture Medium

Total mMRNA concentration inside the culture medium is essential for the cell cycle
inside the culture medium. Alteration of the mRNA level was observed between each
group of experiments. mMRNA concentration of L929 culture medium is not
significantly changed. The concentration of the mRNA level of MSC is decreased
during the incubation time. Significant differences between day 2 and day 12 are not

observed in the mRNA path on the graph compared with the protein path on the graph.

Quantification of the total protein concentration by BCA protein assay was
performed for in a biological assay. Total protein concentration was evaluated on day
12 and alteration of the total protein contents in the cultured medium of L929 and

MSCs cell lines were compared with glucose and lactic acid level in culture medium
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(Figure 13). The total protein amount inside the medium is gradually increased with

increasing in the number of microbeads.
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Figure 13. Concentration of protein in culture medium solution of L929 (A) and MSCs
(B). Concentration of mRNA in culture medium solutions of L929 cell line (C) and
MSCs (D).

4.10 Protein Profile of the Culture Medium

Protein concentration inside the culture medium of L929 and MSCs cell-loaded
alginate microbeads was previously measured with BCA assay according to the
manufacturing procedure. Alterations of the protein concentration were compared
between each day and groups of experiments. We couldn’t obtain correlated data
between each group experiment with the BCA experiment. For that reason, we
performed an SDS-PAGE experiment to illustrate the alteration of the protein profile.
We observed different protein profiles during the incubation period but expressed
protein was seen to aggregate inside the medium during the incubation period (Figures
14. A and B). We have also investigated the protein profile of the medium of L929
cell-loaded AlGel microbeads (%1 (v/v) of %2 (w/v) gelatin solution). Distinctive

bands were observed between each group during the incubation periods.
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Figure 14. SDS PAGE picture of protein distribution taken from cell culture medium
of L929 (A) and MSCs (B) day12.

4.11 Influence of Gelatin Volume on AlGel Microbeads Morphology

After production of AlGel microbeads with the encapsulator device and AlGel
microbeads were incubated for 12 days in cell medium. Gelatin solutions were added
to the alginate solution with various volume ratios. The addition of the gelatin solution
to the alginate solution changes the spherical form of alginate. There is no intact and
spherical microbeads formed by the addition of gelatin solution with more than %2
(v/v) ratio. According to the result, increasing the volume of gelatin inside the total
polymer solution decreases the stability and sphere shape of the obtained AlGel
microbeads. For that reason, %2 volume ratio of %1 (w/v) gelatin is the best option
for preparing the AlGel microbeads. Then, we tested the effect of gelatin concentration
by weight on alginate-based microbeads formation. By realizing that %2 volume ratio
of %1 (w/v) gelatin and %1 volume ratio of %2 (w/v) gelatin solutions contain same
amount of gelatin polymer as 2mg, we did not observe any significant difference in
terms of shape between these two conditions (Figure 15). Thus, a concentrated form
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of gelatin (%21 volume ratio of %2 (w/v) gelatin) was preferred to fabricate the cell-
loaded AlGel microbeads. Then we tested a more concentrated gelatin solution (%10-
20 gelatin by weight) to fabricate the alginate-gelatin microbeads. We observed the
same morphological distribution with increasing gelatin volume inside the total
polymer mixture but there is no significant effect observed in terms of microbead
morphology due to more gelatin content inside the mixture (Figure 17). We used %2
volume ratio of %20 (w/v) gelatin solution for the cell culture experiment to

investigate cell proliferation.

%0 (vIv) %1 (viv) %2 (viv) %4 (vIv)

%1 Gelatin Solution

Figure 15. Morphology changes for AlGel microbeads upon the increase of the gelatin
content.

%2 (vIv) %1 (viv)

ugeen (2%)

Figure 16. Effect of gelatin concentrations (%1 and %2 gelatin solution) on
microbeads formation.
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Figure 17. Effect of different volumes of gelatin (%10 and %20 gelatin solution by
weight) on microbeads formation.

412 1929 Cells in Various AlGel Microbeads

L929 cells were tested inside alginate-gelatin (%1 volume ratio of %2 (w/v)
gelatin solution) microbeads. The proliferation of the cells inside the microbead is
observed by increasing the cell density inside. There is no cell release observed during
the cultivation period. The proliferation of L929 cells was at a lower rate when it is
compared with the previous experiment, but it preserves spherical shape during the
cultivation time and no significant diameter change was observed during the

cultivation period (Figure 18).

L929 cell-loaded AlGel microbeads were labeled with Alexa fluor 488 and DAPI
dye for the fluorescence-dependent visualization of cell membrane and nuclei,
respectively. After thawing of the cell-loaded AlGel microbeads, spherical shape is
disrupted as it is clearly seen in Figure 19. There is disruption observed during the
incubation period of the L929 cell-loaded AlGel microbeads. Disruption of the
microbeads membrane might be caused by the release of calcium ions and subsequent
alginate polymer dissociation during the incubation period of the microbeads. It was
promising to notice that deformation of the micro structure was not observed until day

6 after the thawing cycle. Microbead preserved their microbead shape because of
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enough alginate and calcium content inside the polymeric shell of microbead. The
signal intensity of the cells decreased day by day, but the diameter of the signal

intensity increased with time probably because of the cell proliferation.

We have also performed the encapsulation of L929 cells by using an alginate-
gelatin solution mixture with (%2 volume ratio of %20 (w/v) gelatin) to see the effect
of gelatin content on cell proliferation. After construction of L929 cells-loaded AlGel
microbeads, we observed high cell proliferation, cell release to the environment, and
increasing acidity inside the medium at 1000 microbead/mL concentration. Acidity
conditions inside the medium seem to cause burst release of the microbead, more salt
content inside the medium, and increasing in medium turbidity. We observed a high
turbidity level and large salt content inside the medium on day 4 of incubation. After
the washing step of the medium, we observed highly proliferated cell content inside
the culture dish (Figure 20). We also observed high cell concentration inside the
microbead after staining the microbead with Alexafluor 488 and DAPI dyes. Then we
performed the same experiment and conditions by decreasing the microbead (500
picrosphere/mL) number in the medium (Figure 21). The same acidity was not
observed inside the medium during over 12 days of incubation period. Moreover, we
observed that released cells were attached to polystyrene cell culture flask on day 12.
It indicates that cells remained viable inside the AlGel microbead during 12 days of
incubation. We also detect attachment and differentiation of cells inside the microbead
during the incubation periods after Alexafluor 488 staining. Moreover, disruption on
the microbeads membrane was not observed at each time point of the incubation

period.
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Figure 18. Visualization of L929 cell-loaded AlGel microbeads (%2 (w/v) | %1 (v/v)
ratio gelatin).
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Bright Field Alexafluor 488 DAPI

Day 10 Day 8 Day 6 Day 4 Day 2 Day 0

Day 12

Figure 19. Visualization of ConA-AF488 and DAPI labeled L929 cell-loaded AlGel
microbeads (%2 (w/v) | %1 (v/v) ratio gelatin).

64



Bright Field Alexa Fluor DAPI

Figure 20. Visualization of ConA-AF488 and DAPI labelled L929 cell-loaded AlGel
microbeads (%20 (w/v) | %2 (v/v) ratio gelatin).

Figure 21. Visualization of L929 cell-loaded AlGel microbeads (%20 (w/v) | %2 (v/v)
ratio gelatin).
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Bright Field Alexafluor 488 DAPI

Day 10 Day 8 Day 6 Day 4 Day 2 Day 0

Day 12

Figure 22. Visualization of ConA-AF488 and DAPI labeled L929 cell loaded alginate-
gelatin (%20 (w/v) | %2 (v/v) ratio gelatin) microbeads.
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4.13 Effect of BET on Metabolic Activity of hFOB 1.19 Cells

Effect of the BET on metabolic activity of hFOB 1.19 cell lines were tested with
various concentration of the BET by MTS assay. Mitochondrial respiration of the cells,
cell viability, growth rate of cells and cellular energy capacity (indirectly) evaluated
by MTS assay (CHACON et al., 1997). In this experiment, even though cytotoxicity
effect of BET on hFOB 1.19 cell lines was observed at 5 uM of BET on day 6, 5 uM
of BET did not suppress to metabolic activity of hFOB 1.19 cell line inside the
microbeads on day 12. According to results, while statistically significant decrease of
mitochondrial activity of the cells were observed at 0.5, 1, and 5 uM BET on day 6,
there is no statistically significant decrease observed effect of BET on mitochondrial
activity of the cells loaded AlGel microbeads on day 12 (Figure 23). Thus, AlGel
microbeads behave as a barrier for reduction to susceptibility of hFOB 1.19 to BET.
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Figure 23. Effect of BET on mitochondrial activity of hFOB 1.19 cell in 2D cell culture
(A) onday 6 and hFOB 1.19 cells in AlGel (B) on day 12 were investigated in growth
medium (%1 FBS) supplement with various concentration BET.

4.14 Effect of BET and AlGel Microbeads on Cell Viability

Living and dead cell inside the microbeads was pictured for 12 days period by
Live and Dead Cell Assay (ab115347, Abcam). While percentage of viable cells is
gradually decreased ranging from 93% on day O to 57% on day 12, statistically
significant decrease of viability was firstly observed on day 4 (Figure 24. C). Number

of dead cells inside the bigger aggregates is enhanced day by day inside the AlGel
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microbeads. However, cytotoxic effect of BET on cells viability did not detect among
groups on day 6 and 12 (Figure 24. B, D and E).
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Figure 24. Viability of hFOB 1.19 cells in AlGel. Fluorescence image of live/dead
staining for hFOB 1.19 cells in AlGel on days 2, 4, 6, 8, 10, and 12 (scale bar: 100
um) (A). Percent viable cells in AlGel on days 2, 4, 6, 8, 10, and 12 (C). Fluorescence
image of live/dead staining for hFOB 1.19 cells in AlGel incubated with various
concentration of BET (0-5 uM) on days 6 and 12 (scale bar: 100 um) (B). Percent
viable cells in AlGel incubated with different concentration BET (0-5 puM) on days 6
(D) and 12 (E).

4.15 Alteration of High-Mannose-Type Glycans (HMs) Level in Microbeads

Concanavalin-A which is a type of lectin has a strong binding affinity to mannose
than other sugars. ConA-AF488 might be used for the evaluation of cell-cell
communication by enabling the measurement of the level and localization of the high
mannose type N-glycans (HMs) which have a different role in a cell such as
transportation of proteins from the golgi apparatus to the various part of the cells
(Koyama et al., 2018). According to intensity of high-mannose-type glycans inside the
microbeads, cell-cell and cell-AlGel microbeads communication elevated during the
incubation of the microbeads (Figure 25. B and C). However, there is no significant

effect obtained on intensity of HM inside the microbeads upon treatment with BET
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concentration of 0.1, 0.5 and 1 uM on day 12. Statistically slight effect on HM inside
the microbeads upon treatment with BET concentration of 0.01 and 5 uM was
illustrated according to measurement of relatively ConA-AF488 intensity (Figure 25.
A and D).
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Figure 25. Localization of HMs in hFOB 1.19 cells microencapsulated in AlGel.
Fluorescence image of conA-AF488 and DAPI labeled hFOB 1.19 cells
microencapsulated in AlGel incubated with different concentration of BET (0-5 uM)
on day 12 (scale bar: 100 um) (A). hFOB 1.19 cells in AlGel on days 0 and 12 (scale
bar: 100 um) (B). Relatively ConA-AF488 intensity of hFOB 1.19 cells in AlGel on
days 0 and 12 (C). Relatively ConA-AF488 intensity of hFOB 1.19 cells in AlGel
incubated with different concentration of BET (0-5 uM) on day 12 (D).

4.16 Influence of BET on Expression of Osteogenic Markers

Expression of osteogenic markers of encapsulated and non-encapsulated hFOB
1.19 cells is evaluated with measurement of the osteopontin (OPN) expression and
glycosaminoglycan (GAGS). Production of osteopontin by osteoblast cells is a marker
of differentiation process at terminal stage. Expression of the OPN protein in
encapsulated cells increased upon treatment with BET concentration of 0.1 and 0.5 on

day 12. There is no statistically significant increment detected on expression of the
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OPN protein in non-encapsulated cells. Similarly, secretion of glycosaminoglycans
(GAG) from encapsulated cells elevated upon treatment with BET concentration of
0.1 and 0.5.

Moreover, osteogenic differentiation of the hFOB 1.19 cells construct the noodle
formation which is detected by alizarin red staining at the end of the 12 days.
Microscopic picture of hFOB 1.19 cells shows more noodle formation upon treatment
with various BET concentration on day 12 (Figure 26. A). Mineralization level of
hFOB 1.19 cells was quantitively analyzed to evaluate calcium content after
encapsulation and treatment with BET (Figure 26. D and E). Alizarin Red staining
indicate that BET treatment induces osteogenic differentiation of hFOB 1.19 cells.
Additionally, induction of the osteogenic differentiation of hFOB 1.19 cells by BET
treatment is much higher level on encapsulated hFOB 1.19 cells when compared to
non-encapsulated hFOB 1.19 cells (Figure 26. D and E). On the other hand, ALP
activity of encapsulated hFOB 1.19 assessed to indicate osteogenic differentiation of
hFOB 1.19 cells the after-BET treatment. Dark color spots of ALP positive microbeads
inside the picture illustrate that better ALP activity and early bone formation developed
upon treatment with BET (Figure 27. B).
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Figure 26. Expression of the osteo-inductive markers from hFOB 1.19 cells after
treatment with various concentration of BET (0-5 uM). The amount of OPN in the
culture media from the hFOB 1.19 cells (A). hFOB 1.19 cells in AlGel (B) incubated
with different concentration of BET (0-5 uM) on day 12. The amount of GAG in the
culture media from the hFOB 1.19 cells in AlGel (C) incubated with various
concentration of BET (0-5 uM) on day 12. The amount of calcium deposited in the
extracellular matrix from the hFOB 1.19 cells (D) and hFOB 1.19 cells in AlGel (E)
incubated with various concentration of BET (0-5 uM) on day 12.
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Figure 27. Effect of BET on mineralization and ALP activity of hFOB 1.19. Images
showing calcium deposition of non-encapsulated (scale bar: 200 um) and encapsulated
(scale bar: 100 pm) hFOB 1.19 cells upon treatment with BET after 12 days of
incubation using alizarin red S (A). ALP enzyme activity of hFOB 1.19 cells (100 pm)
in AlGel microbeads after 12 days of incubation using NBT/BCIP (B).
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5 DISCUSSION

In this study, various cell lines were encapsulated via electrostatically assisted
spraying methods. After construction of the cell-loaded microbeads, cells were
analyzed with a fluorescence microscope and their metabolic activity in the
microbeads was examined with measurement of the glucose consumption, and lactic
acid production. The aim of the experiment is the development of the cell-loaded
alginate microbeads and the investigation of cell activity in microbeads construct. Our
results showed that cell-loaded microbeads were successfully constructed with
alginate and alginate-gelatin polymers and the microbeads were preserve their
structure during 12 days of periods. Mesenchymal stem cells were currently used for
regeneration of the various tissue types (146), (147). The previous study showed that
alginate microbeads are stable in vitro condition during 12 days of periods and 2 weeks
in vivo study. In this study, we hypothesis that mesenchymal stem cells inside the
microbeads might be viable, functional and they can continue metabolic activity during
12 days of period.

Mesenchymal stem cells (MSCs) therapy has emerged as a highly effective
method for the regeneration of damaged tissue and balancing the hormone level inside
the body (85-88,148). Proper isolation of the immune cells might provide ameliorated
cell therapy to the patient. Encapsulation of MSCs might be an advantageous strategy
for improving the cell survival rate and enhancing cell functioning post transplantation.
So, in first chapter of this study aims to construct a polymer-based macro-capsule for
the accommodation of cells in an isolated platform once implanted inside the body,
which seems to contribute to the increased metabolic activity of the transplanted cell
population. A synthetic, yet biodegradable and biocompatible polymer, PCL was
utilized for the fabrication of the designed macro-capsule, and it was 3D bio-printed
in fiber structure to have permeability ability for the exchange of nutrients reaching
the cells inside and removal of waste products out. Obtained results point out that 3D
printed PCL-based macro-capsule has enough permeability for the release of HSA,
which might enable the proper transfer of albumin proteins inside out for the macro-

capsule.
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The designed macro-capsule with dimensions of 2x5x10 mm was a small macro-
capsule when it’s compared to the previously published macro-capsule versions (145).
That is why an injection of a small amount of material with a small-sized syringe
needle (insulin syringe, 31 G) creates a big gap in it. The closed form of the macro-
capsule might be boomed by gas pressure inside the macro-capsule during the injection
of cell solution inside. In addition, the printed form of the macro-capsule contains only
a two-layer height which is thin enough for possessing a good permeability property
possible. After injection of the cell solution into the macro-capsule, the injection gap
was filled with a melted form of PCL to prevent immediate cell release once the macro-
capsule was dipped into the incubation solution (149). The burst release profile is a
major indication for showing the leakage formation of the macro-capsule. Leakage
assessment of capsule with HSA protein with a molecular weight of 66.5 kDa (Figure
1C) indicates that protein molecules can pass through the permeable surface of macro-
capsule (150).

Although PCL is commonly used in polyester and synthetic polymer for the
construction of scaffolds in tissue engineering applications, the major challenge is its
cytotoxicity problem emerging from the formation of foreign body response (fibrotic
response) when it is in direct contact with the cellular environment(151,152). Our
results show that there is no significant adverse effect of the ‘indirect contact’ method
on the viability of MSCs for 72 hours of incubation time. Direct contact of the macro-
capsule to cells has resulted in a slight decrease in a cell. These results suggest that the
PCL-based macro-capsule platform might outstand as a convenient carrier of the
transplantation of MSCs into the body without decreasing the cell viability

significantly after the implantation of the cell-loaded macro-capsule.

The metabolic activity of the encapsulated cells which is intended to be used in
protein therapy applications (in the near future) is important to monitor for the
secretion of the intended protein at the target site in the body. So, the secretion and
release of the metabolic products from inside to outside of the macro-capsule are
crucially important for understanding its potential as a biomaterial for the regeneration

of the target tissue or balancing of the protein level in the target area. Nutrient and
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oxygen transition during the cultivation of MSCs has a tremendous effect on cell
viability and metabolic activity. In our study, the metabolic activity of encapsulated
cells was analyzed by measuring the glucose level and lactic acid level inside the
medium (153). Alterations in the glucose and lactic acid levels were monitored during
the cell incubation process, where the glucose amount in the medium was measured to
decrease by almost 10% by time in a newly refreshed media, compared to 2D cell
culture conditions. On the other hand, the produced lactic acid was not seen in the
medium at the beginning of the incubation process as expected, whereas demonstrated
to emerge in the outer media and was detected to be increased in amount by
approximately 8% compared to its 2D version at the end of 15 days of the incubation

period.

The diameter of the alginate microbeads was analyzed in a previous study (154).
Previous project showed that the diameter of the microbeads was observed around the
400-micrometer (154). In our study, the diameter of the microbeads was observed
around the 200-micrometer. The structure of anionic polymer contains net negative
charged group. Environmental pH effect on the hydrophilicity of the carboxyl groups
inside the anionic polymer. lonizable carboxylic groups are turned into negatively
charged carboxylate ions in high pH conditions (155). Alginate microbeads swell day
by day because of the presence of the chelators, monovalent ions, and non-crosslinking
divalent cations like Mg?* (156,157). Moreover, the higher concentration of the CaCl:
content in microbeads causes releasing of the calcium from microbeads and increase

of the diameter of the microbeads.

The morphology of the microbeads is controlled in various environmental
conditions. Salt contents were observed after a 1-day incubation with phosphate buffer
solution and salt content in PBS condition was removed with a saline wash. Moreover,
the same salt content was also observed in the medium condition on day 5. Calcium
ions in microbeads diffuse into the medium and PBS solution and these ions form a
calcium salt inside the medium and PBS. Effect of the acetate conditions to H-bonding

in alginate polymer eliminate to salt content formation inside the solution (158).
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The other finding indicates that cell lines were not only proliferated around the
sphere but also attached and proliferated inside the microbeads. L929 cell lines among
groups of the experiment were proliferated inside the microbeads for 7 days and some
of them were released to the petri dish because of the swelling of the microbeads
(figure 6). Moreover, a non-uniformly sized cell-loaded alginate microbeads was
observed in the cell culture experiment compared with the unloaded microbeads (159).
The non-uniformly distribution of microbeads was caused by cell proliferation inside
the microbeads. Cell concentration differences between the MSCs and L929 in alginate
solution were also affected by cell proliferation inside the microbeads (160). Although
MSC stays stable until 12 days of periods, cell release and debris were seem in 400
microbeads/mL at day 12 (figure 6). The viability of the mesenchymal stem cell was
controlled with an expression of GFP. Non-uniformly GFP signal intensity was
measured day by day for MSC samples (97). GFP signal intensity inside of each
microbeads might be changed because of the nonuniform cell distribution in
microbeads (figure 10). Additionally, fluctuating of the GFP signal intensity is related

to the cell release and proliferation during the culturing of the cell-loaded microbeads.

Glucose is a carbohydrate which is important for metabolic activity and growth of
cell inside the microbeads (153). Lactic acid is the metabolic product of the cellular
respiration process. Glucose and lactic acid level inside the culture medium indicate
cellular proliferation and metabolic activity in vitro conditions. Glucose level inside
the media significantly decreases after culturing the cells at day 2 in both cell lines
(L929 and MSCs). The same curved line was observed for both glucose and lactic acid
level for 12 days periods. Moreover, glucose and lactic acid level inside the media
were gradually observed in L929 cell lines like 2D cell culture (160). However,
glucose consumption is significantly increased, and lactic acid production is
significantly decreased in 1000 microbeads/mL groups. This result is observed
because of the salt formation inside the cell culture medium (figure 11). This amount
of the microbeads might be the maximum microbeads number for culturing of the
L929 cell lines.
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Protein distribution inside the culture medium significantly affects to cell cycle
during cultivation. Especially, content of culture media effect to metabolic activity of
the cell and regulates the double-time and cellular growth of the cell (160) (161).
Alteration of the protein content during the incubation of the cell induces expression
and regulation of other proteins. Protein paths show that protein inside the medium
was increased, but glucose and lactic acid level inside the medium show an
approximately linear curve. These results shows L929 cells in microbeads were
doubled during the incubation time and their protein expression level was increased
day by day, but the same path was not observed during the incubation of the

mesenchymal stem cell incubation (figure 11).

Cell-loaded alginate microbeads has a great potential to applicate on regenerative
therapy. Cell viability is a key point for the therapeutic efficiency of cell therapy. In
this research, released cells from the microbeads were remain viable on day 12 of
periods among groups of the experiment (Figure 6 and 7). Different cell numbers at 12
days were obtained between each group of experiments (L929 and MSCs). The
difference between each group has consisted of initial cell numbers both L929 and
MSCs. These results show that both L929 and MSCs were proliferated and doubled
during the 12 days of the periods. Moreover, spheroids formation of the L929 cells
line was observed on day 12. Spheroid's formation of the L929 cell lines indicates that
L929 cells were proliferated inside microbeads. The viability of the released cells

among the group of the experiment was similar (figure 12).

On the other hand, cell loaded alginate-gelatin microbeads give a promising result
for cell viability and proliferation. Positively correlation between the gelatin content
and cell viability is also demonstrated with various cell type (107), (110), (109), (108).
For that purpose, L929 cell-loaded AIGel microbeads are constructed with
electrostatically assisted spraying method. Morphology of obtained AlGel microbeads
was analyzed and uniform group of AlGel detected with bright field microscopy. The
L929 cells inside the AlGel microbeads was evaluated via DAPI and Concanavalin-A
Alexaflour 488 staining. Protein distribution in SDS-Page was also investigated to

demonstrate alteration of protein content during the incubation time. Our results
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showed that cells in AlGel microbeads preserve cellular structure and can release
secreted proteins to the culture medium. Previous literature studies showed that the
AlGel microbead provides more intact microbead formation compared to the alginate
form (110). In this study, we aim to provide more biomimetic culture conditions for
L929 which potentially ensure more protein secretion and high cell proliferation
during the 12 days of incubation time, which would be an enough time for cellular

therapies in general.

Fish gelatin has a similar property to human gelatin and limited biomechanical
properties for tissue engineering applications. Limited biomechanical properties of
gelatin restrict to fabrication of the scaffold structure to assist cellular attachment,
proliferation, and adhesion. Blending gelatin with alginate increases the viscosity of
the solution and ensure the mechanical and biological properties for tissue engineering
application (162). Boonyagul and coworkers illustrated that a 1:1 ratio of 6% gelatin
and %11 alginate bioink mixture might be used as a skin tissue graft (163). In that
research, they showed the viscosity and mechanical stability of the bioink directly
correlated with the concentration of the alginate polymer in the blend solution. The
other research group investigated the ionic coordination between the COO" of alginate,
ferric acid, and gelatin. They showed that a low amount of alginate content in alginate
and gelatin mixture causes the release of ferric ions and the disappearance/dissociation
of the hydrogels. They also showed that the viability and proliferation of the cells were
enhanced by increasing the gelatin ratio in the alginate—gelatin mixture. Gelatin inside
the solution might assist RGD (Arg-Gly-Asp) residues to better cell adhesion (105).
They also showed that %82.5 of cells after 1 day of implantation and %32.8 of them
after 3 days of implantation seem to be stable inside injectable hydrogels, and there is
no significant difference observed in osteogenic differentiation. Compared to these
results, what we have observed for our cell-loaded Al-Gel microbeads point out that
increasing the gelatin concentration inside the polymer blend results in non-uniform

microbeads formation (figure 15).

Gelatin is the denaturation type of collagen type 1 which is the main component

of the extracellular matrix, which means that alginate-gelatin (AlGel) microbeads
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contain the RGD-rich proteins for enhanced cell adhesion, differentiation, and
proliferation compared to the alginate only microbeads (164). Cell loaded AlGel
microbeads were previously prepared with various cell types such as a human
endothelial cell (HUVEC), rat cardio myoblast, and U937 (110), (109), (165) (107). In
this research, they have not fabricated injectable size of the microbead and there is no
compression about the content of gelatin effect on microbead formation, long-term
morphological changes of the microbeads, and cell stability inside the microbeads. In
our study, we evaluate the effect of gelatin content on cell stability inside the
microbeads formation and compare it to the previous cell-loaded alginate microbeads
study. Our findings show that the volume of the gelatin inside the AlGel microbeads
disrupts microbeads formation to a certain degree. Additionally, there is no significant
morphological change observed with increasing the gelatin content inside the alginate
microbeads. The release Ca*? ions from L929 cell-loaded AlGel microbeads might
have been occurred via diffusion from inside of the microbeads to the environment.
This situation results in a decrease in the alginate content inside the microbeads, an
increase in the size of alginate porosity, and subsequent swelling of the microbeads.
This process increases the diffusion rate of medium, oxygen, and other nutrients inside
the microbeads, and later cells release outside from the microbeads. Luckly, we have
not observed any cell release and change in microbeads diameter during the incubation
period of L929 cell-loaded AlGel (%1 (v/v) | %2 (w/v) gelatin) microbeads (figure
18). This situation might have occurred with a large number of microbeads incubation
or the limited cell proliferation inside the AlGel microbeads. Increasing the gelatin
(%2 (viv) | %20 (w/v) gelatin) content inside the alginate microbeads have a directly
correlated effect on not only the proliferation rate of L929 cells but also rise the acidity
of the medium during the cultivation period. So, increasing the acidity inside the
medium results in the destabilization of the microbeads form and the release of
polymer chains into the medium on day 4 (figure 20). This process was also consistent

with L929 cell-loaded alginate microbeads.

In order to visualize encapsulated cells in the microbeads, fluorescent dyes were
utilized to stain the nuclei and cell membrane of cells inside the microbeads. One of
them is concanavalin-A conjugated Alexafluor488 (ConA-AF488). Con-A is a type of
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lectin which specifically binds to various molecules such as sugars, glycoproteins, and
glycolipids. Especially, concanavalin has a strong binding affinity to mannose than
other sugars (166). ConA-AF488 specifically binds to alpha-mannopyranosy and
alpha-glucopyranosy. ConA-AF488 is also used to visualize cytoplasm and cell
surface. One of the literature studies illustrates that conA-AF488 might be used for the
evaluation of cell-cell communication by enabling the measurement of the level and
localization of the high mannose type N-glycans (HMs) which have a different role in
a cell such as transportation of proteins from the golgi apparatus to the various part of
the cells. The relationship between the intracellular localization of HMs and the
intensity of the ConA-AF488 signal indicates the cell-cell communication (CCC) level
between the cells. They illustrated that cellular shape and cell-to-cell communication
of cancer cells might be regulated with golgi monoxides inhibitors and n-glycans.
Moreover, they disclosed that n-glycan accumulation inside the cells causes a more
spherical form of the cancer cell. They also observed increasing in the cell length and
attachment of the cells via regulation of the golgi monoxides inhibitor concentration
(167). ConA-AF488 is also used for the detection of the cellular state inside the tissue
(168). For our results, we observed that L929 cells preserved their cellular shape inside
the AlGel microbeads during the 12 days of incubation period (Figure 19). Structural
integrity of microbeads from day 6 to day 12 was disrupted after the freeze-thaw cycle
of the microbeads. Disrupted forms of L929 cell-loaded alginate microbeads might be
an indication for the release of Ca*? ions and the following dissociations of alginate
polymer along the incubation periods. This release profile might be an outstanding
reason for the observed decrease in the microbeads stability over time. Furthermore,
this dissociation of microbeads integrity results in cell release from the microbeads
into the surrounding medium, which was easily detected by light microscopy
visualization. That is why cell number inside the microbeads was decreased day by
day and the intensities of ConA-AF488 and DAPI staining originating from the inside

part of microbeads were diminished gradually over incubation time.

Regarding the microbead numbers with which further characterizations were
performed, the acidity inside the cultivation medium was seen as the key limitation.

Increased acidity inside the medium mostly probably happens due to either a large
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number of cells inside the microbeads or a large number of microbeads inside the
medium. The increased acidity of the alginate microbeads resulted in salt formation
inside the cultivation medium (Figure 20). This salt formation is constructed by
releasing a large amount of sodium from alginate into the environment and their
binding to chloride ions with an ionic interaction. pH value is also decreased with the
increase of cellular waste inside the microbeads environment. A low pH value inside
the alginate microbeads increases the hydrogen concentration inside the microbeads.
Deprotonation of the carboxylic acid groups of alginate polymers might enhance the
dissolving of the polymer chains, as well. Consequently, a large amount of cellular
waste accumulated inside the microbeads seems to regulate not only the pH value of

the environment but also affects structural integrity of microbeads.

Cellular differentiation, cell to cell communication, and cell to environment
communication might be detected via the interaction of the high mannose type N-
glycans (HMs) around the cells (167). For that purpose, ConA-AF488 and DAPI
labeled cells were monitored inside the microbeads. The conA-AF488 intensity shows
us that the cellular interaction profile is not only detected inside of the cells but also
observed outside the cells. The profile of ConA-AF488 intensity is consistent with the
bright field image of the microbeads. Moreover, the sphere formation of the cells
inside the AlGel microbeads shields and lowers the detection of DAPI intensity (Figure
22). In future, nuclear shape change of cells inside the microbeads might tracked via
embedding the microbeads inside the paraffin and then, staining of the with
hematoxylin and eosin dye which indicate cellular formation, extracellular structure,
and nuclear formation during the incubation period. Additionally, the embedding of
the microbead prevents disruption of the microbead structural integrity by eliminating

the washing steps which were performed after ConA-AF488 and DAPI staining.

The protein profile of culture media was investigated to demonstrate alteration of
protein content during the incubation period. For that purpose, the culture medium of
the cell-loaded AIlGel microbeads was collected during the incubation period.
Differently expressed same protein profiles were observed at each time point of cell

culture incubation. However, the aggregation of proteins inside the culture medium
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results in a degradation profile on SDS-PAGE (Figure 14). The degradation profile on
SDS-PAGE and aggregates were not eliminated by applying the previously reported
method (169). A significant band observed in the SDS page might represent bovine
serum albumin protein which is around 66,5 kDa (figure 14). Similar protein profiles
in a cell culture medium were observed in a previous literature study (170). Similarly,
low abundant proteins inside the culture medium could not be detected because of the
low protein expression. For overcoming this limitation, we increase the microbeads
number inside the cell culture, and the intensity of the low abundant proteins inside
the cell culture was increased directly. Detected proteins were mostly higher than the
bovine serum albumin. The previous literature study shows that cell derived
extracellular matrix is higher than 75 kDa (171). The proteins we observe on the SDS
gel might be cell-sourced extracellular matrix proteins that have a role in the

construction of the extracellular matrix structure.

AlGel microbeads seem to have a great potential for construction of cell-loaded
microbeads for cell therapy. Their stability clearly has a positive impact on cell
viability and cell-cell interaction inside the structural integrity of microbeads. Protein
release from encapsulated cells indicates that this approach might be utilized for
protein therapy for the regeneration of the degenerative tissues, as well. According to
these results, cells inside the AlGel microbeads remain viable during the 12 days of
incubation period. Cellular differentiation was preserved during 12 days and spheroid

formation was also observed inside the microbeads.

Alginate based microbeads are commonly used in therapeutic delivery research
and cell culture study (Jacobs-Tulleneers-Thevissen et al., 2013). Previous studies
showed that alginate-based microbeads provide excellent cellular ECM and 3D
microenvironment to construct modular tissue by building blocks (Nabavinia et al.,
2019). Bringing biopolymers of alginate and gelatin together enhance performance,
and quality of microscaffolds and simulate signaling cascades related to ossification,
osteogenic differentiation, and proliferation of the cells. Combinations of biopolymers
by addition of gelatin to alginate microbeads makes microbeads more applicable for

proliferation and differentiation of osteoblast cells (Nabavinia et al., 2019). On the
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other hand, some triterpenoids such as betulin derivatives improve osteogenic
differentiation of some murine cells in osteogenic condition in vitro (Yogeeswari &
Sriram, 2010). Moreover, porcine chondrocyte inside the betulin treated scaffolds
induce expression of anabolic genes, catabolic genes, and differentiation factors.
Although, osteogenic activity of betulin (BET) on murine osteoblast models is
confirmed in vitro, there is limited number of studies examined the effect of BET and
3D microenvironments on osteoblast cell models for in vitro research. In this study,
osteogenic differentiation of hFOB 1.19 cell lines inside the combinations of

biopolymers of alginate and gelatin microbeads is examined upon treatment with BET.

Gel strength of calcium crosslinked alginate decrease over the incubation time in
vitro condition. Degradation of microbeads by ion exchange mechanism change to
size, shape, porosity, and stability of crosslinked alginate. Decreasing of crosslinking
density in calcium crosslinked alginate over the time result the disintegration of
alginate, weak hydrogel formation, increasing pore size (Shoichet et al., 1996).
Increasing pore size of microbead accelerate inward diffusion of ions from outside of
the microbeads and then swelling in alginate microbeads by them (Leslie et al., 2013).
However, microbead presence or absence of the cells shows slightly different
degradation over the time. Rate of microbead degradation presence of the cells
gradually increase as the microbeads concentration decrease while there are no
statistically significant changes observed in microbead diameter over the 12-days
period. Microbead degradation presence of the osteoblast cells might be associated
with native enzymatic activity of mammalian cells or calcium uptake by osteoblast-

like cells from the environment (Modi et al., 2019).

In this report, antiproliferative activity of the betulinic acid investigated on
encapsulated and non-encapsulated normal osteoblast cell line hFOB 1.19 model.
Effect of betulin on cell proliferation, osteoblast differentiation, osteoclastogenesis
have described in vitro research studies. There are various reports showing alteration
in antiproliferative activity of BET depending upon cell type. For example, while 1-
20 uM of BET treatment on cell viability of murine pre-osteoblast cell line MC3T3-

E1 do not significantly decrease cell viability (Lo et al., 2010), proliferation of human
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osteoblast cell (hFOB 1.19) and neoplastic osteoblast-like cell (Saos-2) were inhibited
by BET at concentration of 1 uM and 5 uM (Mizerska-Kowalska et al., 2019). On the
other hand, 10 and 20 uM BetA treatment on fifth day promotes the proliferation of
human periodontal ligament stem cells ("(PDLSCs) (Li etal., 2021). Cytotoxicity effect
of BET on hFOB 1.19 used in this report as previous reports are, BET exerted no
cytotoxity on encapsulated hFOB 1.19. Microencapsulation of hFOB 1.19 limit to
BET effect on metabolic activity of encapsulated hFOB 1.19 cells and provide the
long-term functionality and survival of the cultured cells (Leslie et al., 2020; Sun et
al., 1996). Thus, these results suggest that encapsulation strategy is powerful way to
maintain metabolic activity and functioning of cultured cells upon treatment with BET

concentration of SuM.

Viability of the transplanted cells post injection is crucial for efficiency of
injectable cell-based therapies at injured side. Direct injection of stem cells presents
the syringe needle flow force which disrupt the cell membrane and decrease the
viability of transplanted cells ranging from 1% to 32% (Aguado et al., 2012). Cell
viability rate post injection might be improved by encapsulation of cells by hydrogels
which protect to cells from damaging effect of extensional forces by direct injection.
In studies using alginate hydrogel as a scaffold for cell-based therapy, composition of
alginate hydrogel not only modifies chemical and physical properties of hydrogel, but
also effect to cellular response and efficiency of injectable cell-based therapies
(Nabavinia et al., 2019). Many studies on relationship between the cellular response
and hydrogel illustrated that gelatin content inside the alginate solution contains the
RGD-rich proteins for enhanced cell viability compared to the alginate solution
(Alipour et al., 2021; Azhar et al., 2014; Firouzi et al., 2020; Salinas & Anseth, 2008).
However, in vitro studies showed that weakened structure of polymeric materials and
proliferation of the cells inside hydrogels limit cell-material contact area and reduces
viability of encapsulated cells during the cultivation (Aguado et al., 2012; Leslie et al.,
2013). Previous studies support to our findings that shows decreasing of cell viability

rate inside the alginate-gelatin microbeads from day 1 to day 12.
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The formation of the cells such as spherical form and elongated form in the
microbeads gives to information about the interaction between the cells and materials.
According with previous research on cellular response to material, gelatin content
inside the alginate mixture provides better cell adhesion properties because of the RGD
(Arg-Gly-Asp) residue inside them (Anamizu & Tabata, 2019). Cell to cell and cell to
material communication might be evaluated by enabling the measurement of the level
and localization of the high mannose type N-glycans (HMs) which have a different
role in a cell such as transportation of proteins from the golgi apparatus to the various
part of the cells. Additionally, cellular shape and cell-to-cell communication of cells
is regulated with level of n-glycans inside the cell, for example accumulation of n
glycans give sphere formation to the cells (Koyama et al., 2020). Our findings support
previous studies that show increasing of cell to cell and cell to material communication
day by day inside the AlGel microbeads (Sarker et al., 2015).

Three stages responsible for the maturation of the mesenchymal stem cell into
osteoblast cells followed by cell proliferation (condensation), secreting of extracellular
matrix, terminal differentiation with matrix calcification, and new bone formation.
Fraction healing process consist to maturation of osteoblast cells proceeding of serious
of cascades reaction and expression of genes and markers. Level of expressed genes
indicate progression stage of maturation on bone formation and bone defect healing.
Activation of the signaling cascades by various agents such as betulinic acid induce
differentiation of mesenchymal stem cells into mature osteoblast cells (Li et al., 2021;
Lo et al., 2010; Mizerska-Kowalska et al., 2019; Senamontree et al., 2021). Betulin
promotes to upregulation runt-related transcription factor 2 (RUNX2) which is
responsible for expression of osteoblast marker genes such as alkaline phosphatase
(ALP), osteocalcin (OCN), and osteopontin (OPN). Additionally, betulin has role on
regulation to glucose and lipid metabolism, and beneficially effect on obesity via
activation of UCP-1 (Poher et al., 2015). Moreover, one of the studies confirmed to
opposite relationship between adipogenesis and osteogenesis via identification of
mechanism on deacetylation of RUNX2 by Sirt-1 is known as a major regulatory of
longevity and metabolic disorder. In supportive way, resveratrol activates Sirt-1 and
block nicotinamide (NAM) which inhibit RUNX2 and stimulate to PPARy for
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adipogenesis (Shakibaei et al., 2012). Similarly, BA induce to differentiation of
osteoblast murine cells (MC3T3-E1) instead of adipogenesis of adipocytes (3T3-L1)
(Brusotti et al., 2017). Consistently, betulin acid treatment at 0.5 uM to hFOB 1.19
cells significantly enhance to expression of OPN which is late-stage differentiation
marker. Moreover, increment degree of calcification and calcified nodule formation of
osteoblast cells after betulin acid treatment support to previous findings on

mineralization.

Alginate microbeads stimulate to expression of the osteogenic gene markers such
as RUNX2 (Leslie et al., 2013). Alginate microbeads provides sufficient environment
to the bone cells for osteogenesis, maturation of mesenchymal stem cells to osteoblast
cells, stimulation of collagenous and non-collagenous protein expression in ECM of
the bone (Qiu et al., 2022). Chemical composition of alginate microbeads alters to
functionality of cells and efficiency of cellular therapy after the transplant process. For
example, bolus of calcium ions on the surface of alginate microbeads interacts with
surrounding phosphate ions and result to calcification minerals which is similar to
hydroxyapatite (HA) (Lee et al., 2010). On the other hand, calcified microbeads were

obtained in vitro via incubation of microbeads with dulbecco’s modified eagle medium

(DMEM) which provides accumulation of the PO4'3 and Ca’" ions and formation of
the bone like HA coating on microbeads surface (Xu et al., 2022). HA coating
materials in vivo absorb various adhesive proteins such as fibronectin from serum
solution (Deligianni et al., 2000). Absorption of proteins from HA coated materials
makes polymeric surface more suitable for migration, and adhesion of the osteoblast
cells (Garcia & Boettiger, 1999). Similarly, HA inside alginate microbeads provide
better strength of gelatin binding to microbead and more efficient environment to
osteoblastic cell proliferation and differentiation (Nabavinia et al., 2019). Moreover,
HA content inside the microbead up-regulate osteoblast marker genes such as
osteopontin (OPN), osteocalcin (OCN), and RUNX-2 (Alipour et al., 2021). Previous
findings in line with our study which reported significant increase in the osteogenic
markers such as ALP, OPN, and calcification inside the alginate- gelatin microbeads

compared to 2D cell culture.
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Tissue engineering studies provide more efficient cell therapeutics with sustaining
functional ability of cell transplant for early regeneration of defect side. Cells require
a supplement for differentiation and maturation of cell transplant to indicate desired
effect on defect side. Previous research on osteoblast cell loaded alginate-gelatin
microbeads and betulin give promising results for studies on treatment of bone defect
and osteoporosis. This study confirms the other study that indicate combination of
osteoblast cell loaded microbead and betulin might provide more effective osteoblastic

cell proliferation and differentiation in vitro.
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6 CONCLUSION

In the first chapter of this study, polymeric macro-capsule (2x5x10 mm)
constructs were fabricated using a polyester-based PCL polymer by an FDM-based 3D
bio-printing technology and then analyzed for their different features like their protein
release profiles, impact on metabolic activity of encapsulated cells and in vitro
cytotoxicity levels. A thin layer of porous macro-capsule was investigated for its
permeability degree by release studies with different molecules such as trypan blue,
and HSA. 98% of the protein was released from the permeable surface of the
macrocapsule within 24 hours. Metabolic assessment and viability of cells inside the
macro-capsule together with biomaterial toxicity was demonstrated that 3D printed
porous macro-capsule platform might be a suitable carrier for patients’ stem cell

transplantation (91).

Secondly, we fabricate to alginate and alginate-gelatin cell loaded microbeads
which provide stable and efficient delivery system and in vitro cell culture model.
Analyzes of this system indicate that cell loaded microbeads is applicable in cell
therapy according to its stability, biodegradability, and size. In this chapter, we
optimize to fabrication of L929 and MSCs cell loaded alginate microbeads in vitro.
Cellular state was controlled by various experiment such as glucose, lactic acid
measurement, GFP intensity calculation and SDS page. Spheroid form of L929 and
MSCs cell was observed inside microbeads and spheroids formation inform enhanced
metabolic activity, cell viability, cellular functioning. Initially releasing of cell from
microbeads to environment shows to degradation of the polymeric walls of microbeads
during the time. Cellular proliferation from during to 12 day is also proved by

increasing of the protein expression levels of L929 cells from 68% to 85%.

These findings clearly indicate that microencapsulation of living cells under
optimized conditions has a strong impact on providing a powerful tool for ensuring the
survival and metabolic activity of cells to be delivered to the injured or damaged tissue

part for cellular therapy purposes.
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Lastly, osteoblastic effect of betulin on osteoblast cells investigated in 2D
environment and in alginate-gelatin microbeads. Our work suggests that combination
of the cell encapsulation and treatment of supplements to osteoblast cells improve
expression of osteogenic markers in vitro model. Based on our data, microbeads
eliminate negative effect of BET on cell viability and metabolic activity of osteoblast
cells at concentration of 1 uM and 5 uM BET. Furthermore, differentiation studies
confirm that microbeads promote better osteopontin secretion and calcium deposition
rather than 2D cell culture environment. The overall study reveals that combination
osteoblast cell encapsulation with BET treatment speed up to mineralization and

differentiation of the osteoblast cells.
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