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OZET

Hidrojel ve Kok Hiicre Temelli Kornea Doku Miihendisligi

Yapisal bir bariyer gorevi goren ve gozi enfeksiyonlara kars1 koruyan kornea,
fiziksel, kimyasal, termal yaralanmalar gibi bazi faktdrlerden zarar gorebilmektedir.
Doku miihendisligi, kornea hasarlarinin tedavisi i¢in umut verici bir yaklagimdir. Bu
calismada doku miihendisligi yaklasimi ile in vitro kosullarda kok hiicre igeren,
hidrojel bazli, 3 boyutlu hibrit kornea doku eslenigi gelistirilmesi amaclandi. Hibrit
yapi iskelesi, ince MeHA hidrojeli, elektroegirme ile elde edilen diizensiz lifli ag ve
kalin MeHA hidrojelinin birlestirilmesiyle elde edildi. iskelelerin morfolojileri, sisme
dereceleri, mekanik ozellikleri ve seffafliklar1 acisindan karakterize edildi. Insan
Wharton's Jelly mezenkimal kok hiicreleri (WJ MKHleri) kullanilarak kalin MeHA
hidrojeline ekildi. WJ MKH'lerin, keratositlere farklilagmak tizere indiiklendi ve
farklilagsma immiin boyama ile keratosite 6zgii spesifik markerlerin ekspresyonu ile
gosterildi. Indiiklenen WJ MKHIerinin hibrit doku iskeleleri icindeki canliligs,
cogalmas1 ve morfolojisi arastirildi. Hiicrelerin ¢ogunun yapi igerisinde canli oldugu
goriildii. MKHlerin indiiklenmesinin ardindan ¢ogalmadigi, ancak ekim sayilarimi
koruduklar1 ortaya kondu. SEM morfoloji sonuglari, uygun entegrasyon ile ii¢
katmanl1 hibrit doku iskelesinin bagarili bir sekilde tiretildigini ve hiicrelerin hidrojel
gozenekleri igine yerlestigini gosterdi. Immiin boyama sonuglari hiicrelerin doku
iskelesi i¢inde indiiksiyon sonucunda keratositlere farklilagtigini spesifik markerlerin
ekspresyonu ile ortaya koydu. Gelistirilen kornea doku eslenigi in vivo ¢alismalarda
test edilebilecek ve kornea hasarlari ve hastaliklari i¢in umut verici bir tedavi yaklasimi

olabilecek niteliktedir.

Anahtar Sozciikler: Kornea doku miihendisligi, Wharton's Jelly mezenkimal kok

hiicreleri, hidrojel, elektroegrilmis lifli yapi, hibrit doku iskelesi.
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ABSTRACT

Cornea Tissue Engineering Using Hydrogel and Stem Cell

Cornea, which acts as a structural barrier and protects eye against infections, can
be damaged by some factors like physical, chemical, and thermal injuries. Tissue
engineering is a promising approach for the treatment of cornea damages. In this
study, it was aimed to develop a stem cell loaded, hydrogel based, 3D, hybrid corneal
tissue substitute under in vitro conditions via tissue engineering approach. The hybrid
scaffold was constructed by combining thin MeHA hydrogel, electrospun random
fibrous mesh, and thick MeHA hydrogel. The scaffolds were characterized in terms of
morphology, swelling degree, mechanical properties, and transparency. Human
Wharton’s Jelly mesenchymal stem cells (WJ MSCs) was used and loaded into thick
MeHA hydrogel. WJ MSCs were induced to differentiate into keratocytes, and then
differentiation was shown with immunostaining by the expression of specific
keratocyte markers. The viability, proliferation, and morphology of induced-WJ MSCs
within the hybrid scaffolds were investigated. It was observed that most of cells were
alive within the construct. It was revealed that MSCs were not proliferated after
induction, but they conserved their loading number. SEM morphology results showed
that three layered hybrid scaffold was produced successfully with proper integration,
and the cells were located within the pores of hydrogel. At the end of keratocyte
induction, immunostaining results revealed that the cells demonstrated the expression
of keratocyte specific markers, which indicated their differentiate into keratocytes
within the scaffold. The developed corneal tissue substitute could be tested under in
vivo studies and could be a promising treatment approach for corneal damages and

diseases.

Keywords: Cornea tissue engineering, Wharton’s Jelly mesenchymal stem cells,

hydrogel, electrospun fibrous mesh, hybrid scaffold.
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1 INTRODUCTION AND AIM

According to the data of 2010, it is estimated that more than 10 million people
suffer from blindness because of corneal damages due to the lack of appropriate
treatment for corneal diseases or corneal injuries, and it is known that approximately
60 000 patients undergo corneal transplantation every year (1). Cornea tissue
engineering (CTE), which was developed as an alternative method to corneal
transplantation due to the donor shortage experienced all over the world, has been a

frequently studied area in the past decade (2).

Tissue engineering is an interdisciplinary field that aims to develop a biological
substitute that can replace dysfunctional and damaged tissue by applying engineering
and life science principles (3). The tissue-engineered constructs preferably consist of
the patient's own cells and biomaterials called as scaffolds that mimic the extracellular
matrix of the native tissue. The physical and chemical properties of biomaterials play
an important role in providing the necessary support for cell adhesion and

proliferation.

The CTE approach requires a scaffold to temporarily function as corneal ECM
(4). Therefore, the design created in CTE is expected to show transparency and
mechanical strength similar to cornea tissue (5). At the same time, scaffolds should
provide suitable environment for corneal cells. The necessity of mimicking the natural
corneal extracellular matrix environment with the best scaffold material has been

confirmed by various studies (6-14).

The cornea, a transparent part of the eyeball, acts as a structural barrier and
protects eye against infections (15). The most important function of the cornea is to
contribute most to the refractive power of the eye, and thus to focus the external image
on the retina with minimum dispersion (16, 17). The cornea is a convex tissue and
consists of 5 layers (18). The outermost corneal epithelium is a stratified squamous
epithelial tissue originating from limbal stem cells (19). Bowman's membrane, which
supports the basal cells in the epithelial tissue, consists of collagen fibers in an irregular

organization. The stroma layer in the middle is composed of connective tissue
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containing collagen and proteoglycans, and is the thickest layer in the cornea (3). The
organization of collagen fibers in a certain order gives transparency to the cornea.
Descemet's membrane, a thick basement membrane, supports single-layer flat
endothelial cells in the innermost layer. These cells are responsible for the fluid

balance in the stroma layer so that the cornea remains transparent.

Similar to natural tissue, hydrogels are widely used as a biomaterial in corneal
tissue engineering due to their large water content (20). Hydrogel scaffolds lack the
fibrous structure that acts as a load-bearing component in natural tissue, resulting in
reduced mechanical performance. The use of crosslinking methods, the use of
synthetic and/or natural polymers together and optimizing their ratios are among the

most frequently used methods to improve mechanical performance of the scaffolds

@1).

Electrospinning is used to create fibrous scaffolds supported with fibers at nano
or micro scale for CTE (22). The biomaterials obtained by this method provide a
suitable environment for cell attachment and proliferation in biomimetic tissue
engineering due to their fibrous structure similar to the extracellular matrix in natural

tissues with high surface/volume ratio and good porosity.

Keratocytes (10), epithelial cells (23), endothelial cells (12) and various stem cells
such as limbal stem cells, human umbilical cord stem cells, dental pulp stem cells,

adipose-derived stem cells and etc. are used as cell source in CTE (24-27).

In a small number of preclinical studies, scaffolds that mimic all layers of the
cornea have been tried to be created, but none of them are clinically applicable and
studies continue (22). The most important point to be considered in the biomaterials to
be developed for corneal tissue is that they should be transparent and mechanically
flexible (5). There are still difficulties in producing a corneal tissue substitute that will
fully meet its biological and mechanical properties. In order to fill the gap in this area,
it is important to obtain a high-performance corneal equivalent that can better mimic

the microstructure of the layers of the natural corneal tissue.
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Corneal transplantation is applied in irreversible and progressive corneal damages
and diseases. It is a promising approach to develop an alternative corneal substitute by
utilizing tissue engineering principles in order to meet the increasing need for donors
and to minimize immunological reactions with a artificial corneal tissue that will
preferably consist of the patient's own cells. In this study, it was aimed to develop a
stem cell loaded, hydrogel based, 3D, hybrid corneal tissue substitute under in vitro
conditions via tissue engineering approach. The hybrid scaffold was planned to be
constructed by combining thin methacrylated hyaluronic acid (MeHA) hydrogel,
electrospun random fibrous mesh, and thick MeHA hydrogel to imitate corneal
epithelium, Bowman’s membrane, and corneal stroma, respectively. The use of human
Wharton’s Jelly mesenchymal stem cells derived from umbilical cord matrix was
planned to differentiate into keratocytes. It was thought that the corneal tissue
substitute developed in vitro, consisting of mesenchymal stem cells and a

biodegradable cell carrier, might have potential in regenerative treatment approaches.

In this study, it was aimed to develop a corneal tissue substitute consisting of
hydrogel-based hybrid scaffold loaded with keratocyte-like cells differentiated from
WIJ MSCs. The corneal tissue substitute design was inspired by the histological
properties and functions of the natural corneal tissue. In this concept, the construct was
planned to be formed by three layers, thin MeHA hydrogel, electrospun random
fibrous mesh, and cell-loaded thick MeHA hydrogel to imitate corneal epithelium,
Bowman’s membrane and corneal stroma, respectively. It was planned to use WJ
MSCs, which are promising in the field of tissue engineering due to their ability to
differentiate into various cell types. It was thought that the developed corneal tissue
substitute might have a potential in regenerative approaches for the treatment of cornea

damages.
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2 BACKGROUND

2.1 Structure of Cornea

Cornea is a transparent tissue located on the anterior window of the eyeball
(Figure 1) (15). It is approximately 535 um thick in the centre and 550-600 um thick
at the periphery. The most important function of the cornea is to contribute most to the
refractive power of the eye, and thus, to focus the external image on the retina with
minimum dispersion (16). Cornea is an avascular tissue, and therefore, the required
oxygen and glucose to fulfil the cornea's metabolic functions are provided from the
aqueous humour of the anterior chamber and from the tear film formed on its outer
surface (28). Tears contain antibacterial and UV protective agents (proteins like tear
albumin, lactoferrin, enzymes like lysozyme, lipids, metabolites, and electrolytes) to

protect corneal epithelium.
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Figure 1. Schematic drawing of the structure of the eye.

The cornea is a convex tissue, and consists of five layers as corneal epithelium at
the surface, Bowman’s membrane (anterior basement membrane), corneal stroma,
Descemet’s membrane (posterior basement membrane) and corneal endothelium
(Figure 2) (15). The size of the cornea is 11-12 mm horizontally and 9-11 mm
vertically (18). The thinnest central region is 535 pum in thickness, and it thickens
gradually towards the periphery in the range of 550 to 600 um in thickness (29). This
change in corneal tissue thickness is mainly due to the increase in the amount of

collagen in the stroma (30). Cornea consists of three types of cells that are epithelial
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cells, keratocytes, and endothelial cells, and its extracellular matrix (ECM) consists

mainly of collagen and glycosaminoglycans (15).
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Figure 2. Schematic presentation of the structure and layers of the cornea.

The corneal epithelium, the exterior layer of the cornea, is a 50-90 um thick
nonkeratinized, stratified squamous epithelial tissue which is composed of 5 to 7 layer
epithelial cells (31). The basal columnar cells originate from limbal stem cells and can
regenerate within 24 hours (19). Stem cells divide asymmetrically to differentiate into
basal central corneal epithelial cells. After these cells differentiate into wing or
suprabasal cells, they migrate to the surface of the cornea as becoming superficial
corneal epithelial cells (32). Although corneal epithelium does not contain blood
vessels under normal conditions, many neutrophils and lymphocytes settle to the
stroma in case of inflammation by migrating from the vessels in corneoscleral limbus,
the region between the cornea and sclera. The corneal epithelium is fed by tears,

aqueous humour and limbal capillaries (33, 34).

Epithelial basal cells attach onto the Bowman’s membrane that is approximately
8-10 um thick (15). It is composed of mainly type IV collagen, laminin, perlacan (a
heparan sulfate proteoglycan) and nidogen (a sulfated glycoprotein) as well as
fibronectin (35). Bowman’s membrane is a homogeneous layer and contains randomly

organized collagen fibers that have a diameter of 18 nm (15). Since the Bowman’s
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membrane does not have a self-renewal feature, when there is a damage, an opaque

wound that can impair vision occurs.

Stroma is the thickest layer of cornea with approximately 450 um in thickness
(15). It constitutes 90% of the cornea tissue. Corneal stroma is made of connective
tissue containing collagen and proteoglycan. The orthogonal lamellar organization of
collagen fibers in the corneal stroma frame is important to provide light transmittance
through the cornea and for its mechanical properties. Corneal stroma contains
keratocytes, which are responsible for the regulation of extracellular matrix (ECM)
components of the corneal stroma through collagen and proteoglycan synthesis (22,
36). Keratocytes are derived from neural crest cells which migrate to settle in the
mesenchyme and remain as modified fibrocytes in the stroma throughout life (37).
From there they migrate to settle in the mesenchyme and remain as modified fibroblast
in the stroma throughout life. Stromal keratocytes are rarely dispersed in the stroma
and their numbers range from 200 million to 1.5 billion (32). Keratocytes are actively
involved in the production of glycosaminoglycans. There are 3 types of
glycosaminoglycans in the stroma: keratan sulfate (50%), chondroitin sulfate C (25%)
and chondroitin sulfate A (25%). Keratocytes have role in stroma organization and
maintenance of the cornea transparency by crystalline proteins’ expression and
proteoglycans’ production (38-40). During wound healing process keratocytes convert
their phenotypes into fibroblasts and myofibroblasts leading to reduced stroma
transparency. At the injury site fibroblasts start to secrete biglycan, fibronectin and
collagen type I and type III. Then, this fibroblastic transformation is associated with
reduced cornea transparency by decrease in the expression of transketolase (TKT) (32,
39, 40). The fibroblasts gradually acquire the keratocyte phenotype upon tissue repair

and the cornea becomes transparent (32, 36).

The phenotype of keratocytes can be determined by specific cell marker
expressions like CD34, a hematopoietic marker; aldehyde dehydrogenase (ALDH)
classes 1 and 3, SLRP keratocan and keratan sulfate (38). Also, it expresses lumican,

B-actin, tachykinin precursor 1, tachykinin receptor 1, collagen types I-III-V and VL
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Descemet membrane, a 10-15 pm thick basement membrane, supports monolayer
of endothelial cells in the innermost layer. This membrane mainly consists of type I

collagen and, also contains type VI collagen (39).

The corneal endothelium, the innermost layer of cornea, consists of monolayer of
flat epithelial cells with a thickness of 5 um (38). Corneal endothelial cells have
polygonal shape and are in direct contact with the aqueous anterior chamber (41, 42).
They are responsible for feeding of the corneal stroma and maintaining the
transparency by moisturizing the cornea since excessive hydration of the stroma leads
to the opacity. There is an active pump mechanism in the endothelium. It prevents
swelling of corneal stroma by eliminating excess liquid with the activity of Na* / K*
pumps and Mg" ionic pumps (43). Thus, endothelial cells act as a stabilizing pump
that regulates the amount of fluid in the cornea, and thus take role in maintaining
cornea transparency. Endothelial cells may change to fibroblast-like cells under
excessive stress and trauma (44). When there is a loss of corneal endothelium, they

cannot proliferate, but they expand and fill the lost regions.
2.2 Corneal Diseases

The cornea acts as an external barrier and protects the inner parts of the eye against
germs, dust and harmful substances (45). It shares this task with the eyelids, eye socket,
tear and sclera (16). Cornea is the entry point of the rays into the eye, it provides
refraction of the light and filters some of the UV light (46). Even though it acts as a
protective barrier, abrasion, physical, chemical, thermal and photokeratitis-induced
factors can cause various damages at different level to the cornea (16, 45, 47). Corneal
dystrophies (48), dry eye (47), keratitis (49), and allergies (50) are the main corneal

diseases.

Allergy may develop due to pollen or various drugs, contact lenses, and cosmetics
used, and it shows symptoms such as redness, itching, burning, stinging, tearing and
watering (50). Keratitis can be occurred due to corneal infections by bacteria, viruses
or fungi, and displays symptoms of pain, watering, burring and blurred vision (49).
The transparent corneal tissue can become blurred, thin or even perforated due to

keratitis. When the tears that feed the cornea cannot be produced continuously, dry
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eyes may occur with a feeling of stinging symptoms due to dry weather, connective
tissue diseases, the use of various drugs and long-term use of lenses (47). The other
disease may be corneal ulceration caused by a bacterial infection invading the cornea
due to injury or trauma and may result in vision loss on advancing period of the disease
(51). Corneal dystrophies begin with decreased corneal endothelial cell number and
impaired pumping function over time, and result in thick and opaque cornea,
eventually vision decreases (48). When the edema reaches the outer surface of the
cornea, it can also form small blisters and pain. Keratoconus occurs when the structural
integrity of the cornea may be impaired as the corneal tissue becomes thinner and loses
its normal curvature and takes the shape of a cone (52). Although the exact cause is
not known, this disease may be inherited and may cause moderate to severe

astigmatism and blurred vision.
2.3 Therapeutic Approaches for Corneal Diseases

According to 2010 data, it is estimated that more than 10 million people are
experiencing blindness due to corneal diseases and known that approximately 60 000

patients undergo corneal transplants each year (53).

There are several different clinical treatments available for mild or severe corneal
damage (54). Pharmacological treatment methods such as autologous serum
administration, antibiotics and anti-inflammatory drug administration are applied in
less complex cases in which some parts of the cornea are affected. For instance,
pharmacological treatments can be applied in mild epithelial degeneration and
dehydration problems. These problems can be treated with autologous serum and/or

antibiotic practices.

As an alternative method, gene therapy is applied in various diseases such as
corneal scar, corneal vascularization and inflammation to eliminate the problems
inherited and acquired diseases of the cornea (55). The accessibility, transparency,
immune privilege and stability of the cornea make the gene therapy appropriate

approach for corneal injuries.
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In more complex cases where multiple layers of the cornea are affected, the
damaged area and or the entire cornea must be replaced (56). For permanent or
severely deformed corneal injuries, since the net vision cannot be repaired by
alternative methods, keratoplasty, corneal transplant, is preferred. In this widely used
treatment method, healthy corneal tissue taken from a donor is implanted to the
diseased corneal tissue (57). For this process, recipient and donor tissues must be
compatible with each other. Although the success rate of corneal transplantation is
higher than other treatments, donor limitation and tissue rejection are the main
difficulties (2). Therefore, artificial corneal implant has been developed for the

treatment of damaged cornea.

Replacing the damaged cornea with artificial cornea (keratoprosthesis) is called
prostho-keratoplasty (58). Although the use of keratoprosthesis was first used with
hard materials such as glass and quartz in the 19" century, it was observed that it would
be more appropriate to make the material to be used for corneal conjugation from
polymer. It is intended to allow adequate oxygen permeability and nutrient
permeability to protect the cellular components of the formed tissue and to interact
with adjacent tissues. The biomaterials used for this purpose have been changed over
time. More biocompatible synthetic polymers have been used to better mimic the
corneal extracellular matrix (ECM). Considering the initial studies, it is seen that poly
(methyl methacrylate) (PMMA) (59) and poly (2-hydroxyethyl methacrylate)
(PHEMA) (60) were the most frequently used polymer in this field. Combination of
biomaterials with cells to obtain corneal tissue substitutes by tissue engineering is an
alternative treatment approach which has been frequently studied for cornea repair in

the past decade.
24 Tissue Engineering

Tissue engineering is an interdisciplinary field that aims to develop a biological
substitute by applying the principles of engineering and life sciences (3). Tissue
engineering approach that aims to repair and improve damaged or lost tissue structures
and/or functions due to injury, accident or different pathological conditions. It includes

combination of targeted tissue specific cells and scaffolds, and optionally integration
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of biological agents (Figure 3). Tissue-engineered constructs consist of biomaterials
called scaffolds that mimic the extracellular matrix (ECM), and cells that are
preferably the patient's own cells. Physical and chemical properties of the scaffolds
play an important role in providing the necessary support for cell attachment,

proliferation, organization and even differentiation.
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Figure 3. The principle of tissue engineering.

The histological properties of the target tissue should be known very well to
imitate its ECM and cellular composition in order to develop an ideal tissue equivalent
(3). For that purpose, mature cells or stem cells can be preferably isolated from the
patient to prevent immunological response. Tissue-inducing biological agents, such as
growth factors and tissue specific molecules can be integrated into scaffolds (61). The
scaffold should be biocompatible so that it does not evoke any immune reaction or a
minimal immune reaction (62). Due to fact that the cells can produce their own ECM,
scaffolds should preferably be biodegradable and should not have any toxic end-
products. It should have appropriate mechanical properties depend on the target tissue.
Moreover, it should have a suitable porosity to enable cell penetration, cell-cell

interaction and exchange of necessary nutrients for the cells (58).
2.5 Cornea Tissue Engineering

Various methods have been applied for the treatment of the damaged cornea to

date (54-58, 63). Pharmacological treatment methods specific to cornea injuries are
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suitable for relieving symptoms without providing permanent solutions to cornea
injuries. Gene therapy methods cannot be actively used in every region. Although the
success rate of the keratoplasty is higher than other methods, donor tissue availability
and tissue rejection limits the application of this method (2). Due to these problems,
developing cornea tissue equivalents via tissue engineering is a promising alternative
approach for cornea transplantation.

Considering the functionality of the cornea, there are four main design
requirements in cornea substitutes’ design as providing protection, allowing light
transmittance, having an ideal optical interface and being biocompatible (5). It is
important to mimic the histological features of the native cornea as closely as possible
(8, 64, 65). In this intend, the construct to be created should have an ideal flexibility.
The ultimate corneal tissue substitute should have an appropriate transparency. It
should also undertake the protection function provided by the natural cornea.

The extracellular matrix (ECM) composed of extracellular molecules secreted
by cells provides structural and biochemical support for the cells that are housed (66).
It induces cell-matrix interactions, cell adhesion, migration, proliferation, and also
differentiation. ECM also provides mechanical support to the cells. The main
molecules form the ECM are collagen fibers, elastin fibers, proteoglycans and
glycosaminoglycans (GAGs). Cells interact with ECM via cell membrane receptors,
integrins, and signals from ECM are transmitted to the inside of the cell.

The main components of proteoglycans are unbranched polysaccharide
structures (GAGs) consisting of repeating disaccharides of an amino sugar and an
uronic acid (3). Heparan sulfate, chondroitin sulfate and keratan sulfate are the most
important components of GAGs, which consist of different types of disaccharides.
Heparan sulfate is involved in the cell signalling by secreting growth factors.
Hyaluronic acid is formed by repeating gluconic acid and N-acetyl glucosamine. It is
a free ECM part that does not have a proteoglycan component and is found in large
quantities in early embryos.

Collagen is a chain structure consisting of proline, glycine and aspartic acid (67).
Before being secreted, three chains come together to bend to form collagen fibrils,
forming a triple helix structure. There are different types of collagens consisting of

different chains. Collagen type I is the most common type of collagen in most tissues.
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Collagen helixes are covalently crosslinked, affecting the changing mechanical
properties of tissues with age. Elastin is the protein that provides elasticity and acts on
the cell signalling. Laminin, on the other hand, is a glycoprotein consisting of three
crosslinked disulfide-bonded polypeptides found in basal lamina. Fibronectin,
containing integrin binding regions, is involved in directing the organization of the
ECM. It contributes to cell binding with its RGD sequence which binds to integrins on

the cell surface.
2.5.1 Cell sources used in cornea tissue engineering

Adult keratocytes and stem cells are used to obtain an in vifro corneal tissue
substitutes in cornea tissue engineering (22). Adult keratocytes (10, 11), epithelial cells
(23) and endothelial cells (12) in natural cornea tissue are mostly used. Embryonic
stem cells can be preferred because they have high self-renewal capacity and high
differentiation potential. However, since there are ethical issues about embryonic stem
cells and there is a risk of teratoma formation, adult stem cells would be an alternative

cell source.

Because of their ability to quickly differentiate into the desired cell type, limbal
stem cells (68), corneal stromal stem cells (20), mesenchymal stem cells derived from
human umbilical cord (26), dental pulp (27), postnatal periodontal ligament tissue (69)

and adipose tissue (70) are used in cornea tissue engineering.
2.5.1.1 Stem cells

Stem cells are undifferentiated cells that have high ability to undergo mitosis and
renew themselves (71). These cells have potential to differentiate into different
specialized tissue cells when they are induced with certain biological signals. Stem
cells are classified according to their origin, as embryonic, germinal, or somatic (fetal
or adult). Advances in stem cell biology make these cells potential sources to be used
in the field of regenerative medicine and tissue engineering.

Stem cells are defined by the following identities that differ these cells from other
cells in the body (72, 73).

1) They have an ability to divide and renew themselves over long period of time.
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2) They are not specialized.

3) They give rise to various specialized cell types via differentiation by

appropriate induction.

4) Stem cells should be able to functionally regenerate the damaged tissue after

transplantation to the recipient.

Stem cells are classified as totipotent, pluripotent and multipotent according to
their differentiation potential (74). Totipotent stem cells are the stem cells that make
up the whole embryo and the extra-embryonic tissues with their unlimited
differentiation capacity. All blastomeres up to 8 cells in the early embryo period are
totipotent (71). Pluripotent stem cells can form all cell types in the body. The
pluripotent stem cells can differentiate into many different types of cells originating
from endoderm, ectoderm and mesoderm. Multipotent stem cells are programmed to
differentiate into certain tissues. For example, adult stem cells typically produce cell
types of tissue in which they are located.

Embryonic stem cells (ESCs) which are derived from blastocyst stage of an
embryo, have pluripotent properties (75). ESCs are obtained from the inner cell mass
of blastocyst. ESCs simultaneously form embryoid bodies in suspension culture in
vitro. They can differentiate into various cell types that are derived from endoderm,
mesoderm, and ectoderm layers. ESCs express high levels of telomerase activity;
therefore, they have unlimited proliferation capacity. This property of ESCs leads to
risk of teratoma formation. The other limitation of ESCs is ethical concern since they
are obtained from embryo. In addition, the choice of appropriate differentiation
protocols to obtain functional mature cells is still important problem about ESCs.

As a solution to the ethical debates regarding the use of embryonic stem cells,
induced pluripotent stem cells (IPSCs) have been used as a new alternative method
(76). IPSCs are obtained from somatic cells like fibroblasts which are reprogrammed
to form ESC-like cells with ESC properties such as high proliferation and
differentiation capacity (77). Like ESCs, IPSCs can differentiate into all cell types
derived from endoderm, mesoderm, and ectoderm. Therefore, IPSCs appear as an
alternative cell source to provide regeneration by differentiating into tissues such as

retinal pigment epithelium and corneal epithelium (78). Since they are obtained from
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somatic cells there is no ethical problems of IPSCs like isolating the cells that we
encounter especially in ESCs from embryo. However, like ESCs because of high
telomerase activity they carry the risk of teratoma formation in undifferentiated state.
They should be carefully utilized in cell therapy and regenerative medicine; however,

IPSCs have a great potential to be used in in vitro disease modelling.

Another cell type with high proliferation capacity is the stem cell found in the
cornea (15). Corneal epithelial stem cells are located in the corneoscleral limbus, the
transition zone between the cornea and the sclera. For this reason, it is also called
limbal (epithelial) stem cell. Limbal stem cells located on the basement membrane,
have high proliferation capacity, and they undergo symmetric and asymmetric cell
division (79). While two identical stem cells are obtained with symmetric division, one
stem cell and one differentiated are obtained with asymmetric division. It has an
important repair and renewal mechanism for the corneal epithelium. It is known that
the corneal tissue is constantly being renewed by stem cells and these stem cells play

an important role in the persistence of corneal transparency (80).

Mesenchymal stem cells (MSC) are stem cells that can differentiate into various
mesodermal cell types and induce angiogenesis in both in vitro and in vivo (81). MSCs
are frequently preferred in the field of tissue engineering in recent years due to their
self-renewal capacity, differentiation potential, enhancing blood vessel formation,
preventing cell death, and immune regulating function. MSCs are especially important
for clinical applications because of their reduced teratoma formation risk and reduced
immune rejection. MSCs are commonly isolated from bone marrow stroma and have
a tendency to differentiate into osteocyte, chondrocyte and adipocyte (82, 83). MSCs
adhere to tissue culture plastics under standard in vitro culture conditions and express
specific surface antigens like CD105 (endoglin), CD73 (5'-nucleotidase) and CD90
(Thy-1) that are expected positive markers (>95%), while they do not express
hematopoietic stem cells markers like CD34 (sialomucin) and CD45 (PTPRC) (<2%)
(Table 1) (84). In addition, MSCs express CD44 (LHR or MC56) surface antigen

which is important for cell attachment to hyaluronan (85).
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Table 1. The positive and negative markers for the characterization of mesenchymal

stem cells (86).

POSITIVE (=95%) NEGATIVE (2%)

CD105 CD45

CD73 CD34

CD90 CD14 or CD11b
CD79a or CD19
HLA-DR

Besides bone marrow, MSCs are present in almost all adult tissues such as adipose
tissue (87), umbilical cord blood and matrix (88), peripheral blood (89), and dental
pulp (90). Despite its many advantages, BMSCs are obtained by invasive method from
limited amount of tissues compared to other MSC sources. This is the most important

point which directs scientists to the other MSC sources.

Umbilical cord matrix (Wharton’s Jelly) excluding two arteries and one vein is a
mucous connective tissue (Figure 4) which consists of collagen, hyaluronan,
proteoglycan and mucopolysaccharides (15, 84, 91). ECM components of Wharton's
Jelly are associated with factors required for cell growth, proliferation and
differentiation, such as insulin growth factor, transforming growth factor (TGF-3) and
fibroblast growth factor (FGF) (92). In addition, it takes part in remodeling of ECM.
Umbilical cord stem cells are stem cells that are found in cord blood or umbilical cord
matrix (Wharton’s Jelly) (93). MSCs in the umbilical cord matrix (Wharton’s Jelly)
can be easily isolated by explant culture (94) or enzymatic digestion (95). Since
umbilical cord is a discarded tissue after birth, the access to tissue is easy and it is not
an invasive procedure. Cells obtained from Wharton's Jelly express high levels of
mesenchymal stem cell markers which are CD105, CD73, CD90 and CD44, and have
superior differentiation ability (93). In addition, MSCs derived from Wharton’s Jelly
have low immunogenicity. They can be isolated and cultured in vitro quickly, and
abundant stem cells can be isolated and retain their stemness for a longer time than
MSCs from other sources. Cells obtained from umbilical cord have high proliferation
and differentiation properties due to their neonatal origin. Besides their tendency to

differentiate osteocytes, chondrocytes and adipocytes (93, 96-98), these MSCs can be
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differentiated into corneal epithelial, stromal keratocytes and endothelial cells (99,
100). Although it is known to have promising effects on corneal damage by
differentiating into keratocytes, there are limited number of studies in the literature
about the use of Wharton’s Jelly mesenchymal stem cells (WJ MSCs) in cornea tissue

engineering.

Umbilical Arteries

Subamnion

Wharton’s Jelly

Amnion

Umbilical Vein

Figure 4. Schematic representation of umbilical cord.

2.5.2 Scaffolds used in cornea tissue engineering

Tissue scaffolds composed of biomaterials mimicking the ECM of target tissue
are combined with cells in tissue engineering to replace the losses in human tissues
and to reduce the healing process time (3). The physical and chemical properties of
scaffolds that can be natural and/or synthetic materials can be adjusted to fulfil or
support the functions of living tissues in the human body. The scaffolds play an
important role in supporting for cell adhesion, proliferation, migration, and also
providing appropriate environment for nutrient diffusion. An ideal tissue scaffold to

be used in corneal tissue engineering should be able to imitate the architecture and
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content of natural corneal tissue as much as possible (22). The examples of scaffolds

and cells used in cornea tissue engineering studies were shown in Table 2.

Similar to native corneal tissue, hydrogels are widely used as a biomaterial in
corneal tissue engineering due to their large water content (21, 24, 101-109). Scaffolds
can be made of hydrogels which are designed to be porous and bioresorbable to induce
cell attachment, proliferation, migration, and differentiation. Various natural materials
such as collagen (110), fibrin (111), silk (112), and synthetic materials such as
poly(vinyl alcohol) (PVA) (102), poly(ethylene glycol) (PEG) (113), poly(acrylic
acid) (114) and poly(N-isopropyl acrylamide) (114) have been used to fabricate
hydrogel scaffolds. However, these hydrogel scaffolds lack the fibrous structure that
acts as a load-bearing component in native tissue, therefore, it results in reduced
mechanical performance. For that reason, in corneal tissue engineering applications,
using constructs composed of synthetic and/or natural polymers, and optimizing their
composition and crosslinking degree are among the frequently used strategies to
enhance chemical and mechanical properties of hydrogel based scaffolds (21). In
addition, the hydrogels can be combined with other forms of scaffolds such as fibrous

meshes, sponges, films or 3D printed constructs.

Polymeric fibrous meshes obtained by electrospinning are also used in cornea
tissue engineering (8, 22, 25, 115-117). The fibrous meshes with a fiber diameter at
nano or submicron level provide a suitable environment for cell attachment and
proliferation in biomimetic tissue engineering, since their fibrous structure similar to
the native ECM with high surface/volume ratio and good porosity. Foams or sponges
are also used in cornea tissue engineering applications with the advantage of their
porous structures (8, 12, 14, 105, 118). In foam applications, which are preferred to be
seeded together with the cell, the pores are connected to each other which allows cell
growth, migration and proliferation (8). 3D bioprinting method is also used in corneal
tissue engineering applications to mimic the 3D biological architecture of the cornea
by layer-by-layer deposition of bioink (119-123). In this method, the hydrogel chosen

for the target tissue, cells and even growth factors was used as bioink.

35



Table 2. The scaffolds and cells used in the examples of cornea tissue engineering.

Cornea Biomaterial Cell type Preclinical | Ref.

tissue layer studies

Epithelium | PVA-Collagen Human and Animal (102)
hydrogel rabbit CECs model: rabbit

Epithelium | PVA-AM hydrogel Rabbit CECs Animal (103)

model: rabbit

Epithelium  HA hydrogel hCESCs Ex vivo (104)

Epithelium | Collagen hydrogel LSCs Ex vivo (24)

Epithelium | PCL nanofibrous LSCs In vitro (115)
mesh

Epithelium | PLGA nanofibrous Conjunctival Animal (116)
mesh epithelial cell model: rabbit

Epithelium | PLA nanofibrous BM-MSCs, Ad- = Animal (25)
mesh MSCs and/or model: rabbit

LSCs

Epithelium | P(L/DL)LA-PHBV RPECs and 3T3 | [nvitro (14)

and stroma | micropatterned films | fibroblasts
and foam

Stroma and | Collagen-based HKs and RPECs | In vitro (8)

Bowman’s double-layered

membrane scaffold: foam and
fibrous mesh

Stroma P(L/DL)LA-PHBV HK and RPECs | Invitro (13)
film

Stroma Multi-layered silk hCSSCs and In vitro (124)
film hCFs

Stroma Collagen-based HKs and RPECs | In vitro (125)
micropatterned film

Stroma Collagen foam and Stromal Invitro (118)
film fibroblasts

Stroma Collagen foam and Stromal In vitro (105)
hydrogel fibroblasts

Stroma PLDLA multi- hCSCs In vitro (117)
nanofibrous mesh

Endothelium | Chitosan— PEG CECs Ex vivo (113)

hydrogel film
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Endothelium | Hydroxyethyl CECs Animal (126)
chitosan, gelatin, and model: rats
chondroitin sulfate
membrane

Endothelium | Gelatin hydrogel CECs In vitro (106)

Full- Fibrin-agarose Animal-derived | In vitro (107)

thickness hydrogels CECs

cornea

Full- Collagen-chitosan Without cells Animal (108)

thickness hydrogels model: pig

cornea

Full- Gelatin fibrous mesh | Without cells In vitro 21)

thickness and alginate hydrogel

cornea

Full- Patterned silk fibroin | HKs In vitro (109)

thickness film and collagen

cornea hydrogel

Full- Collagen/glycosamin = HKs, epithelial In vitro (12)

thickness oglycan-based foam | and CECs

cornea

Full- 3D printed PLA LEC-like cells Animal (121)

thickness and CEC-like model: pig

cornea cells derived and rabbit

from hESCs
*HA: Hyaluronic acid; PCL: Polycaprolactone; PLGA: Poly(lactic-co-glycolic acid); PLA: Poly (lactic

acid); PLDLA: Poly (L,D lactic acid); PEG: poly(ethylene glycol); PVA: poly(vinyl alcohol); AM:

Amniotic membrane; HK: Human keratocytes; hASCs : Human adipose stem cells; RPEC: retinal

pigment epithelial cells; LEC-like: Limbal epithelial cell-like; CEC-like: Corneal endothelial cell-like;
hESCs: Human embryonic stem cells; hCSSCs: Human corneal stromal stem cells; hCFs: human
corneal fibroblasts; hCSCs: Human corneal stromal cells; CECs: Corneal endothelial cells; hCESCs:

Human corneal epithelial stem cells; LSCs: corneal limbal epithelial stem cells

2.5.2.1 Hydrogels

Similar to native tissue, hydrogels are widely used as a biomaterial in corneal
tissue engineering due to their large water content (21). Various natural materials such
as collagen (24), fibrin (127) and silk (128) have been used to fabricate hydrogel
scaffolds. In order to obtain a full layer of corneal substitute, it was reported that the
collagen-chitosan hydrogel was used on a porcine model (108). A dendrimer cross-

linked collagen hydrogel (129) and fibrin agarose hydrogel (107) were prepared and
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studied as an in vitro study. In addition, the cross-linked recombinant human collagen
type 3 hydrogels were used on human in Phase 1 clinical trials (57). However, these
hydrogel-based scaffolds lack the fibrous structure that acts as a load-bearing
component in native tissue; therefore, it leads to reduced mechanical performance. In
order to improve the biochemical and mechanical properties of the corneal substitutes,
the hybrid scaffolds are formed in terms of chemical composition by combining
synthetic and/or natural polymers or in terms of physical composition by using
different forms of scaffolds together in a single construct. For instance, in one of the
study polycaprolactone (PCL) fiber-reinforced alginate hydrogels were produced (21).
It was reported that hydrogels reinforced with PCL fibers significantly increased the
mechanical properties of hydrogels, but the resulting composite hydrogels were not
suitable for corneal tissue engineering application due to their opacity (130). In order
to ensure sufficient transparency, the percentages of polymers were changed, and the
plasma discharge method was applied (131). In this context, it is still a challenge to
produce appropriate 3D corneal substitutes housing targeted cell types and having

ideal mechanical properties and transparency.
2.5.2.2 Fibrous scaffolds via electrospinning

Electrospinning is a commonly used method to fabricate fibrous scaffolds in tissue
engineering. In cornea tissue engineering as a biomimetic approach the electrospun
fibrous meshes were used with their high surface/volume ratio and porosity to support
cell penetration, cell proliferation and differentiation (83). Electrospinning is a
versatile fabrication method that is based on the principle of pushing the polymer
solution with a certain flow rate and applying high voltage between the syringe needle
and the collector (Figure 5). While the polymer solution in the syringe was pushed at
a certain flow rate, a droplet of polymer solution at the tip of syringe needle becomes
cone shape called Taylor cone upon increase in applied potential. Then by the ejection
of the polymer droplet under electric field and evaporation of the solvent, nano- or
micro-scale fibers form a mesh structure on the metal collector (132). The parameters
such as polymer concentration, solvent type, syringe needle tip, distance between the

needle and the collector (a rotating mandrel, a metal sheet or parallel bars), applied
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potential, flow rate of the polymer solution should be optimized to obtain uniform and

non-fused fibers.

To date, lots of polymers have been electrospun to obtain nano- or micro-scale
fibers prepared for use in corneal tissue engineering. Besides natural polymers such as
collagen (8), gelatin (21), hyaluronic acid (HA) (133), chitosan (133), and silk fibroins
(SF) (134), synthetic polymers such as polycaprolactone (PCL) (115), poly-L-lactic
acid (PLLA) (135), PLDLA (117) and poly (lactide-co-glycolide) (PLGA) (116) have

also been fabricated to be used in corneal tissue engineering.
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Figure 5. Schematic representation of electrospinning set-up.

2.5.2.3 Polymers used in scaffold

The natural origin polymers are widely used in tissue engineering applications due
to their various properties such as biocompatibility, biodegradability, biofunctionality,
non-toxicity and non-carcinogenicity, and pH stability. Natural polymers are classified
into three main groups: proteins, polysaccharides, and polynucleotides. Proteins are
polypeptide compounds that are formed as a result of amino acids being linked by

peptide bonds. Silk, keratin, collagen, gelatin, fibrinogen, elastin, actin, and myosin
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are examples of protein-derived natural polymers. Polysaccharides, on the other hand,
are structures formed by mono- and disaccharides with glycosidic bonds in the
polycarbohydrate structure. Cellulose, starch, dextran, chitin, chitosan, alginate are
examples of natural polymers originating from polysaccharides. There are three
important types of glycosaminoglycans in the connective tissue as heparin, chondrotin-
6-sulphate, and hyaluronic acid. Hyaluronic acid is the material that keeps the tissues
young and alive and prevents cell destruction. Polynucleotides, another type of natural
polymer, are ribonucleic acid and deoxyribonucleic acid. The primary reason for the
preference of natural polymers used in the scaffolds is to imitate natural tissue, with
their similar properties even under in vitro conditions. They degrade with enzymes in
the natural environment and do not have toxicity problems. However, they might
evoke an immune response when derived from different individual or species. In
addition, the most important disadvantage of natural polymers is their complex
structure; therefore, their manipulation is difficult, and they are not stable at high

temperatures.

The synthetic polymers are also used in tissue engineering due to their improved
mechanical properties and stability at high temperature. A large number of polymers
are biocompatible, biodegradable and do not cause an immunological response. In
addition, they can be easily tailored by changing processing conditions and
components in the desired direction to obtain the desired tissue property in tissue
engineering applications (13, 14, 25, 83, 116). Poly (lactic acid) (PLA) (25), poly (L,D
lactic acid) (PLDLA) (13, 14), and poly(lactide-co-glycolic acid) (PLGA) (116) are
among the most widely used synthetic polymers in tissue engineering, including

corneal tissue engineering.

The functional role of the cornea requires four major design criteria as protection,
transparency, an ideal optical interface, and biocompatibility. Many synthetic
polymers, such as polyhydroxyethyl methacrylate (PHEMA) (136) and
polymethylmethacrylate (PMMA) (7), have shown excellent biocompatibility in the
past studies and are excellent sources for corneal transplantation. Poly-glycolide

(PGA) and PLGA are generally used in corneal tissue engineering (137). PLGA is a
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copolymer of PLA and PGA has been approved by the FDA for clinical use. Poly-N-
isopropylacrylamide (PNIPAM) supports the growth of cells(138).

The commonly used natural polymer is collagen, a kind of structural protein,
makes up 71% of the dry weight of the natural corneal stroma (57). Collagen supports
cell survival and induces cell proliferation and differentiation as a component of the
extracellular matrix (139). For this reason, collagen hydrogels, collagen sponges,
collagen films and reinforced collagen skeletons have been used to date (140). As an
alternative approach, collagen-like peptides, gelatin hydrogels, synthetic polymers,
fish scale derived bio-cornea, silk fibroin and decellularized cornea have been also

used.
2.5.2.3.1 Collagen

Collagen is the most abundant protein by weight in humans and animals (141,
142). It is an important protein found in different connective tissues such as skin, bone,
cartilage and tendon, and constitutes approximately 1/3 of the total protein. Collagen
molecules consist of three polypeptide chains in a helical structure. Polypeptide
subunits, a-chains form the triple helix of the collagen molecule (143). Two a-chains
convert to a peptide chain dimer known as B-peptide chain, while three o chains
convert to peptide chain trimer known as y-peptide chain (tropocollagen molecule)
(141). Each peptide chain i1s approximately 300 nm long, 1.5 nm in diameter, with a
molar mass of about 100 kDa, and contains exactly 1050 amino acid residues wrapped
around each other in a characteristic triple helix (144). It has a high molecular weight
of 300-350 kDa. The amino acid sequence in collagen is a repeating tripeptide unit
(Gly-X-Y) (145). Gly refers glycine, X is for proline and Y is for hydroxyproline.
Collagen helices are cross-linked covalently and affect the change in mechanical
properties of tissues with age. There are many types of collagens such as collagen type

I, 11, II1, TV, etc. that can consist of similar or different chains in the triple helix (3).
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2.5.2.3.2 Methacrylated hyaluronic acid (MeHA)

The most common glycosaminoglycan, one of the natural polysaccharides found
in vertebrate tissues, is known as hyaluronic acid (HA) or hyaluronan (146). It is a
glycosaminoglycan whose monosaccharide units are linked by alternating -1,3 and
B-1,4 glycosidic bonds and consists of repeating N-acetyl-d-glucosamine and d-
glucuronic acid units (Figure 6). The fact that it contains various functional groups
such as amide, carboxyl and hydroxyl in its structure makes it easy to modify (147).
Its properties, such as being biocompatible, biodegradable, non-immunogenic and

non-toxic, have made HA a potential natural material to be used in tissue engineering

(148).
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Figure 6. Chemical structure of hyaluronic acid.

HA is broken down in the body by the enzyme hyaluronidase (149). Therefore,
for tissue engineering applications the degradation rate can be reduced by cross-linking
of HA chains. Photopolymerization is the most effective method used in crosslinking,
and chemical methacrylation of HA is used to obtain photopolymerizable conjugate
(150). Addition of methacrylic anhydride to form methacrylated hyaluronic acid
(MeHA) results in a UV photocrosslinkable hydrogel as shown in Figure 7 (150). In
this context, the degree of crosslinking is very important. It has been shown that the
crosslinking density, which will affect the mechanical properties of the scaffolds,

induces cell adhesion, morphology, proliferation and even differentiation (151).
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Figure 7. Chemical methacrylation of HA to obtain MeHA.

2.5.2.3.3 Polylactic acid (PLA)

Polylactic acid (PLA) is a thermoplastic synthetic polymer with high strength and
modulus (152). The monomeric unit of the PLA backbone is represented by the
formula CH3—CH(OH)-COOH (Figure 8) (153).

CH,

HO < N
n

O

Figure 8. Chemical structure of PLA.

It is commonly obtained industrially by the polymerization of lactic acid or the
ring-opening polymerization (ROP) of lactide monomer. The Young's modulus ranges
from semi-crystalline to high-crystalline polymer with 2.7-16 GPa (154). It is also used
in the field of biomedical, packaging and textile fibers due to its transparency, low
toxicity, easy processing, biocompatibility, biodegradability and environmentally
friendly properties (155, 156). It is also used in tissue engineering as scaffolds for
tissue replacement and regeneration (25). It provides good printability with its high
surface energy (121). Therefore, it allows it to be widely used in 3D printing. However,
there are also disadvantages that limit its use with high brittleness and poor

crystallization properties (152).
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2.5.2.3.4 Poly(lactic-co-glycolic acid) (PLGA)

Poly(lactic-co-glycolic acid) (PLGA) is a copolymer with biodegradability and
biocompatibility properties (157). PLGA is synthesized by ring-opening
copolymerization of cyclic dimers (1,4-dioxane-2,5-diones) of two different

monomers, glycolic acid and lactic acid (Figure 9).
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Figure 9. Chemical structure of PLGA.

PLGA degrades by hydrolysis of ester bonds in the presence of water (158). Lactic
acid and glycolic acid are metabolized in the body. Therefore, there is a minimal
systemic toxicity associated with the use of PLGA for biomaterial applications, and
acidic degradation of PLGA has been reported to lower the local pH sufficiently (159).
It is preferred in tissue engineering applications due to its good mechanical behavior,

low toxicity, porosity, biodegradability and biocompatibility (160, 161).
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3 MATERIALS AND METHODS

3.1 Materials

Poly (lactic-co-glycolic acid) (PLGA) (50:50, Mw: 153 000 g/mol) was obtained
from Purac, Corbion Company (Netherlands). Type I atelocollagen from bovine
achilles tendon was obtained from Bugamed Biotechnology (Eskisehir, Turkey).
SnakeSkin dialysis tubing 10 000 MWCO was purchased from Thermo Fisher
Scientific (USA). Hyaluronic acid, methacrylic anhydride, NaOH, acetic acid,
Irgacure 2959, glutaraldehyde, cacodylic acid, NaCl, dexamethasone, ascorbate-2-
phosphate, DAPI, trypsin-EDTA, silver-nitrate, sodium thiosulfate, FITC-Phalloidin,
WST-1, proline, sodium pyruvate, trypan blue, DMSO, insulin-transferrin-selenite
(ITS), TGFB3, BSA, Triton-X-100 were obtained from Sigma-Aldrich (USA).
Paraformaldehyde, N,N-dimethylformamide (DMF), HCI were obtained from Merck
Company (USA). B-glycerol phosphate disodium salt 5-hydrate and ascorbic acid were
purchased from Biochemica (UK). ALP kit was purchased from Randox.
LIVE/DEAD™ Viability/Cytotoxicity Kit was purchased from ThermoFisher
Scientific (USA) and ABP Bioscience (USA). Dulbecco’s Modified Eagle
Medium:F12 (DMEM:F12), advanced MEM (minimum essential medium),
penicillin/streptomycin (Pen/Strep), basic fibroblast growth factor (bFGF) and fetal
bovine serum (FBS) were purchased from Gibco. All antibodies for flow cytometry
were purchased from BD Biosciences. Alpha-Smooth muscle actin (a-SMA) was
obtained from Syc-Tek. Aldehyde dehydrogenase 1 family, member A1 (ALDH1A1)
monoclonal antibody, lumican (LUM) recombinant rabbit monoclonal antibody, goat
Alexa Fluor 555 anti-mouse secondary antibody and goat Alexa Fluor 488 anti-mouse
IgG (H+L) superclonal™ recombinant secondary antibody were purchased from

Invitrogen (USA).
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3.2 Methods
3.2.1 Preparation of the hybrid scaffolds
3.2.1.1 Isolation of collagen from bovine achilles tendon

Collagen isolation procedure with its steps was presented in Figure 10. Firstly,
bovine achilles tendon was mechanically cleaned by the removal of fascia (connective)
tissue, and immediately afterwards washed with distilled water. Tissues were cut into
small pieces to enhance the penetration of the enzyme into the tendon. The tissues were
kept in 5 volumes of 0.5 M acetic acid solution (5:1) at 4°C by shaking at 90 rpm for
at least 16 h until swollen. The tissues were mechanically disrupted in the blender.
Afterwards, the fluid part of the tissue homogenate was taken and centrifuged at 10000
g at 4°C for 15 min. Then, the supernatant was immediately passed through filter
paper. The filtrate was added onto 1.8 M NaCl solution (1:1, v:v) and kept at 4°C
overnight. The precipitated collagen was taken and centrifuged at 10000 g at 4°C for
30 min. Collagen pellet was resuspended and diluted with 0.5 M acetic acid and mixed
at 350 rpm with magnetic stirrer. Collagen solution was placed in dialysis tubing (10
000 MWCO) and dialyzed in 0.1 M acetic acid at 4 °C for 3 days. At the end of the
period, acetic acid solution was replaced with distilled water and kept at 4°C overnight.
The distilled water was refreshed, and the system was stirred with the magnetic stirrer
for 8 h, and the dialysis process was terminated. Then, the collagen solution was taken
into petri dishes and frozen at -80°C overnight. The samples were dried with freeze-

dryer (Labconco) for 24 h and the lyophilized collagen was obtained for later use.
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Figure 10. Schematic presentation of the collagen isolation procedure.

3.2.1.2 Fabrication of electrospun fibrous mesh

Fibrous meshes planned to mimic the Bowman’s membrane were obtained by
electrospinning method that is based on the principle of fiber drawing with the help of
electrostatic forces. By this method, meshes consisting of fibers in nano/micro-
diameter can be produced by charging polymer solutions with high electric current.
The electrospinning system (Innovenso, NE100) was consisted of power supply
providing high voltage, syringe pump (New Era Pump Systems) with syringe
containing polymer solution and a metal, grounded collector. As the potential was
applied, electrical charges begin to act on the drop of polymer. When the electrical
forces reach a magnitude to overcome the surface tension, the charged polymer
solution at the tip of the syringe needle was ejected and polymeric fibrous mesh was
deposited on the flat, metal collector. Electrospinning parameters were optimized by
changing the distance of the collector from the needle, applied voltage, flow rate and
solvent type in order to ensure that the collected fibers on the plate were of the desired

thickness and without beads (Table 3).

The isolated collagen solution of 5% (w/v) in 0.5 M acetic acid, and PCL-collagen

solution (11:1, w:w) of 12% (w/v) in formic acid- acetic acid (7:3, v:v) were prepared
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for electrospinning. The polymer solutions were placed into a 10 mL syringe capped
with 18 and 23-Ga needle. During the optimization process, the distance between two
poles (13-16 cm), flow rate (5-27 uL/min) and applied potential (4-13 kV) were
changed. Although many parameters were tried, the fibers could not be collected on
the plate that might be due to incomplete dissolution of the isolated collagen in
solution. Therefore, afterwards atelocollagen type I from bovine Achilles tendon
purchased from Bugamed was used and blended with PCL in order to make
electrospinning process better as well as to improve mechanical properties of the mesh.
Electrospinning parameters’ optimization was also done using PCL-collagen blend
solution (12%, w/v) with 23 Ga needle by changing the distance between the two poles
(11-25 cm), the flow rate (1.5-2.5 pL/min) and the applied potential (13-20 kV).
Despite the electrospinning process improved and fiber form was obtained, the fibers
were fused, and the process was not reproducible. It was thought that the problem
might be due to collagen; therefore, instead of collagen synthetic polymeric blend
PLA-PLGA was used in the electrospinning. Tough PLA (Mw: 182 000 g/mol) was
chosen because of its transparent property considering its importance in cornea tissue
engineering. The blend solution of PLA-PLGA (1:1, w:w) was prepared in chloroform
at 5% (w/v) concentration. During the optimization process, the distance between the
two poles (11-26 cm), the flow rate (1-2 ml/h) and the applied potential (10-20 kV)
were tested using a 23Ga needle. Although wide range of parameters were tried, fiber
formation was not observed on the collector. For this reason, it was planned to increase
the amount of PLA as well as polymer concentration to make the solution more viscous
for electrospinning. Polymer solution of PLA-PLGA (2:1, w:w) at the concentration
of 20% (w/v) was prepared in chloroform, and optimization studies were conducted
using a 23Ga needle by adjusting the distance between the two poles (15-21 cm), flow
rate (0.1-0.8 mL/h) and applied potential (11-20 kV). For the further studies, using
PLA-PLGA (2:1, w:w, 20%, w/v) the determined optimized parameters as 0.8 mL/h
flow rate, 11.5 kV applied voltage and 15 cm distance between the two poles were
used. The transparency of the electrospun fibrous mesh was checked with the

appearance of letters using stereomicroscope.
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Table 3. Optimization of electrospinning parameters.

Polymer Solvent type Applied Distance Flow rate
compositions voltage between the | (uL/min)
(kV) two poles
(cm)
Collagen acetic acid 4,9, 11, 12, | 13, 14, 15, |5, 6, 10, 15,
(5%, w/v) 13 16 20, 25,27
PCL-Collagen formic acid 13, 14, 14.5, | 11, 12, 13, ] 1.5,2.5
(11:1, w:w) . acetic acid | 15, 16, 17, | 14, 15, 16,
(12%, w/v) (7:3,vv) 18, 18.5, 19, | 17, 19, 23,
20, 24 24, 25,26
PLA-PLGA chloroform 10, 12, 13, |12, 13, 14, | 16.6, 25,
(1:1, w:w) 15, 16, 17, | 15, 16, 17, 33.3
(5%, w/v) 18,20 19, 23, 24,
25,26
PLA-PLGA chloroform 11, 11.5, 12, | 15,18, 21 13.3, 6.6,
(2:1, wiw) 14.5, 15, 18, 1.6
(20%, w/v) 19, 20

3.2.1.3 Synthesis of MeHA

MeHA was synthesized by binding of methacrylated groups to the hydroxyl
groups of hyaluronic acid according to the method adapted from Eke G. et al. (2017)
(Figure 11) (150). The steps of the protocol were presented in Figure 12. Firstly, 3
volume of dimethylformamide (DMF) was added onto 2 volume of hyaluronic acid
(0.5%, w/v, in distilled water). A solution of methacrylic anhydride (1%, w/v) was
added dropwise by stirring at +4°C. The pH of the prepared solution was adjusted to
pH 8-9 with NaOH (0.5 M) and incubated by stirring at +4°C overnight. Afterwards,
the solution was taken into the dialysis tube and dialyzed against distilled water for a
week. The dialysate was frozen at -80°C and lyophilized for long term use.

The degree of methacrylation of MeHA was determined by proton nuclear
magnetic resonance ('H-NMR). 'H-NMR spectra of MeHA samples in D,O (C=30
mg/mL) were obtained on a Bruker DPX 400 spectrometer operating with 16 scans at
"H resonance frequency of 400 MHz at room temperature. The degree of
methacrylation of hyaluronic acid was determined by calculating the number of
methacryloyl groups per HA disaccharide repeat unit. It was calculated from the ratio
of the relative peak integrations of the protons of the methacrylate groups in MeHA (peak
at 1.80 ppm) to methyl protons (peak at 1.88 ppm) according to the equation:
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Peak integration of methacrylate protons
DM (%) = - . x 100
Total peak integrations of methacrylate and methyl protons
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Figure 11. Synthesis of methacrylated hyaluronic acid by binding of methacrylated

groups to the hydroxyl groups of hyaluronic acid.

Figure 12. Schematic presentation of the synthesis of MeHA.
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3.2.1.4 Formation of MeHA hydrogels

MeHA hydrogels were prepared by dissolving the lyophilized MeHA (1%, w/v)
in PBS (10mM, pH7.4). 2-hydroxy-1(4(hydroxyethoxy)phenyl)-2-methyl-1-
propanone (Irgacure 2959; 0.5%, w/v) was added into the solution and stirred at 40°C.
After obtaining a homogeneous solution, the pH of the solution was checked and it
was poured into a tissue culture well plate. Then, by applying UV irradiation at 365
nm for 13 min, gelation was occurred by crosslinking and MeHA hydrogels were

obtained.

3.2.1.5 Formation of collagen-MeHA interpenetrating networks (IPNs)

The isolated collagen type I from bovine achilles tendon was planned to be used
for the formation of hydrogels. However, it was observed that the isolated telocollagen
didn't dissolve in the same way every time. Therefore, the atelocollagen type I from
bovine achilles tendon purchased from Bugamed was used and dissolved in 0.02M
acetic acid at a concentration of 15.7 mg/mL. The collagen solution was mixed with
MeHA solution, and in the hydrogel solution the collagen concentration became 0.4%
by weight in the final solution and MeHA concentration was 1% (w/v). Then, 1.5%
photoinitiator solution (Irgacure 2959) was added to the solution and stirred for 5 min.
After stirring the solution at 48°C overnight, the prepared solutions poured into a tissue
culture well plate and irradiated with UV at 365 nm for 13 min onto directly solution
to form hydrogel. However, gelation was not occurred with collagen—-MeHA,

therefore, only MeHA hydrogels were used in the further studies.

3.2.1.6 Construction of the hybrid scaffolds by combining hydrogels and

electrospun fibrous mesh

It was aimed to develop a natural corneal ECM-like 3D, multi-layered construct
composed of thin MeHA hydrogel, PLA-PLGA electrospun fibrous mesh and thick
MeHA hydrogel to mimic three layers of cornea as epithelium, Bowman layer and

stroma, respectively, as shown in Figure 13.
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Firstly, the thin MeHA hydrogel was formed as explained in Section 3.2.1.4. Then

the electrospun random fibrous mesh produced under optimized conditions (Section

3.2.1.2) was placed onto the thin MeHA hydrogel. Then, two layered construct was

turned upside down, the thick MeHA hydrogel was formed onto the fibrous mesh by

applying the protocol in Section 3.2.1.4. The transparency of the hybrid construct was

checked with the appearance of letters using stereomicroscope.

®

-
o ———— e
Pressure v—— — /

Voltage

1 PLA-PLGA based
fibrous mat

Thin MeHA based hydrogel

®

Thick MeHA based hydrogel

Cell-free final construct

Figure 13. Schematic presentation of the design of the developed cornea tissue

equivalent and preparation of its three layers to for cell-free hydrogel-fiber hybrid

constructs.

3.2.2 Characterization of the hybrid scaffolds

3.2.2.1 Scanning electron microscopy

The morphology of the hybrid scaffold parts including the electrospun random

fibrous meshes and the hydrogels were examined with Scanning Electron Microscopy

(SEM). The samples were coated with gold under vacuum by sputter coater (Leica EM
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ACE600). SEM analysis was done by Thermo Quatrro ESEM at Acibadem Mehmet
Ali Aydinlar University, Electron Microscopy Laboratory.

3.2.2.2 Mechanical analysis

The mechanical properties of the electrospun fibrous meshes were determined
with Mechanical Testing Machine (Shimadzu AGS-X Series Universal Test Machine,
Japan). The fibrous meshes were cut as 1 cm in width, 4 cm in length, 0.01 mm
thickness and were fixed to the holders of the tensile attachment. The samples (n=4)
were studied with tensile test under 1 mm/min test speed. The stress-strain curve was
obtained and Young’s modulus of the samples were calculated from the slope of the
elastic region of the curve (Figure 14).

The mechanical properties of hydrogel part of the scaffold were determined by the
compression test. The hybrid scaffold (thin layer MeHA hydrogel, fibrous mesh and
thick layer MeHA hydrogel) samples prepared with dimensions of 4 mm in diameter
and 7 mm in length. An initial compression contact of 0.01 N was applied prior to the
tests. The samples (n=5) were studied with compression test under 1 mm/min test
speed. Young’s modulus of the samples was calculated from the slope of the elastic
region of the stress-strain curve (Figure 14).

Stress
A

Stress

Y M lus = -
oung Modulus Strain

»

0 * Strain

Figure 14. A representative stress/strain curve to obtain Young’s modulus of materials.
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3.2.2.3 Swelling test of the hydrogels

To determine the degree of swelling (DS) of the MeHA hydrogels, the hydrogels
were incubated in the medium (DMEM low glucose) for 48 h at 37°C. The degree of
swelling was calculated according to the following equation using the weights of the
dry hydrogels (wq) and the weights of the wet hydrogels (ws) measured at certain time

intervals. DS was calculated according to the following equation.

W — W
DS (%) = ———2 x 100

S

3.2.3 Characterization of WJ MSCs and their differentiation into keratocytes
3.2.3.1 Isolation and characterization of human WJ MSCs

In this study, WJ MSCs were used as a cell source to be used in the
development of cornea tissue equivalent by differentiating them into keratocytes.
Human WJ MSCs which were previously isolated by explant culture from the
umbilical cord matrix for a study of Asst. Prof. Dr. Deniz Yiicel Acibadem Mehmet
Ali Aydimnlar University were used in this thesis study (Acibadem Mehmet Ali
Aydinlar University, Istanbul, ATADEK-2020/02). Firstly, umbilical cord samples
were washed with PBS and two arteries and a vein were removed from the tissue. The
matrix of part of the tissue was cut into small pieces and explant culture was done in
the expansion medium composed of DMEM: F12 (1:1) supplemented with 10% FBS,
penicillin/streptomycin (Pen/Strep, 100 unit/mL, /100 pg/mL) and bFGF (1ng/mL) at
37°C in a humidified CO> incubator. The cells migrated from tissue onto the tissue
culture plate and proliferated. When they reached 80% confluency, the cells were
subcultured. The cells were detached from the flask with 0.05% Try-EDTA,
centrifuged at 2200 rpm for 5 min, and then resuspended cell pellet was seeded to a
larger surface area. The cell stocks at different passage were stored in the expansion

medium containing 10% DMSO in liquid nitrogen vapor until use.
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3.2.3.1.1 Characterization of WJ MSCs with flow cytometry

The expression of specific cell surface antigens of WJ MSCs (at passage 3) were
analysed by flow cytometer. The antibodies against MSCs’ markers such as CD105,
CD73, CD90, and CD44, hematopoietic stem cell markers such as CD34 and CD45,
and immunogenic antigens such as HLA-ABC and HLA-DR were used with the
isotype controls. The used antibodies were CD105-FITC, CD90- PerCp, CD73-PerCp,
CD44-PE, HLA-ABC-PE, HLA-DR-PerCp, CD34-PE and CDA45-FITC, and the
isotype controls were IgG2a-PerCp, IgG1-FITC, IgG1-PerCp and IgG1-PE. For flow
cytometry analysis, MSCs were detached by trypsinization and centrifuged, then the
cell pellet was resuspended in 1% BSA (in PBS) and centrifuged at 1500 rpm for 5
min at +4°C. Then the pellet was resuspended and incubated with fluorochrome
conjugated monoclonal antibodies for an hour at +4°C. The cells were washed with
1% BSA (in PBS) and then centrifuged at 1500 rpm for 5 minutes at +4°C. This step
was applied twice. The cells were fixed with 1% PFA (in PBS) at room temperature
for 10 min and centrifuged at 1500 rpm for 5 min at +4°C. The cells were rinsed with
PBS and analysed with flow cytometer (FACS Verse, BD Bioscience). The positive
and negative expression of cell surface antigens were determined by taking into
consideration the results of the isotype controls which were used to see the signals

from non-specific binding of antibodies.
3.2.3.1.2 Osteogenic differentiation for characterization of WJ MSCs

For osteogenic differentiation, the isolated WJ MSCs at P3 were seeded as 5x10°
cells/well into 24 well plates and cultured in the expansion medium overnight (Table
4). After 1 day of incubation, the cells were cultured in the osteogenic induction
medium (Table 4) containing stimulants such as dexamethasone, ascorbic acid and B-
glycerophosphate for 14 days in CO; incubator at 37°C, and the medium was changed
three times a week. The undifferentiated WJ MSC, as a control, was incubated for a
same time in the expansion medium. Osteogenic differentiation of WJ MSCs was

assessed by alkaline phosphatase (ALP) activity.
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Table 4. Composition of the expansion medium and the osteogenic induction medium.

Expansion medium Osteogenic induction medium

DMEM: F12 (1:1) DMEM low glucose

FBS (10%) FBS (10%)

Pen/Strep (100 units/mL-100 Pen/Strep (100  units/mL-100

pg/mL) pg/mkL)

bFGF (1 ng/mL) Dexamethasone (100 nM)
Ascorbic acid (50 pg/mL)
B-glycerophosphate (10 mM)

The osteogenic differentiation indicator, ALP activity was done on 7™ and 14"
days of the osteogenic induction. ALP assay is based on the formation of a yellow
product p-nitrophenol by dephosphorylation of substrate p-nitrophenyl phosphate in
the presence of ALP enzyme. At the end of indicated periods, the cells were rinsed
with PBS and lysed with 0.1% (v/v) Triton X-100 (in 0.1 M, pH 9.0 Tris-HCI buffer).
The lysates were frozen at -20°C for 10 min and then thawed at 37°C for 10 min. This
freeze/thaw process was repeated three times, and then the samples were sonicated
(Omni-Ruptur 4000 Sonicator) 30 s with 30 s breaks for 10 min. Then, the samples
were centrifuged at 5000 rpm for 10 min at +4°C. Supernatants of 50 pL. was mixed
with 50 pL of 0.1% (v/v) Triton X-100 (in 0.1 M, pH 9.0 Tris-HCI buffer), and 20 uL
of ALP substrate was added. The solution of 0.1% (v/v) Triton X-100 in the absence
of lysate (in the absence of ALP) was used as a blank. Absorbance of the yellow
product was measured spectrophotometrically at 405 nm for 16 min with 2 min
intervals. ALP activity was expressed as nmol of substrate converted to product/min
of cell lysate using the calibration curve for the enzymatic product (Appendix 2-Figure

42).
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3.2.3.1.3 Chondrogenic differentiation for characterization of WJ MSCs

Besides osteogenic differentiation, the isolated WJ MSCs were induced to
differentiate into chondrogenic cells to confirm that they were MSCs. WJ MSCs at P3
were seeded at 5x10° cells/well into 24 well plates in the expansion medium in a 5%
CO; incubator at 37°C until they reached 80% confluency (Table 5). To induce
chondrogenic differentiation, the cells were incubated in the chondrogenic induction
medium (Table 5) containing stimulants ITS, dexamethasone, proline, ascorbate-2-
phosphate, TGFB1 for 21 days while changing the induction medium three times a
week. The undifferentiated WJ MSCs cultured in the expansion medium was used as
a control. Chondrogenic differentiation was assessed by Alcian blue staining that is
commonly used method for cartilage tissue by staining the glycosaminoglycans and
proteoglycans. On 21% day of culture, the cells were fixed in 4% PFA and stained with
1% (w/v) Alcian Blue (pH 2.5, in 3% acetic acid) solution for 30 min. After washing

with distilled water for 2 min, the samples were examined under light microscope.

Table 5. Composition of the expansion medium and the chondrogenic induction

medium.
Expansion medium Induction medium
DMEM: F12 (1:1) DMEM low glucose
FBS (10%) FBS (10%)
Pen/Strep (100  units/mL-100 Pen/Strep (100 units/mL-100 pg/mL)
pg/mkL)
bFGF (1 ng/mL) ITS (1%)

Dexamethasone (10 nM)
Proline (40 pg/mL)

Ascorbate-2-phosphate (1 pM)
TGFBI (5 ng/mL)
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3.2.3.1.4 Growth kinetics of the isolated WJ MSCs

Isolated WJ MSCs (Passage 4) were seeded into 24 well plate at a density of 5x10°
cells/well and cultured in the expansion medium at 37°C in a CO» incubator. At the
end of 24, 48, 72, 96, 144, 192 and 240 h of incubation, number of cells (n=3) was
determined by Cell Proliferation Reagent Water-Soluble Tetrazolium Salt (WST-1)
Assay in which tetrazolium salt was converted to formazan by the viable cells. WST-
1 working solution was prepared at a ratio of 20:1 in the expansion medium. The cells
were incubated in WST-1 working solution in a CO» incubator at 37°C for 2 h. The
colored product, formazan, was transferred to a 96-well plate and absorbance was
measured at 440 nm with the Elisa Reader. Measured OD values were converted to the
cell number using the calibration curve (Appendix 1- Figure 40). Then, logarithmic
cell number vs time graph was obtained to calculate the cell doubling time according

to the following equation;

At

G=—————
logb

G: Generation time (doubling time)

At: time interval between beginning of the exponential phase and end of the
exponential phase

log b: logarithmic cell number at the end of the beginning cell number

log B: logarithmic cell number at the beginning of the beginning cell number
3.2.3.2 Differentiation of WJ MSCs into keratocytes
3.2.3.2.1 Induction of MSCs for keratocyte differentiation

When the isolated WJ MSCs at P3-4 reached 90% confluency, they were
trypsinized and seeded at a density of 5x10* cells/well into 24 well plates. After 24 h
of incubation in the expansion medium in a 5% CO2 incubator at 37°C, the medium
was replaced with keratocyte induction medium (Table 6). The undifferentiated WJ
MSC cultured in the expansion was used as a control. The media were refreshed three

times a week thereafter. At the end of 7" and 14" days of induction, comparing with
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the undifferentiated cell the differentiation of the cells were evaluated by

immunocytochemistry analysis.

Table 6. Composition of the expansion medium and the keratocyte induction medium.

Expansion medium Induction medium

DMEM: F12 (1:1) Advanced DMEM

FBS (10%) Pen/Strep (100 units/mL-100 pg/mL)

Pen/Strep (100 units/mL-100 Ascorbate-2-phosphate (1 mM)
pg/mL)

bFGF (1 ng/mL) bFGF (10 ng/mL)

TGFB3 (1 ng/mL)

3.2.3.2.2 Expression of specific keratocyte markers of MSCs upon keratocyte

differentiation by immunostaining

Immunostaining with antibodies recognizing the specific keratocyte antigens was
applied to the WJ MSCs induced to differentiate into keratocytes as mentioned in
Section 3.2.3.2.1. For that purpose, the cells were fixed with 4% PFA at the end of the
day 7 and 14. After washing with PBS, the cells were incubated with 100 mM glycine
(in PBS) for 15 min at room temperature for the saturation of PFA groups and washed
with PBS. Cell membrane was permeabilized with 0.1% Triton X-100 in PBS (PBST)
for 10 min at room temperature. Following PBS washing, the cells were kept in 1%
BSA (in PBST) at 37°C for 30 min to mask nonspecific bindings. The cells were
incubated in primary antibody solution (prepared in 0.1% BSA) overnight at 4°C in a
solution. The primary antibodies were anti-human ALDH1A1 (mouse; clone
5G9E6CY; dilution factor, 1:60) and anti-human lumican (rabbit; clone JE11-45,
dilution factor, 1:150). After washing with PBS, the cells were incubated with
secondary antibodies in PBST for an hour at 37°C. Goat anti-rabbit immunoglobulin
conjugated to Alexa-Fluor 488 (dilution factor, 1:100) and goat anti-mouse
immunoglobulin conjugated to Alexa-Fluor 555 (dilution factor) were used as the

secondary antibodies. Following washing with PBS, the cells’ nuclei were stained with
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DAPI (1:5000, in PBS) for 10 min at room temperature. Then, the samples were
washed with PBS and examined with the laser scanning confocal microscope (LSCM,

LSM700, Zeiss).

3.2.4 Construction of corneal tissue substitute by combining wj mscs and
hydrogel-based hybrid scaffolds

It was aimed to develop a multilayered cornea tissue equivalent composed of cell-
free thin MeHA hydrogel, PLA-PLGA electrospun fibrous mesh and cells loaded thick
MeHA hydrogel to mimic three layers of cornea as epithelium, Bowman layer and
stroma, respectively, as shown in Figure 15. WJ MSCs were loaded into the thick
MeHA hydrogel during formation of the construct, and then these stem cells were

induced to differentiate into keratocytes within the 3D construct.

MeHA hydrogels prepared for in vitro studies were prepared with 1% MeHA
(w/v) and 1% Irgacure (w/v). After obtaining a homogeneous solution, the pH of the
solution was checked to be used in in vitro studies. As explained in Section 3.2.1.6,
firstly the thin MeHA hydrogel was formed and the electrospun random fibrous mesh
was placed onto the thin MeHA hydrogel. Then, two layered construct was turned
upside down. On the other hand, the isolated WJ MSCs (P3-4) that reached 90%
confluency were detached from the tissue culture plates by trypsinization and counted.
The cells at a density of 4x10° cells/construct were mixed with MeHA hydrogel
solution that was prepared as mentioned in Section 3.2.1.6. The hydrogel solution
containing cells was poured onto the fibrous mesh and by UV irradiation at 365 nm
for 13 min, gelation was occurred and cell-load thick MeHA hydrogels were formed
onto the two layers. Consequently, the cell-loaded construct composed of three layers
was produced and incubated in the expansion medium for 24 h in a 5% CO> incubator
at 37°C. A day after, the expansion medium was replaced with keratocyte induction
medium as explained in Section 3.2.3.2.1. Cell-containing constructs were cultured in
the keratocyte induction medium composed of advanced DMEM supplemented with
Pen/Strep (100 units/mL-100 pg/mL), I mM ascorbate-2-phosphate, 10 ng/mL bFGF
and 1 ng/mL TGFB3 for 7 days at 37°C and 5% CO: incubator. The medium was

refreshed three times a week. At the end of 7™ day of induction, the cell viability,
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proliferation and their behaviour within the corneal tissue substitute were analysed by

Live/Dead assay, MTS assay and immunostaining.

@ —* Thin MeHA hydrogel without cell ----------- Corneal epithelium .
@ “==="""""""" Electrospun fibrous mesh  ————— Bowman’s membrane——*

C ek —* WJ MSC loaded thick MeHA hydrogel - Corneal stroma ——*

& WI MSCs

Figure 15. Schematic presentation of the design of the developed cornea tissue

equivalent.
3.2.4.1 Viability and proliferation of cells in the corneal tissue substitute

The viability and proliferation analysis were performed with Live/Dead and MTS
assays at 1% day of culture before starting keratocyte induction and on the 7" day of
keratocyte induction. For Live/Dead assay, the medium of the samples was removed,
and the cells were incubated with calcein AM and ethidium homodimer-1 staining
solution that was prepared in DPBS for 30 min, the samples were examined with

LSCM (LSM 700, Zeiss).

Proliferation of the cells in the corneal tissue substitutes was determined by Cell
Titer 96* AQueous One Solution Cell Proliferation Assay (MTS Assay). The MTS
assay, which is a colorimetric test, is based on the conversion of a tetrazolium salt into
a coloured formazan product via mitochondrial activity of the cells. MTS analysis was
performed on 1% day of culture and 7" day of keratocyte induction of the cells in the
tissue substitute. The cells cultured on the tissue culture polystyrene were used as a
positive control. At the end of indicated periods, the number of cells in each sample
was determined in triplicate by MTS analysis. The cell-free scaffolds were used as
blanks. 10% MTS/PES working solution in the expansion medium prepared with low
glucose DMEM was added onto the cell-seeded scaffolds and control TCP wells. After
2 h incubation of the samples at 37°C in a CO2 incubator, the absorbance of formazan,
the product of the MTS assay, was measured at 490 nm with the Elisa Plate Reader,
and then the cell number was determined using the calibration curve (Appendix 1-

Figure 41).
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3.2.4.2 Immunostaining analysis of WJ MSC-derived keratocytes in the

corneal tissue substitute

Immunostaining analysis was done to evaluate keratocyte differentiation of WJ
MSCs loaded in the thick MeHA hydrogel layer of the corneal tissue substitute. At 7%
day of keratocyte induction, the samples were fixed with 4% PFA for 2 h at room
temperature and washed with PBS. According to the protocol given in Section
3.2.3.2.2, the fixed samples were incubated with 100 mM glycine (in PBS) for 15 min
at room temperature. After washing with PBS, the samples were incubated with 0.1%
Triton X-100 in PBS (PBST) for 10 min at room temperature. Following PBS washing,
the constructs were kept in 1% BSA (in PBST) at 37°C for 30 min. The samples were
incubated in primary antibody solution (prepared in 0.1% BSA) overnight at 4°C in a
solution. The primary antibodies were anti-human ALDHI1A1 (mouse; clone
5G9E6CY; dilution factor, 1:60) and anti-human lumican (rabbit; clone JE11-45,
dilution factor, 1:150). After washing with PBS, the samples were incubated with
secondary antibodies in PBST for an hour at 37°C. Goat anti-rabbit immunoglobulin
conjugated to Alexa-Fluor 488 (dilution factor, 1:100) and goat anti-mouse
immunoglobulin conjugated to Alexa-Fluor 555 (dilution factor) were used as the
secondary antibodies. After washing with PBS, the samples were incubated with DAPI
(1:5000, in PBS) for 10 min at room temperature. Then, the constructs were washed
with PBS and examined with the laser scanning confocal microscope (LSCM,

LSM700, Zeiss).

3.2.5 Statistical analysis

Statistical analysis was performed with Graphpad Prism6 program. Differences
between group means were analysed with Student's T test. All values were represented

as the mean + standard deviation. Differences were taken to be significant for p <0.05.

62



4 RESULTS

4.1 Characterization of MeHA Hydrogels
4.1.1 Determination of acetylation degree upon MeHA synthesis ('H-NMR)

The methacrylation reaction of hyaluronic acid showing the methacrylate peaks at
8.3, 6.03, 4.8, 3.5, 1.88, 1.80 and, 1.13 ppm. The results of 'H-NMR spectra of
hyaluronic acid and MeHA was given in Figure 16. The indicator peaks of
methacrylation reaction of HA were seen in Figure 16b and 16¢. The methacrylation
reaction of hyaluronic acid was especially determined with the presence of
characteristic methyl and methacrylate peaks at 1.88 and 1.80, respectively (Figure
16¢). The methacrylation degree of MeHA was found as 40% by calculating from the
ratio of the relative peak integrations of the protons of the methacrylate groups in MeHA

(peak at 1.80 ppm) to methyl protons (peak at 1.88 ppm).

63



14 2.12 2,10 2.08 2.06 2.04 2.02 2.00 1.98 1.96 1.94 1.92 1.90 1.88 1.86 1.84 182 1.80 1.78 1.76 1.74 1.72 1.70 1.68 1.66 1.64 1.62 1.60 1.58 1.56 1.54 1.52 1.50

f1 (ppm)

25

,—‘._/————f/’_-/ ro
Methyl Methacrylate |

AT T T — T T T T T T T
.14 2.12 2.10 2.08 2.06 2.04 2.02 2.00 1.98 1.96 1.94 1.92 1.90 1.88 1.86 1.84 1.82 1.80 1.78 1.76 1.74 1.72 1.70 1.68 1.66 1.64 1.62 1.60 1.58 1.56 1.54 1.52 1.50
f1 (ppm)

Figure 16. '"H-NMR spectra of (a) hyaluronic acid and (b) MeHA (1% MeHA and 1%
Irgacure in PBS), prepared in DO at room temperature. (c) The expanded region of
MeHA NMR spectrum between 1.5 and 2 ppm was presented showing the

methacrylation of hyaluronic acid.

64



4.1.2 The pH determination of MeHA solution

The pH value of 1% MeHA hydrogel solution in PBS before UV exposure, was
controlled by Macherey-Nagel’s pH test strips (Figure 17). According to strips colour,
the pH of the MeHA hydrogel solution was determined as between pH 7-8.

o e SUNLIIGIT ES1 B UsrTiesri [Ermponnes, mairenir
Hydrogel limmarsion jusqu'a l'obtention dune couleur définilive.
e ADZITTO / Rav. 2011-11 LOT: 1004974
solution
—t - k.
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Figure 17. The pH value determination of MeHA solution (1% MeHA and 1% Irgacure
in PBS).

4.1.3 Morphology analysis by SEM

The hydrogel scaffold was designed to mimic the stroma and epithelial layer of
the cornea. Therefore, the hydrogel had to be porous to allow penetration of nutrients
and to provide environment for cell growth within the scaffold. The morphology of
MeHA hydrogels prepared in dH>,O and PBS were examined by SEM (Figure 18).
Each hydrogel was crosslinked with UV at 365 nm for 13 min. The difference was
only the solvent of the hydrogel solution. It was observed that both hydrogels had a
porous morphology. However, the hydrogels prepared with PBS as a solvent of
hydrogel solution was better than the one prepared in distilled water in terms of having
the desired porosity. Therefore, in the further studies the hydrogels were prepared

using hydrogel solution dissolved in PBS were used.
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Figure 18. SEM images of MeHA hydrogels prepared with 1% MeHA and 0.5%
Irgacure. MeHA hydrogels (a,b) prepared in PBS, and (c,d) in dH20. Magnifications:
(a,c) X1000, (b) X2000, (d) X500; scale bars: (a,c,d) 100um, (b) S0um.

4.1.4 Swelling degree of hydrogels

Swelling test was applied to investigate the ability of hydrophilic hydrogels to
swell in the liquid based on the increase in their original mass. The change in weight
and swelling degree of hydrogels (n=8) over time were given in Table 7. It was
observed that the hydrogels swelled significantly within 15 min, and the water content
increased rapidly by 96%. It was observed that after 15 min the degree of swelling

remained constant and did not change significantly.
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Table 7. Weight and swelling degree of hydrogel samples over time.

Time Weight (g) Swelling degree (%)
0 min 0.0005 0

15 min 0.015 £+ 0.005 96.38 £ 0.61

30 min 0.015 £ 0.006 96.50 + 0.65

1h 0.015 +0.004 96.49 +0.51

2h 0.015 + 0.004 96.56 + 1.07

4h 0.025 +0.005 97.87+0.67

6h 0.036 =0.012 98.47 +£0.61

24 h 0.015+0.003 96.46 +0.38

48 h 0.015+0.005 96.55+0.49

4.2 Characterization of Electrospun Fibrous Meshes

4.2.1 Morphology analysis by SEM

The Bowman’s membrane is a cell-free structure that separate the epithelium from
stroma of cornea layers and consisting of random collagen fibers (3). The electrospun
random fibrous meshes were fabricated to enhance mechanical properties of the hybrid
corneal substitute as well as to mimic Bowman's membrane. In electrospinning, firstly
the isolated telocollagen type I was used as a polymer; however, it was not completely
dissolved in acetic acid. It was observed that only the solvent reached to the collector,
and the collagen was accumulated at the needle tip during electrospinning process.
Afterwards, PCL and atelocollagen type were blended in the solvent mixture of formic
acid and acetic acid to increase the solubility and to improve electrospinning. In that
case, the fibrous mesh was deposited onto the collector, but the fibers were nonuniform
and fused, and the mesh was ruptured during removal from the collector (Figure 19).
Detachment of the mesh from the collector in intact form was not possible even coating
with polyethylene oxide. The fibrous mesh obtained by electrospinning was expected
to support the hydrogel scaffold and to provide mechanical support. In addition, the

mesh should be transparent for the desired use in the corneal tissue. Therefore, it was
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thought that it would be better to fabricate the electrospun meshes using synthetic

polymers.

Figure 19. SEM images of PCL-collagen fibers prepared under two different
conditions: (a-c) applied voltage 17 kV, distance 17 cm, flow rate 2.5 uL/min; (d-f)
applied voltage 15 kV, distance 24 cm, flow rate 1.5 pL/min. Magnifications: (a,d)
X20000, (b,e) X50000, (c,f) X100000; scale bars: (a,d) 5 pm, (b,e) 3 um, (c,f) 1 pm.

The transparent feature sought in the corneal tissue was important. For this reason,
it was important to choose a synthetic polymer that could have the desired
transparency, and thus it was decided to continue with the blend of tough PLA and
PLGA. Firstly, 5% (w/v) of PLA-PLGA (1:1, w:w) polymer solution was prepared in
chloroform. However, fibrous mesh could not be collected on the metal plate, only
solvent reached the collector. Therefore, it was decided to increase the viscosity and
concentration of the polymer solution. Therefore, electrospinning optimization was
continued using 20% (w/v) of PLA-PLGA (2:1, w:w) polymer solution under
processing conditions; applied voltage 11.5 kV, distance between two poles 15 cm,
flow rate 0.1-0.8 mL/h (Figure 20 and 21). It was observed that curly and nonuniform
fibers were formed when 0.1 mL/h and 0.4 mL/h flow rates were used. The results
showed that the intact fibrous mesh with uniform fibers were fabricated by
electrospinning under optimized parameters: applied voltage 11.5 kV, distance
between two poles 15 cm, flow rate 0.8 mL/h. In the further studies, the electrospun

fibrous meshes produced under optimized conditions were used.
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Figure 20. SEM images of PLA-PLGA fibers prepared under two different conditions:
(a-b) applied potential 11.5kV, distance 15 cm, flow rate 0.1 mL/h; (c-d) applied
potential 11.5 kV, distance 15 cm, flow rate 0.4 mL/h. Magnifications: (a,b) X2000,
(c,d) X5000; scale bars: (a,b) 50 um, (b,c) 30 um.

Figure 21. SEM images of PLA-PLGA fibers prepared with optimized parameters:
applied potential 11.5 kV, distancel5 cm, flow rate 0.8 mL/h. Magnifications: (a)
X150, (b) X1200, (c) X3500; scale bars: (a) 1 mm, (b) 100 pm, (c) 40 um.

4.2.2 Determination of fiber diameter and orientation

The fiber diameter and fiber orientation were quantified with Fibra Quant 1.3

image processing and analysis software. The fiber orientation was based on the
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deviation angle of the fibers according to reference direction. These analysis was
conducted on the SEM images of the electrospun fibrous mesh that was fabricated
using 20% (w/v) of PLA-PLGA (2:1, w:w) polymer solution under optimized
conditions: applied voltage 11.5 kV, distance between two poles 15 cm, flow rate 0.8
mL/h as indicated in Section 3.2.1.2. It was observed that the fiber diameter of the
PLA-PLGA random fibrous meshes were varied in the range of 0.1 um to 2 um in
general; however, most of the fibers were in 0.25-1 um diameter (Figure 22a). In
addition, it was seen that most of the fibers deviated at different angles, as it should be

in the random fibrous mesh (Figure 22b).
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Figure 22. The distribution of (a) fiber diameter and (b) fiber orientation of the

electrospun random fibrous mesh fabricated under optimized conditions.

4.2.3 Mechanical analysis

The Bowman's layer is believed to be the stabilizing element of corneal curvature
due to its putative mechanical stiffness. Therefore, tensile test was performed to
measure the resistance of the electrospun fibrous meshes to a gradually increasing

applied force. The mechanical test studies were conducted on the electrospun fibrous
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mesh (n=4) that was fabricated using 20% (w/v) of PLA-PLGA (2:1, w:w) polymer
solution under optimized conditions: applied voltage 11.5 kV, distance between two
poles 15 cm, flow rate 0.8 mL/h as indicated in Section 3.2.1.2. The stress-strain
curves were obtained for all samples, and the slope of the stress-strain curve in elastic

region refers to Young’s Modulus was calculated for each sample. The average

Young’s Modulus was calculated as 214.08+41.77 MPa.

4.3 Characterization of the Hybrid Scaffolds

4.3.1 Morphology analysis with SEM

The cell-free, three layered scaffold consists of thin MeHA hydrogel, electrospun
random fibrous mesh, and thick MeHA hydrogel layer was constructed as described
in Section 3.2.1.6 and the morphology of the hybrid scaffold was examined with SEM.
The results showed that three layers could be built on top of each other successfully
(Figure 23a). It was seen that the fibrous mesh was embedded between thin and thick
MeHA hydrogels. In addition, it was observed that that the porosity obtained when the

hydrogel is made alone could also be obtained when the hybrid scaffold was formed.
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Figure 23. SEM images of the multilayered cell-free corneal scaffold. (a) Longitudinal
section of the scaffold, (b) thin MeHA hydrogel layer, (c) random fibrous mesh, (d)
thick MeHA hydrogel layer. Magnifications: (a,d) X500, (b) X650, (c) X1200; Scale
bars: (a,d) 300 um, (b) 200 um, (c¢) 100 um.

4.3.2 Mechanical analysis

Mechanical test studies were performed for the final constructs (n=5) using 1%
(w/v) cell-free MeHA in PBS under optimized conditions, produced as mentioned in

Section 3.2.1.6. Stress-strain curves were obtained for all samples, and the slope of the
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stress-strain curve in the elastic region represents the Young's Modulus for each

sample. The mean Young's Modulus was calculated as 15.048 + 6.279 kPa.

4.3.3 Transparency of the hybrid scaffolds

Transparency analysis of the final constructs formed with cell-free MeHA (1%
MeHA and 1% Irgacure in PBS) hydrogels including PLA-PLGA fibrous mesh was
examined by stereomicroscopy (Figure 24). It was observed that the letters could be
read over PLA-PLGA fibrous meshes, and this indicated their transparency in terms
of light transmission. The hydrogels were also transparent, the letter were clearly seen
over the gels. It was observed that in the final hybrid scaffolds, the combination of two
layers of hydrogel and fibrous mesh, the transparency was reduced; however, the
letters were still readable. This slight decrease in transparency might be due to an

increase in the thickness of the final hybrid scaffold.

Figure 24. Stereomicroscope images taken to evaluate transparency of the layers of the
scaffold and the final hybrid scaffold. (a) PLA-PLGA fibrous mesh, (b) MeHA
hydrogel, (c) the final hybrid construct composed of thin layer MeHA hydrogel,
fibrous mesh and thick layer MeHA hydrogel. Magnifications: (a) X0.63, (b) X1,
(c) X1.25
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4.4 In Vitro Studies
4.4.1 Characterization of the isolated WJ MSCs
4.4.1.1 Flow cytometry analysis

In order to confirm that the isolated WJ MSCs (P3) were mesenchymal stem cells,
the specific cell surface antigens of the cells were analysed by flow cytometry. The
percentage of positivity of antigen expressing cells was calculated considering the
isotype control (Figure 25). The surface antigen expressions of the isolated WJ MSCs
were given in Table 8. WJ MSCs were strongly positive for the MSC markers CD105,
CD90, CD73, CD44 as well as for HLA-ABC (Figure 25 and Table 8). The expression
of hematopoietic markers like CD34 and CD45 were negative, as expected. In
addition, WJ MSCs were negative for the immunogenic antigen HLA-DR. This means
that they would be less prone to immune rejection in allogeneic stem cell transplants.
The flow cytometry results showed that isolated WJ MSCs exhibited the characteristic
surface antigen expression of MSCs, and the isolated cell culture was pure, free of

hematopoietic cells.
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Figure 25. Flow cytometry histograms for different cell surface antigen expression of

WJ MSCs isolated from human umbilical cord matrix and histograms of isotype

controls.



Table 8. The expression of surface antigens of WJ MSCs (P3) based on isotypes.

Surface Antigen WJ MSC%*
CD105 97.08 +1.11
CD73 96.99 +£2.70
CD90 99.91 + 0.04
CD44 99.88 +0.13
HLA-ABC 99.26 £ 0.92
CD45 1.18 £1.58
CD34 0.21+0.25
HLA-DR 0.01 +0.02

*Percentage of the positive cells (Intersection of isotype control and positive sample considered for

calculation of absolute positives)

4.4.1.2 Osteogenic differentiation of WJ MSCs

Osteogenic differentiation is one of the characteristic features of mesenchymal
stem cells. For that reason, WJ MSCs (P3) were differentiated into osteogenic cells
and their differentiation was assessed on 71 and 14™ days by ALP activity, which is
secreted by osteoblast cells to provide calcification and bone formation. In this study,
the undifferentiated WIMSCs were used as controls. The results showed that on day 7
ALP activity of the differentiated cells were similar to that of undifferentiated cells;
however, WJ MSCs under osteogenic differentiation exhibited significantly higher
ALP activity on day 14 compared to the undifferentiated cells (p < 0.005) (Figure 26).
Accordingly, the isolated WJ MSCs could differentiate into osteogenic cells after 7

days of osteogenic induction.
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differentiated cells after 7 and 14 days of osteogenic induction. (#: p>0.05, * p<0.005)

4.4.1.3 Chondrogenic differentiation of WJ MSCs

Beside osteogenic differentiation, MSCs have also a tendency to differentiate into

chondrogenic cells. Therefore, WJ MSCs (P3) were differentiated into chondrogenic

cells for 14 and 21 days and this differentiation was evaluated by Alcian blue staining

(Figure 27). WJ MSCs were cultured in the absence of stimulants in an undifferentiated

state was used as control. According to the results, WJ MSCs subjected to 21 days of

chondrogenic induction showed a shift in cell morphological characteristics from a

primarily slender, elongated morphology to a relatively spherical cell phenotype. In

addition, on both 14 and 21 days

WJ MSCs induced with chondrogenic stimulants

exhibited intense blue colour after Alcian Blue staining compared to the

undifferentiated cells. It showed that chondrogenic induction increased the amount of

glycosaminoglycans and proteoglycans, which was expected in chondrogenic

differentiation.
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Figure 27. Light microscope images of WJ MSCs after Alcian blue staining; (a)
control, and (b) cells subjected to chondrogenic induction for 14 days; (c) control, and

(d) cells subjected to chondrogenic induction for 21 days. Scale bars: 100 pm.

4.4.1.4 Growth Kinetics of the isolated WJ MSCs

The growth profile of WJ MSCs were analysed by plotting increase in cell number
over time (Figure 28). The number of cells was determined by WST-1 assay using the
calibration curve (Appendix 1- Figure 40). The growth profile indicated that MSCs
reached growth saturation after about 150 h of culture. The doubling time of the used
WJ MSCs was determined as 19.6 h from the linear range of the growth curve.
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Figure 28. Growth profile of the isolated WJ MSCs.

4.4.2 Differentiation of WJ MSCs into keratocyte cells

4.4.2.1 Protein expression analysis of MSCs by immunostaining upon

keratocyte induction

MSCs have the potential to differentiate into mesodermal lineages such as
osteoblasts, chondrocytes, and adipocytes under favourable conditions. In addition,
there were studies shown that MSCs can differentiate into keratocyte lineages (90,
162). The undifferentiated WJ MSCs are generally elongated, and bipolar-appearing
fibroblast morphology cells rigidly attached to a culture dish. Keratocytes are cells
with elongated flat cylindrical fibroblast morphology. Keratocytes are rich in specific
proteoglycans such as lumican (LUM) (163). Aldehyde dehydrogenase 1Al
(ALDHI1AT1), defined as corneal crystallin, is ubiquitously expressed in many tissues

(164).

In this thesis study, WJ MSCs were differentiated into keratocytes as explained in
Section 3.2.3.2 to be used in corneal tissue substitute. The differentiation of WJ MSCs
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into keratocytes were evaluated by immunostaining for the expression of ALDH1AI
and LUM at protein level, compared to the undifferentiated WJ MSCs (Figure 29-32).
It was observed that WJ MSCs exhibited characteristic keratocyte morphology after 7
and 14 days of keratocyte induction (Figure 29-32). It was seen that WJ MSCs even in
the undifferentiated state expressed ALDH1A1 and LUM keratocyte markers, but
these expressions were at a very low level. It was observed that on 7" and 14" days of
keratocyte induction the differentiated cells significantly expressed ALDHIA1 and
LUM markers. There was no meaningful difference in the expression of the
differentiated cells on the induction day 7 and 14. However, there was a decrease in
cell number on 14 days induction samples that might be due to differentiation.

Therefore, it was decided to do keratocyte induction for 7 days in the further studies.

Figure 29. Immunostaining analysis of (a-c) ALDH1A1 (red) and (d-f) LUM (green)

expressions of the undifferentiated WJ MSCs at the end of 7 day culture.
Magnifications: (a,d) X10, (b,e) X20, (c,f) X40; scale bars: (a,d) 100 um, (b,e) 50 um,
(c,) 20 pm.
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Figure 30. Immunostaining analysis of (a-c) ALDH1A1 (red) and (d-f) LUM (green)
expressions of the keratocyte differentiated WJ MSCs at the end of 7 day induction.
Magnifications: (a,d) X10, (b,e) X20, (c,f) X40; scale bars: (a,d) 100 um, (b,e) 50 um,
(c,) 20 pm.
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Figure 31. Immunostaining analysis of (a-c) ALDH1A1 (red) and (d-f) LUM (green)
expressions of the undifferentiated WJ MSCs at the end of 14 day culture.
Magnifications: (a,d) X10, (b,e) X20, (c,f) X40; scale bars: (a,d) 100 um, (b,e) 50 um,
(c,) 20 pm.
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Figure 32. Immunostaining analysis of (a-c) ALDH1A1 (red) and (d-f) LUM (green)
expressions of the keratocyte differentiated WJ MSCs at the end of 14 day induction.
Magnifications: (a,d) X10, (b,e) X20, (c,f) X40; scale bars: (a,d) 100 um, (b,e) 50 um,
(c,) 20 pm.

4.4.3 Cell behaviour in the corneal tissue substitute

A multi-layered cornea tissue equivalent was constructed by combining cell-free
thin MeHA hydrogel, PLA-PLGA electrospun fibrous mesh and cells loaded thick
MeHA hydrogel to mimic three layers of cornea as epithelium, Bowman layer and
stroma, respectively. WJ MSCs were loaded into the thick MeHA hydrogel during
formation of the construct, and then these stem cells were induced to differentiate into
keratocytes within the 3D hybrid construct. After 1 day of culture without induction
and after 7 days of keratocyte induction, the cell viability, proliferation, morphology,

and expression of keratocyte markers was investigated.
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4.4.3.1 Viability of the cells in the hydrogels

The cell viability within the hybrid hydrogels was examined on day 1 of culture
without induction and on 7" of keratocyte induction, by the application of Live-Dead
Assay. LSCM images showed that the viable cell seen in green color covered the
hydrogel as around 80% and 60% on days 1 and 7, respectively (Figure 34 and 35). In
order to form the used MeHA hydrogel, the cell seeded hydrogel scaffold was
subjected to photo crosslinking. Therefore, 20% reduction in cell viability could be
explained by photo crosslinking and use of PBS during hydrogel formation. However,
that much decrease was acceptable considering the literature information that UV
exposure at 365 nm was found to be safe in terms of acceptable cell damage (165). In
addition, it was observed that WJ MSCs were homogeneously distributed throughout
the thick MeHA hydrogel. The increase in red color shown in dead cells also indicated
the decrease in cell viability on the 7" day of keratocyte induction. The decrease in
cell viability decreases upon differentiation was also seen in the literature (162, 166).
The cell-free scaffold was also tested with Live/Dead assay to check autofluorescence

of the scaffold and it was shown that there was no signal from scaffolds (Figure 33).

Figure 33. LSCM image of cell-free scaffold after Live-Dead assay application at the
end of 7day induction. Magnification X5, scale bar: 200 um.
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Figure 34. LSCM image of WJ MSCs within the hybrid scaffold after Live-Dead assay
application at the end of 1 day culture. The alive cells stained with calcein AM (green)
and the dead cells stained with ethidium homodimer-1 (red). (a) The z-stack images
(total thickness of the taken image: 112 pm), (b) image taken from longitudinal section

(c) 2D image at a certain focal plane. (a-c) Magnification X10, scale bar: 100 um.
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Figure 35. Live-Dead analysis of WJ MSCs in the scaffold at the end of 7-day
induction. The cells stained with calcein AM (green) for live and ethidium homodimer-
1 (red) for dead cells. (a) The z-stack images (total thickness of the taken image: 167
pum), (b) image taken from longitudinal section (c) 2D image at a certain focal plane.

(a-b) Magnification X5, scale bar: 200 pum.

4.4.3.2 Cell proliferation within the hybrid scaffolds

The proliferation of WJ MSCs seeded on the thick hydrogel layer of scaffold were
investigated by MTS assay on day 1 of culture without induction and on 7% day of
keratocyte induction. WJ MSCs were seeded into the thick hydrogel layer of the
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scaffold at a density of 4x10° cells/scaffold. Considering the seeding density, the
number of cells on day 1 was slightly low (Figure 36). This reduction in cell number
supports the results in Section 4.4.3.1 and was thought to be due to photocrosslinking
and the use of PBS during hydrogel formation as mentioned there. However, it was
observed that UV exposure did not have much negative effect on cell viability.
According to MTS results, there was no sharp, significant decrease in cell number
upon keratocyte induction for 7 days (p>0.05). The cell number was almost same on
day 1 of culture and day 7 of induction. However, it was observed that the proliferation
rate was very low, almost no increase in cell number from day 1 to day 7. Since the

differentiation was inversely proportional with proliferation this result could be

understandable.
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Figure 36. Proliferation of WJ MSCs cultured on TCPs and the final constructs on day
1 and day 7. (# p>0.05, * p>0.05)

4.4.3.3 Cell morphology in the scaffolds

The morphology of the cells within the hybrid scaffolds was examined by SEM
after 7 day of keratocyte differentiation (Figure 37). The corneal tissue substitute was
composed of thin layer of MeHA hydrogel to mimic the corneal epithelium layer,

electrospun random fibrous mesh to provide mechanical support to the tissue and
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imitate Bowman's membrane, and cell-loaded thick MeHA hydrogel layer to mimic
the stroma, the thickest layer of the cornea. All layers were demonstrated in SEM
images given in Figure 37. In corneal substitute, cells were observed to have a size of
approximately 10.84+2.47 um and adhere to MeHA hydrogel pores. Thin hydrogel
layer thickness of the construct, random fibrous mesh thickness and cell-loaded thick
hydrogel layer thickness was determined as 63.96+3.41 um, 41.76+4.65 um and
451.57+144.87 um, respectively, according to SEM images. It was known from the
literature that the epithelial layer was approximately 50-90 pm, the Bowman's
membrane was approximately 8-10 pm, and the stroma layer was approximately 450
um. When evaluated in this context, it was revealed that the developed corneal

substitute was constructed at approximately thicknesses of the natural cornea ECM.

Figure 37. SEM images of the cell-loaded corneal tissue substitute. (a) Thin MeHA
hydrogel layer, (b) top two layers of scaffold including thin MeHA hydrogel and
electrospun random fibrous mesh, (c) electrospun random fibrous mesh, (d) cell-
loaded thick MeHA hydrogel, (e) longitudinal section of hybrid scaffold, (f) cell within
the thick hydrogel. Magnifications: (a,f) X1000, (b,d) X2000, (c) X3500; (e) X650;
Scale bars: (a) 100 pm, (b,d) 50 um, (c) 40 um, (d) 200 pm, (e) 10 um.
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4.4.3.4 Immunostaining of MSC-derived keratocytes in the scaffolds

The expression of keratocyte specific markers ALDH1A1 (Figure 38) and
LUM (Figure 39) of the cells within corneal tissue substitute was investigated by
immunostaining after 7 days of induction. Cell-free scaffolds were prepared as a
control group to check autofluorescence of the scaffolds. It was observed under same
imaging parameters there was no signal from scaffolds. In corneal tissue substitutes,
it was seen that the differentiated cells exhibited keratocyte morphology and they
showed both ALDH1AT1 and LUM expression at the end of 7 days of induction within
hydrogel-based 3D construct. The results indicated that the cells differentiated within

the hybrid scaffolds and conserved their expression pattern within these constructs.

Figure 38. Immunostaining analysis of samples. (a-c) cell-free scaffolds used as

control; (d-f) the expression of ALDH1AT (red) of cells on the tissue substitute at the
end of 7 day induction. Magnifications: (a,d) X10, (b,e) X20, (c,f) X40; Scale bars:
(a,d) 50 um, (b,e) 20 pum, (c,f) 100 pm.
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Figure 39. Immunostaining analysis of samples. (a-c) cell-free scaffolds used as

control; (d-f) the expression of LUM (green) of cells on the tissue substitute at the end
of 7 day induction. Magnifications: (a,d) X10, (b,e) X20, (c,f) X40; Scale bars: (a,d)
50 pm, (b,e) 20 pum, (c,f) 100 pm.
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5 DISCUSSION

The cornea is a convex tissue and consists of five layers (18). The outermost
corneal epithelium is a stratified squamous epithelial tissue (19). Bowman's
membrane, which supports the basal cells in the epithelial tissue, consists of collagen
fibers in an irregular organization. The thickest layer of the cornea, the stroma layer in
the middle is composed of connective tissue containing collagen and proteoglycan.
(3). The organization of collagen fibers in a certain order gives transparency to the
cornea. Descemet's membrane, a thick basement membrane, supports single-layer flat
endothelial cells in the innermost layer. In this thesis study, it was aimed to develop a
stem cell loaded, hydrogel based, 3D, hybrid corneal tissue substitute under in vitro
conditions via tissue engineering approach. The hybrid scaffold was planned to be
constructed by combining thin MeHA hydrogel, electrospun random fibrous mesh, and
thick MeHA hydrogel to imitate corneal epithelium, Bowman’s membrane, and

corneal stroma, respectively.

The thin and thick MeHA hydrogel parts were designed to mimic the epithelial
and the stroma layers of the cornea, respectively. They had to be permeable and porous
to nutrients and to allow cell growth within the structure. The results showed that
hydrogels were porous, and the cells could survive within these pores throughout the
gel. The swelling degree of the hydrogel was above 95% which could provide nutrient
diffusion within the hydrogel for the survival of cells. Cornea has a curved structure
and mechanical stiffness of the Bowman layer plays a role in stabilizing the curvature
of the cornea (167). In this thesis study, the other component of the hybrid scaffold
was electrospun fibrous mesh to improve the mechanical properties of the hydrogel-
based construct as well as to mimic the Bowman’s membrane of the cornea. According
to the literature, it is known that the elastic modulus of PLA is between 2.7-16 GPa
(154) and that of PLGA between 0.1-0.5 MPa (168). In this thesis study, according to
the mechanical test results, the elastic modulus of the fibrous mesh was calculated as
214.08+41.77 MPa. Considering that 20% concentration of PLA and PLGA are used
in 2:1 ratio, the obtained elastic modulus was between the elastic modulus of PLA and
PLGA which could be acceptable. It was observed that it was durable enough to

support the hydrogel and but not too flexible as the native Bowman’s membrane.

92



However, there were studies in which Young's Modulus was reported around this value
for on fish scale collagen and silk based corneal substitutes (169). In the hybrid
structure, the elastic modulus was found to be 15.048 + 6.279 kPa. In conclusion, the
fibrous mesh acted as a support for two hydrogel parts and could improve the
mechanical properties of the hybrid scaffold. The results also showed that individual
parts of the scaffold were transparent and also this transparency was conserved in the
hybrid scaffold even its thickness.

The results demonstrated that all three layers can be successfully constructed
in cell-loaded scaffolds and cell-free scaffolds. The fibrous mesh was properly
integrated between two hydrogel layers. Since MSCs are adherent cells, adhesion of
cells to the surface was important as it would induce cell proliferation and
differentiation (166). SEM results showed that cells were placed within the pores of
the thick MeHA hydrogel part of the scaffolds. It was thought that the pH of the MeHA
hydrogel being in the range of 7-8 also facilitated the adaptation of the cell to its
environment. Also in the literature, it was seen that cell attachment could occur in cell-
loaded HA-based hydrogel scaffolds (11, 150, 170).

Studies have shown that WJ MSCs can differentiate into keratocyte lineages (90).
When the morphological structure of WJ MSCs is examined, it is observed that they
generally have a long and bipolar fibroblast cell structure. Keratocytes, on the other
hand, appear as cells with long flat cylindrical fibroblast morphology. Keratocytes are
rich in specific proteoglycans such as lumican (163). Aldehyde dehydrogenase 1A1
(ALDHI1AT1), defined as corneal crystal, is ubiquitously expressed in many tissues
(164). Liu et al. (171) have been shown that collagen lamellae are rearranged in the
corneal stroma by using WJ MSCs in the cornea treatment of lumican null mice. This
information demonstrated that WJ MSCs could be used in cornea tissue engineering
by upregulating keratocan and aldehyde dehydrogenase gene expressions, which are
specific to keratocyte cells, by differentiating them into keratocytes. Coulson-Thomas
et al. (172) showed that WJ MSCs had the ability to become established stromal cells
by differentiating into keratocyte cells in in vivo cornea studies. WJ MSCs were
capable taking and recycling glycosaminoglycans and glycosaminoglycan degradation
products in stroma. Thus, they had proven with this study that they prevented the

progression of the disease by decreasing the size of the treated cornea. In a study by
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Garzon et al. (173), WJ MSCs and corneal epithelial cells were compared
comparatively. Accordingly, compared to the corneal tissues produced by WJ MSCs
and corneal epithelial cells, more cell layers were observed in tissues produced by WI
MSCs and showed more similarity to natural cornea. In addition, although the level of
proteoglycans and well-structured mature collagen fibers in tissues produced with WJ
MSCs yielded approximately the same level as the control group, it gave better results
than tissues produced with corneal epithelial cells. In the light of these studies, in this
thesis study isolated human WJ MSCs were used to differentiate into keratocytes. It
was observed that the differentiated cells expressed the keratocyte markers LUM and

ALDHIAL.

Cell viability assay in the hybrid hydrogels showed that on day 1 of culture
without induction and at day 7 of keratocyte induction, the viable cells covered the
hydrogel by 80% and 60%, respectively. Hydrogels are known to limit cell
proliferation as they trap cells and prevent the transport of oxygen and nutrients to the
center of structures (151). In the study of Bahgecioglu G. et al., the low vitality of 60%

on gels containing MeHA is acceptable and supports our results.

WIJ MSCs were loaded with hydrogel and during this process the cells were
exposed to UV irradiation and incubated in PBS for a certain time. Considering the
seeding density, it was observed that the number of cells on day 1 was slightly lower.
However, it was reported by Bencherif SA. et al. that both photoinitiator and 10 min
UV exposure caused a statistically significant decrease in cell viability (174). The
reducing effect of PBS on cell viability was also shown in the study of Sersonova D.
et al. (175). However, in our study, it was observed that UV exposure did not have
much negative effect on cell viability. According to MTS results, after keratocyte
induction for 7 days, there was no sharp, significant decrease in cell number, but the
proliferation rate was low. This result was understandable as differentiation was

inversely proportional to proliferation (176).

After it was determined that WJ MSCs differentiated into keratocytes, their
differentiation in the scaffolds was also examined. Since PLA, PLGA and hyaluronic
acid used in scaffolds are non-toxic biocompatible materials for cells, it was expected

that the cells would adapt to their environment and differentiate into keratocytes under
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appropriate stimulants. At the end of 7 days of differentiation, it was observed that the
cells adhered to the scaffolds and expressed high levels of ALDHIA1 and LUM
keratocyte markers. These results showed that the developed scaffolds could be
attractive candidate for the corneal tissue. Looking at the literature, Chameettachal S.
et.al. study showed that when cells were seeded or encapsulated in a gel, keratocytes
could successfully preserve their morphology and function (177). Garagorri N. et.al.
has shown that hydrogels encourage viable keratocyte populations to support and

stabilize their phenotypes (178).
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6 CONCLUSION

In this thesis study, a stem cell-loaded, hydrogel based, 3D, hybrid corneal tissue
substitute was developed under in vitro conditions via tissue engineering approach.
The hybrid scaffold was constructed by combining thin MeHA hydrogel, electrospun
random fibrous mesh, and thick MeHA hydrogel to imitate corneal epithelium,
Bowman’s membrane and corneal stroma, respectively. The hybrid scaffold having
transparency, appropriate swelling degree and intended architecture was obtained. The
potential stem cell source, human WJ MSCs were loaded in the thick hydrogel part
and then differentiated into keratocytes under optimized induction conditions. It was
observed that the cell viability was 60% as a result of differentiation, and this viability
was supported by the literature to be acceptable. After 7 days of induction of cell-
loaded scaffolds in differentiation medium, the cell expressed the keratocyte markers
Lumican and ALDHI1A1 which indicated their differentiation even within the
scaffolds.

It was expected that the corneal tissue substitute developed in this thesis study
would contribute to the studies in the field of biomaterials and tissue engineering. It
was thought that this corneal tissue substitute consisting of human mesenchymal stem
cells and biodegradable scaffolds could be tested in in vivo studies and might be a

potential regenerative treatment approach in the future.
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8 APPENDIX

APPENDIX 1. Calibration Curves for Cell Number Determination of WJ MSCs
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Figure 40. The calibration curve obtained by WST-1 assay using WJ MSCs.
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Figure 41. The calibration curve obtained by MTS assay using WJ MSCs.
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APPENDIX 2. Calibration Curves for ALP Activity
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Figure 42. The calibration curve for ALP activity prepared by p-nitrophenol at

different concentrations.
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