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Canine corneal blindness is a common cause of vision loss and visual
impairment worldwide. While the demand of canine corneal graft is continuously
elevated, the clinical useable grafts are limited to acellular biomaterials and allograft. This
study aimed to generate the tissue-engineered canine cornea in the part of corneal
epithelium and underlying stroma based on cLESCs (canine limbal epithelial stem cells)
seeded silk fibroin and gelatin (SF/G) film and cCSSCs (canine corneal stromal stem cells)
seeded SF/G scaffold respectively. Both cell types were successfully isolated by
collagenase I. SF/G films and scaffolds served as the prospective substrates for cLESCs
and cCSSCs by promoting cell adhesion, cell viability and cell proliferation. Furthermore,
gene expression levels were compared among cells seeded tissue culture plate (TCP) and
cells seeded their own scaffolds. Here, the results revealed the upregulation of P63 and
Abcg2 of cLESCs as well as Kera, Lum, Aldh3al and Agpl which are the marker of cells
differentiated into keratocytes and extracellular matrix production like a native cornea.
Moreover, immunohistochemistry was illustrated the positive staining of P63, lumican,
Aldh3al and collagen I. The results manifested the feasible platform to construct tissue-
engineered canine cornea as the functional transplantable corneal grafts and provided
the profitable acknowledgement in the area of canine corneal stem cells to develop stem

cell-based therapy in the future.
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CHAPTER |
INTRODUCTION

Important and rational

The cornea is a transparent soft tissue located at the outermost of the eye.
According to its transparency, the whole light ray is modulated in term of refraction
and transmission of the incoming light focusing onto the lens to create clear vision. It
also protects the eyes from many types of hazard such as germs, dust and chemical
or mechanical substances due to its integrity. In human and animal, corneas consist of
5 recognized layers including 3 cellular layers (epithelium, stroma and endothelium)
and 2 acellular layers (Bowman’s layer and Descemet’s membrane) (DelMonte and
Kim, 2011). However, Bowman’s membrane is not found in carnivores substituted by
special stroma condensation (Merindano et al., 2003). All layers play an important role

to maintain corneal strength, smoothness and clarity as a glass.

Corneal blindness is the third common causes of vision loss and vision impairment
inferior to cataract and glaucoma (Petrick, 1996), reported approximately 4.9 million
cases for bilateral corneal blindness worldwide (Oliva et al., 2012). Trauma resulting in
corneal ulcer, keratitis and trachoma were found as the major causes of corneal
blindness in human (Whitcher et al., 2001) and the prevalence of canine ulcerative
disease had been up to 0.80% in England (834 from 104,233 dogs) (O’Neill et al., 2017).
Corneal grafts have become the most common treatment for tissue transplantation in
human eyes, 60,000 to 80,000 performed annually in the US (Eye Bank Association of
America, 2015) as well as animal eyes. With regard to canine, the corneal graft has
been widely used in clinical applications and preclinical trials including conjunctival
autograft, nictitating membrane flap (Maggs et al., 2012), human amniotic membrane
(Barros et al., 1998; Barros et al,, 2005; Vongsakul et al., 2009), equine amniotic
membrane (Arcelli et al., 2009; Ollivier, 2008), canine amniotic membrane (Kalpravidh
et al,, 2009) and porcine urinary bladder submucosa (ACell VetTM) (Bertoldi, 2016).

However, some critical disadvantages of corneal graft transplantations have been



found such as disease transmission, contamination, limited tissue shelf life, specific
storage condition (-86 °C) and graft rejection associated with biological variability

(Maharajan et al., 2007; Utheim et al.,, 2015).

Recently, to rectify those problems, the alternative biosynthetic corneal
substitutes are synthesized based on the knowledge of cell culture and tissue
engineering. Corneal stem cell-based therapy possesses the promising cell source in
tissue engineering such as limbal epithelial stem cells (LESCs) and corneal stromal
stem cells (CSSCs) (Ghezzi et al.,, 2015). LESCs have a potential to generate corneal
epithelial cells which are the terminal differentiated cells as well as CSSCs have been
progressed in respect of stem cell properties (clonal growth in vitro, extended lifespan,
and the ability of differentiation in particular keratocytes) (Du et al., 2005). Hence,
LESCs and CSSCs are pointed to be investigated in term of isolation technique,
expansion, characterization, culture and differentiation in a tissue-engineered scaffold

in vitro to approach bona fide cornea.

Various materials have been used to fabricate three-dimensional (3-D)
biocompatible scaffolds which are able to imitate natural extracellular matrix (ECM)
and support cell attachment and growth such as silk protein (SF). Silk composed of 2
main proteins which are water-soluble sericin and water-insoluble fibroin. The
advantages of SF are demonstrated ex. good tensile strength, easy to be fabricated
into various forms, high availability, degradability, transparence and non-immunogenic
response (Kundu et al.,, 2012; Omenetto and Kaplan, 2010). Consequently, SF has
become a favorable replacement for ocular tissue. There are several supported reports
in regard to corneal epithelial scaffold (Bray et al., 2011; Gosselin et al., 2018; Hazra et
al., 2016; Lawrence et al., 2009; Liu et al., 2012), corneal stromal scaffold (Hazra et al,,
2016; Lawrence et al., 2009; Wu et al.,, 2014b) as well as co-culturing system in vivo

and in vitro (Bray et al., 2012; Gosselin et al., 2018).



Nonetheless, some disadvantages have been found, SF has slow degradation
rate and yellow tinted color which is raised to be an important concern in optical
clarity and eye comfort after transplantation (Numata et al.,, 2010; Rockwood et al.,
2011; Wang et al., 2008). Interestingly, to increase SF degradation rate, diminishing the
formation of beta-amyloid structures, incorporation with other rapid-degrading
materials has been revealed to accelerate degradation rate, such as gelatin (Jin et
al,, 2005; Numata et al., 2010; Wang et al,, 2008; Yang et al., 2012). Gelatin is derived
from partial hydrolysis of collagen and indicated superb biocompatibility and
biodegradability. Regarding cornea bioengineering, gelatin has been used as an
endothelial cell sheet grafts in vivo with satisfying outcomes (Lai et al., 2007; Niu et

al,, 2014).

This study aimed to investigate and optimize the silk film and scaffold modified
with gelatin in appropriate proportion and formulation for culturing of canine limbal
epithelial stem cells (cLESCs) and canine corneal stromal stem cells (cCSSCs) to
fabricate 3-D synthetic corneal tissue. The outcome of this study was a promising
corneal graft for treating canine corneal defect and maintaining corneal transparency
for a long period of time in clinical application. In addition, isolation techniques of
cLESCs and cCSSCs was replenished the knowledge of cell culture in veterinary

medical profession and applied to use in further experiments.



Objectives

1. To establish the effective isolation, culture and differentiation protocols of canine
limbal epithelial stem cells (cLESCs) and canine corneal stromal stem cells (cCSSCs)

for 3-D corneal construction.

2. To fabricate the appropriate scaffold for supporting cell proliferation, viability,
distribution and persistence of canine limbal epithelial stem cells (cLESCs) as well as

encouragement of keratocyte differentiation.

3. To synthesize 3-D tissue-engineered canine corneal characterized by morphology,
cell distribution, collagen alignment and extracellular matrix production aiming to use

as a transplantable corneal substitute.

Keywords (English)
Canine limbal epithelial stem cells (cLESCs), Canine corneal stromal stem cell (cCSSCs),

Silk fibroin, Gelatin, Tissue engineering

Keywords (Thai)
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Hypothesis

Canine limbal epithelial stem cells (cLESCs) and canine corneal stromal stem cells
(cCSSCs) have a capability to adhere, grow and differentiate within SF/G films and SF/G
scaffolds in the optimized condition for construction of the tissue-engineered canine

cornea mimicking native corneal tissue.



CHAPTER Il
LITERATURE REVIEW

Literature review

Part 1 cornea

1.1. Structure, function and componence of cornea

The cornea is the transparent outermost layer of the eye and the thickness of
cornea is around 500-600 micrometers in humans and animals (Gilger et al., 1991; Liu
et al,, 1999). Cornea is non-vascular, elastic, clear and comprised of 5 distinct layers
including 3 cellular layers (epithelium, stroma and endothelium) and 2 acellular layers
(Bowman’s layer and Descemet’s membrane) (DelMonte and Kim, 2011). From outer
to inner, corneal epithelium is an outermost part of cornea consisted of stratified
squamous epithelial cells particularly lying on basement membrane. The function of
epithelium is for preventing physical agents such as dust and germs out of the eyes
and also permeable to promote nutrient and oxygen transportation pass through the
inner layer of cornea (Liu et al., 1999). Basement membrane is located beneath basal
epithelium cells and composed of various extracellular molecules including collagens,
laminins, heparan sulfate proteoglycans, and nidogens. The function of basement
membrane is to anchor epithelial cell with stroma in the absence of Bowman’s layer
species and associated with cytokines penetration in homeostasis and wound healing
process (Torricelli et al.,, 2013). Beyond basement membrane, Bowman’s layer which
is fibrous collagen meshwork has been found in almost all primates and some
herbivores but absent in all carnivores (Merindano et al., 2003). Followed by corneal
stroma, the bulk of this tissue, 90% thickness of cornea, is comprised of regularly
arranged collagen fibrils and sparse diffusion of keratocytes resulting in corneal
transparency. Descemet’s membrane, underneath corneal stroma, provides the lower
barrier to protect infectious agents down below as well as supports the last single
layer called endothelium. This layer is accountable for fluid balance within the cornea

by compensating pump from overhydration and edematous condition. (Cursiefen et



al.,, 2003). Normally, all corneal layers would necessitate to be transparent with low
light scattering and avascularity. Corneal transparency is causes by the homogeneity
of the refractory index of all its constituent cells (Dohlman, 1971). Consequently, the
alterations of one or more of corneal layers affect to increase in corneal light scattering

associated with corneal opacity.

=T
e > —N"’__-\\——\ Corneal stroma

3 i
e %/Descemet‘s membrane

Corneal endothelium

Figure 1: cross-sectional of the cornea (Chen et al., 2018)

1.2 Structure and Properties of the Corneal Epithelium

Epithelium is the outermost layer of cornea for protecting the eyes. Thickness
of corneal epithelium around 40-50 Jm in human (DelMonte and Kim, 2011) and 80
Hm in canine (Helper, 1989). It comprises of 2-3 flat layers with glycocalyx-covered
microvilli for tear film stabilization beneath 4-6 layers of nonkeratinized squamous
epithelial cells (Wiley et al,, 1991). Limbal epithelial stem cells (LESCs) are the
precursor of corneal epithelium located at corneoscleral junction (Osei-Bempong et
al., 2013) and underlying sclera, known as the palisades of Vogt (Osei-Bempong et al,,
2013). The palisades of Vogt are characterized by infoldings to extend their surface

area which is permeated with the vascular plexus for providing the nutrition from the



agueous humour and the tear film (Huang et al., 2015). The basal epithelial cells are
anchored to the basal lamina by hemi-desmosomes, whilst desmosomes hold cells
together. Anyways, corneal epithelium provides a number of benefits to the cornea
including being a barrier from physical substances, light refraction by acting together
with tear and its smooth surface and transferring water and soluble substance into or

out of lower layer. (Ghezzi et al., 2015).

In relation to limbal epithelial stem cells (LESCs), they are cuboidal in shape,
small volume, high nucleus to cytoplasm ration compared to the basal cells of the
central and peripheral cornea and higher proliferation ability associated with clonal
analyzation (Chen et al., 2004; Pellegrini et al., 1999; Schlotzer-Schrehardt and Kruse,
2005). Underneath these structures, stromal crypt structures are corelative to the
putative stem cell niches to facilitate the crosstalk between limbal basal cells with the
CSSCs (corneal stromal stem cells), vessel network, extracellular matrix, and other cell
types (Dziasko et al., 2014; Dziasko and Daniels, 2016). Moreover, melanocytes have
been found closely adjacent to LESCs for preserving stemness and produced melanin

to protect those cells from UV damage (Cotsarelis et al., 1989; Dziasko et al., 2015).

Particularly, the function of limbal epithelial stem cells (LESCs) is to maintain
corneal epithelial cell homeostasis by dividing asymmetrically to stem cells and
transient amplifying cells which migrate to basal center cornea and rise up to be
superficial corneal epithelial cells respectively, and finally substitute the losing cell for
every 7-10 days (Dua and Azuara-Blanco, 2000; Lavker and Sun, 2000; Liu et al., 1999).
Limbal epithelial stem cells (LESCs) themselves are mitotically inactive and have a
slow cycle which is illustrated by the maintaining of the marker triturated thymidine
([3H]dT) for long chasing periods (Barbaro et al., 2007; Cotsarelis et al., 1989), whereas
transient amplifying cells display high proliferative potential. On the ground of mitotic
cells renewal capacity, LESCs play an important role for wound healing process by
migration and cell spreading of the healthy cells toward the corneal defect by

nonmitotic wound healing following by tissue reconstruction from mitotic cells which



are then arisen (Ljubimov and Saghizadeh, 2015). There is also reported to be
angiogenic balance of LESCs anticipated in avascularity, thereby in case of limbal
epithelial stem cells deficiency (LSCD), the balance shifts to pro-angiogenic condition

resulting in corneal neovascularization (Lim et al., 2009).

Address to limbal stem cell marker, nowadays it remains unknown. There are
several reports pursuing the relation of Qlisoform of VNp63 (N-terminally truncated
transcripts generated by the p63 gene) and limbal stem cells in human and canine.
Consequently, the result indicated significantly positive relation (Di lorio et al., 2005;
Nam et al, 2015). Besides, ABCG2 (Dziasko et al., 2015), cytokeratin15 (Meyer-
Blazejewska et al., 2010), cytokeratin 14 (Nieto-Miguel et al., 2011), frizzled 7 (Mei et
al., 2014), cytokeratin 7 (Mikhailova et al., 2015), and lately ABCB5 (Ksander et al., 2014)

have been determined as putative LESCs stem cell markers.

The LESCs have been widely successful in isolation, culture and using as a
corneal epithelium graft in human limbal stem cell deficiency (LSCD) (Tan et al., 1996).
There are mentioned to be several therapeutic strategies to undergo ocular surface
reconstruction (OSR) in case of LSCD including amniotic membrane transplantation
(AMT) (Tseng et al,, 1998), conjunctival limbal grafting (Keivyon and Tseng, 1989),
allograft limbal stem cell transplantation (Daya et al., 2005) , simple limbal epithelial
transplantation (SLET) (Sangwan et al, 2012), and cultivated limbal epithelial
transplantation (CLET) (Cheng et al,, 2017). Recently, stem cell-based therapy and
tissue engineering have become the effective technique for stem cell plasticity based
on the principle of in vitro cells expanding on the substrate for ocular surface
reconstruction (OSR) (Dong et al., 2018). In canine, LESCs have been addressed in the
clinical improvement of allogenic limbal stem cell in subconjunctival use (Kovsca
Janjatovi¢ et al., 2015), sclerocorneal limbal stem cell autograft transplantation in
experiment (Brunelli et al.,, 2007) and as in corneal epithelial cell sheets cultivations

(Nam et al., 2015).



1.3 Structure and Properties of the Corneal Stroma

Corneal stroma is the thickest layer, around 80-85% of corneal, 500 Um
thickness, and provides many vital biochemical properties such as transparency, tensile
strength and stability. It comprises of heterogenous orthogonal collagen fibrils
aligcnment including predominant collagen type |, collagen type lll, collagen type V and
collagen type VI (Marshall et al., 1991), proteoglycan and keratocytes which are
sparsely dispersed in the whole collagen fibrils (Chen et al., 2015). The collagen fibrils
are regularly arranged in diameter (250-340 nm diameter) and spaced responsible for
flat lamella sheet forming. There are 250-300 distinct collagen lamellae in stroma
which are aligned in perpendicular orientation especially in posterior stroma (Meek and
Fullwood, 2001; Meek and Boote, 2004). Moreover, extracellular matrix (ECM) is also
an important substance including a number of proteoglycans such as keratocan,
lumican and biglycan as well as glycosaminoglycans including predominant keratan
sulfate, chondroitin sulfate and dermatan sulfate. Those ECM molecules are associated
with spacing and collagen fibril organization related to corneal transparency. There is
a supporting report verified the significance of proteoglycans described by lumican

knock-out causing corneal opacity (Chakravarti et al., 2000).

Revolving about keratocytes, corneal fibroblasts are mesenchymal cells
derived from neural crest. They sparsely diffuse between 9-17% of tissue cellular
volume and approximately 23,000 cells/mm?® (Nickerson, 2015). They play an
important role to facilitate lamellar organization and corneal stromal extracellular
matrix by collagen and proteoglycan production resulting in corneal transparency.
Keratocytes are transparent themselves by their crystalline protein such as aldehyde
dehydrogenase type lll. Moreover, keratocytes are essential for healing process by
differentiation into fibroblast or myofibroblast which is producing more ECM
components (Jester and Ho-Chang, 2003). Nevertheless, in severe injury, the expression
of ECM disorganization might be occurred resulting in corneal opacity, so called corneal

scar (Funderburgh et al., 2003). In vitro, keratocytes are hardly persisted in their gene
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expression, morphology, and ability to organize corneal-like ECM after high passage
number even in serum or serum free media. However, in the condition of a specific
pattern of topographical scaffold, they can retrieve the capability to secrete typical

organized ECM of corneal stroma (Karamichos et al., 2014).

Recently, discovering of keratocyte progenitor cells, human corneal stromal
stem cells (hCSSCs) have been progressed in respect of stem cell properties (clonal
growth in vitro, extended lifespan, and the ability of differentiation in particular
keratocytes), isolation and culturing procedures (Du et al., 2005). CSSCs, neural crest-
derived MSC, locate at the limbal stroma proximity to the limbal epithelial basement
membrane (Funderburgh et al., 2016). Interestingly, hCSSCs, in vitro and in vivo, have
an ability to secrete multilayered lamellae with orthogonally oriented collagen
lamellae resulting in corneal transparency, mimicking human corneal stromal tissue
(Wu et al., 2014a) and modulating preexisting scars by corneal remodeling (Demirayak
et al,, 2016; Mittal et al,, 2016; Tigshe and Williams). For corneal healing, there are
presented to be several paracrine effects related to corneal healing process including
differentiated growth factors, migration of keratocyte, keratocyte apoptosis inhibitor
and up-regulation of ECM of keratocyte genes (Jiang et al., 2017). MSCs have been
accepted to provide immunomodulatory effects in allogeneic, syngeneic, and even
xenogeneic scenarios (Kao and Thomas, 2016; P De Miguel et al., 2012) as well as CSCCs
also have the ability to suppress T-cell-mediated tissue rejection which is aimed to be
immune privilege (Du et al., 2009). Therefore, they become to prospect an effective
therapeutic device and accomplished candidates in corneal bioengineering
applications to generate normal transparent corneal stroma instead of pathogenic

corneal lesion.



11

D e L AN S LTy
RO

AR

Fieure 2: Parallel orientation of collagen fibrils in lamella collagen stroma, transverse
section (Robert et al., 2001) (a), and perpendicular alignment of each collagen

lamellae (Meek and Fullwood, 2001) (b).

Part 2 Tissue engineering
2.1 Definition of Tissue Engineering

Tissue engineering is arisen for recovery of the irreversible tissue damage which
is the impact issues of human around the world. Its formal definition is “Tissue
engineering is an interdisciplinary field that applies the principles of engineering and of
life science towards the development of biological substitutes that restore, maintain,
or improve tissue or organ function” (Langer R, 1993). The principle of tissue
engineering is to evolve the manufactured tissue which has a capacity to transplant
and consolidate in defected tissue through facilitate the normal tissue healing with
absence of adverse effects. Tissue engineering composes of two main components,
cells and carriers. Generally, firstly, the isolated cells are expanded and seeded in the
manufactured scaffold or carrier before culturing in the static culture condition or

dynamic bioreactor.

By way of corneal engineering, corneal substitution is developed, based on the
fabrication of structural and functional requirements mimicking native cornea including
transparency, biocompatibility, elasticity and tensile strength resemble to corneal, high
optical transmittance, allowing the diffusion of nutrients, suitable mechanical

toughness, appropriate biodegradability, less inflammatory response, clinical



12

compliance and providing for cell attachment, proliferation and differentiation

(Carlsson et al., 2003).

Patient Biopsy isolated and \
expanded celis \

A'::E" SR £ T 3 Wit Q‘,’o‘ et —-.‘
Biodegradable Cslis on polymer matnx New fissue

polymer matrix

Figure 3: A common methodology of tissue engineering (Kim and Mooney, 1998)

2.2 Corneal cell Sources for Tissue Engineering

Cell sources can be divided into three types including autologous, allogenic
and xenogenic. However, autologous cells are the most favored source due to their
low risk of immune response. Nowadays, stem cells become to be used as a cell-
based therapy together with suitable biomaterials because of their plasticity and self-

renewal.

In corneal engineering, 3 cellular layers (epithelium, stroma and endothelium)
comprised of 3 distinct cells (epithelial cell, keratocyte and endothelial cell
respectively). Epithelial stem cells are located at corneoscleral limbus area, so called
limbal epithelial stem cells (LESCs) that have a potential to generate corneal epithelial
which are the terminal differentiated cells. LESCs have been used to treat limbal stem
cells deficiency in humans by obtaining LESCs from unaffected fellow eyes (Keivyon
and Tseng, 1989) as well as cadaveric donors eyes (de Araujo and Gomes, 2015; Tsai
and Tseng, 1994). In last decade, keratocyte progenitor cells, corneal human stromal

stem cells (hCSSCs), have been discovered in corneoscleral rim with the properties of
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stem cells including self-renewal, extended lifespan and ability to differentiate into
specific cells, in particular keratocytes (Du et al., 2005). Especially, in floating pellets,
hCSSCs express corneal-like ECM with lamella collagen fibrils similar to corneal pattern
and significantly improve more similarity of collagen alignment in nanofiber culture
(Wu et al., 2012). Moreover, CSSCs, in vivo, have been determined to subside the
problems of corneal wound (Basu et al., 2014), corneal scarring (Hertsenberg et al,,
2017) and stromal neovascularization and inflammation (Almaliotis et al., 2015). In
other words, CSSCs have superiority for being a cell source in stromal engineering. The
last one is endothelial cells, unlike epithelium, endothelial cells are in non-proliferative
stage with diminishing in cell number in time by age (Bourne et al., 1997; Joyce, 2005).
However, there are some evidences of progenitor cells, but not stem cells, located in
the area of posterior limbus, the transitional area between the periphery of the
endothelium and Schwalbe’s line to the anterior portion of the trabecular meshwork,
thus these progenitor stem cells are able to generate both endothelial cells and

trabecular cells (Yu et al., 2011).

2.3 Tissue Engineering Scaffolds

A tissue engineering scaffold can be categorized in structure as 2-D or 3-D and
in material as synthetic or natural origin. Materials are usually used in polymer,
generally, natural polymers are prominent in biocompatibility but synthetic polymers
have more customization of the desired properties. Moreover, those of the materials
can be modified to fulfill a preferable requirement such as controllable
biodegradability, mechanical strength and high porosity for increasing cell migration
and transferring nutrients and wastes. For a porous structure, there are mentioned the
several ways to fabricate, basically, porogen-leaching, gas foaming, freeze-drying, fiber
bonding, and phase separation (Ma, 2004). To increase cell attachment, proliferation
and migration, modification of appropriate chemical (Ex. Arginine-glycine-aspartic acid

(RGD), poly-L-lactic acid and peptide amphiphiles (PAs)) and generation of
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topographical surface properties have been described (Karageorgiou and Kaplan, 2005;

Leong et al., 2003).

In respect of corneal scaffold, natural scaffold for example collagen, silk, gelatin
and chitosan and synthetic scaffold including poly (vinyl alcohol) (PVA), poly (2-
hydroxyethyl methacrylate) (PHEMA), polyethylene (glycol) diacrylate (PEGDA),
poly(lactic-co-glycolic acid) (PLGA) and poly(ethylene glycol)/poly(acrylic acid) and
(PEG/PAA)-based hydrogels have been reported as the one or more layer of corneal
scaffold. According to this experiment was addressed to fabricate in 2 layers of cornea,
epithelium and stroma with silk and gelatin scaffold, the detail of silk and gelatin was

mentioned.

2.3.1. Silk fibroin (SF)

Silk fibroin (SF) is a structural protein derived from the cocoon of the silkworm
(Bombyx mori). Its advantage is biocompatibility, processability, non-immunogenic
response, controllable degradation rates and mechanical properties, hence it has been
used in tissue engineering and regenerative medicine. SF can be processed in many
formed structures for example native fiber, electrospun fibers, films, sponge scaffold,
hydrogels and microsphere by simple evaporation as well as electrospinning (Kundu,
2014). Commonly, to obtain SF solution, the precursor of the silk framework is mixed
with lithium bromide solution before dialysis. The modulation of silk fibroin has been
addressed to control material properties and adjust degradation rate which are the
superior advantage than the other materials ex. collagen, chitosan and alginate.
Secondary protein structure (alpha-helices and beta sheets) can be modulated through
post-processing techniques including mechanical stress, heat, water and organic
solvent (Agarwal et al,, 1997; Gupta et al.,, 2007; Jin et al, 2005; Lu et al.,, 2010).
Consequently, degradation rate, hydrophobicity/hydrophilicity, mechanical strength,
transparency, porosity, oxygen permeability and thermal stability can be regulated
(Horan et al., 2005; Jin et al,, 2004; Motta et al,, 2002). Water annealing, use of water

vapor, is the most common use referred to control secondary protein structure with
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up to 60% of beta sheet structure (Lawrence et al, 2008). Recently, a silk
photocrosslinking method has been reported for changing silk physical property to be

highly elastic and transparent hydrogel (Applegate et al., 2016; Ghezzi et al., 2015).

About corneal engineering, silk approaches the inherent optical clarity which
has been used in human corneal limbal epithelial cells (HCLEs) similar to amniotic
membrane (AM) which is a conventional substrate for corneal epithelium. However,
lack of ECM in pure SF membrane, unlike AM, cell attachment property is subordinate
(Bray et al., 2011). Remarkably, chemical modification by RGD sequence on the surface
of silk membrane elevates the proliferation and attachment of HCLE cells, human
keratocytes (Gil et al., 2010a; Lawrence et al.,, 2009) and human corneal endothelial
cells (Madden et al., 2011). Moreover, this chemical modification also maintained its
integrity and transparency for a half year with low immunogenic and low neovascular
responses in rabbit stroma (Wang et al., 2015). For both corneal epithelial and stromal
layers, porous silk film had an evidence to enhance the construction as well as
synthesis corneal-like ECM by hCSSCs (Bray et al., 2012; Gil et al.,, 2010b). The ability
of permeability and biodegradability was presented in polyethylene glycol (PEG)
inducing porous SF, but high porosity was investigated to be more vulnerable and
faster degradation rate (Gil et al., 2010b; Higa et al,, 2011; Suzuki et al., 2015).
Furthermore, topographic modification, including the depth and width of grooves, stack
patterned porous silk film or sponge, was effected on cell adherence, lamellae and

the thickness of tissue (Ghezzi et al., 2015).

In this regard, silk fibroin can be considered as a preferable engineering material
owning to the ability to modify in the large range of material processing windows and
accessible methods for controlling the protein formation. Moreover, SF approaches

the profound effects on the cell behavior, in particular, corneal cells.
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2.3.2 Gelatin

Gelatin is a ubiquitous natural water-soluble protein derived from collagen
hydrolysis. Comparing with collagen, gelatin has same amino acid sequence but
contains less tertiary structure resulting in higher aqueous solubility (Pahuja et al,
2012). Gelatin as to tissue engineering generally implicates through crosslinking
including chemical crosslinking such as ¢lyceraldehyde (Sisson et al, 2009),
glutaraldehyde (GA) (Talebian et al., 2007), polyepoxides (Nishi et al., 1995), natural
products such as genipin (Bigi et al., 2002) and carbodiimide coupling (Kuijpers et al.,
2000), enzymatic crosslinking such as microbial transglutaminase (mTG) (Yung et al,,
2007), physical crosslinking such as plasma (Prasertsung et al., 2013), UV radiation (Bhat
and Karim, 2009; Brinkman et al,, 2003) and dehydrothermal treatment (DHT)
(Ratanavaraporn et al.,, 2010; Watanabe et al,, 2011). Physical crosslinking has a
dominant advantage with non-chemical toxicity. Because of its lower immunogenicity,
cost, aqueous solubility, containing with RGD sequence and ability to crosslink and
process, gelatin becomes an excellent candidate for ocular tissue engineering (Katagiri

et al., 2003; Prakashan, 2005).

In ocular tissue engineering, gelatin prepared by dehydrothermal was found the
superiority in transparency, elastic modulus and albumin permeability. Seeding with
primary human corneal endothelial cells on gelatin has been illustrated a continuous
endothelial monolayer. (Watanabe et al., 2011). In chemical crosslinking, LESC, chitosan
and gelatin crosslinking with ¢lutaraldehyde were able to sustain more stem-like
phenotype than tissue culture plate (Zhu et al, 2006). The incorporation with
chondroitin sulfate (CS) has been exhibited primary rabbit corneal keratocytes (RCKs)
cell growth, lower Young’s modulus and resistance against protease digestion (Lai,
2013). Using of hyaluronic acid (HA) functionalized gelatin microspheres for 3-D
culturing system with rabbit corneal keratocytes (RCKs) has been showed to maintain
RCKs cell growth and tolerate in the anterior chamber of the rabbit eye (Lai and Ma,

2017). Glutaraldehyde crosslinked gelatin matrix together with stromal cells were
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cultured as spheroids to reconstruct rabbit corneal stroma by implantation to corneal
stromal pocket. After 4 weeks, keratocytes displayed desirable surface markers by
histological immunostaining without evidence of immune cell infiltration (Mimura et
al,, 2011). Moreover, regarding to scaffolds with instructive topographies, in keratocyte
and epithelial cells, gelatin based electrospun membrane with fiber alignment affected
on better cell proliferation and biomarker presentation compared to random fiber

orientations (Gao et al., 2012; Wilson et al., 2012; Yan et al., 2012).

2.2.3 Silk fibroin/gelatin (SF/G) blended scaffold

Silk fibroin has been performed as a scaffold with excellent mechanical
property, biocompatibility but slow degradation rate and no RGD motif that is
responsible for cell attachment. However, in the form of ocular surface bioengineering,
scaffold is required no long-term degradation rate for avoiding ocular irritation.
Incorporating with gelation, mixed of those components have been revealed to
accelerate degradation rate, improve tensile strength, diminish inflammatory reactions
and improve cell adhesion (Yang et al,, 2012). It has been investigated to increase
their properties of cell adhesion, proliferation and appropriate mechanical property
by using mouse embryonic fibroblasts (MEF) and mesenchymal stem cell (Fan et al,,
2008; Moisenovich et al., 2014). For crosslinking, likewise the other materials, silk fibroin
with gelatin can be performed through chemical crosslink ex. EDC/NHS treatments and
physical crosslink ex. dehydrothermal (Tungtasana et al.,, 2010), those procedures
displayed suitable degradation time and less immune response in vivo (Tungtasana et

al., 2010).

Therefore, this study was the first determination of bio-fabricated cornea based
SF/G scaffold by the way of canine ocular tissue engineering and comprehend isolation
and culture protocol for canine limbal epithelial stem cells (cLESCs) and canine
stromal stem cells (cCSSCs) to construct suitable canine corneal synthesis pointing to

use as a promising corneal graft for transplantation.
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CHAPTER 1lI

Materials and methods

1. Preparation of silk fibroin solution (SF)

B. mori Thai silkworm “hybrid silkworm (J108 X Nanglai strain)” cocoons were
kindly received from the Queen Sirikit Sericulture Center, Sisaket province, Thailand.
To prepare silk solution, silk cocoons were degummed by boiling for 30 min in 0.02 M
of Na2CO3 solution (Ajax Finechem, Australia). The silk fibers were then rinsed with 5
liters of deionized water for 4-5 times and dried overnight. After that, autoclaving
procedure, at 121 °C for 20 min, was performed for sterilization. The silk fibers were
dissolved in 9.3 M of LiBr solution (Sigma-Aldrich Corporation, USA) at 60 °C for 4 h and
dialyzed through the dialysis bag (MWCO 12000-16000, Vikase Company Inc., Osaka,
Japan) against distilled water (DI) for 3 days. After the conductivity of dialysate was
similar to DI. Impurity was removed by centrifugation at 9,000 RPM (approximate 12,700
g) 4 °C for 20 min twice. The obtained SF solution was in a range of 6-7% w/w.
(Chantong et al., 2019; Hu et al., 2011). Before using, SF solution was diluted with DI to

5% w/w.

2. Preparation of gelatin (G)
The type A gelatin (Nitta Gelatin Co., Japan) (MW = 100,616) was kindly

provided. 5% w/w of gelatin was prepared with 5¢ gelatin A and 100 g of DI. The

solution was mixed by stirring in 40°C until homogeneous.

3. Preparation of Silk fibroin/gelatin (SF/G) films

Silk fibroin/gelatin  (SF/G) solution at a ratio of 30/70 and final solid
concentration of 5% w/w was prepared by gently stirring for 10 min at room
temperature (RT). Then, A 2 mL of mixed solution was cast in 5x5 cm of squamous

polystyrene tray and dried in laminar hood overnight to obtain SF/G films. The SF/G
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films were cut in circular shape with 1 cm diameter by sterile biopsy punch (Miltex,
USA) and annealed in water filled desiccators under vacuum for 24 h for changing to
insoluble form (B-sheet structure) of silk fibroin. The films were sterilized by gas plasma

before use.

4. Preparation of Silk fibroin/gelatin (SF/G) scaffolds

The SF/G solution at a ratio of 30/70 and final solid concentration of 5% w/w
was prepared by gentle stirring for 10 min at RT. Then, the solution was cast on 5x5

cm of squamous polystyrene tray and created porous scaffolds by freezing at -80°C

overnight before lyophilization at ~=70 ° C for 48 h. After that, SF/G scaffolds were
crosslinked by dehydrothermal technique at 140°C for 72 h under vacuum in a vacuum
oven. Air interphase area of scaffolds was removed prior to constructing in circular
shape with 1 cm diameter by sterile biopsy punch (Miltex, USA) and slid in 1 mm
thickness using microtome blade. The scaffolds were sterilized by gas plasma before

use.

5. Material morphological and structural characterization

To assess SF/G films, SF/G scaffolds, cLESCs seeded SF/G films, cCSSCs seeded
SF/G scaffolds and bio-fabricated cornea, scanning electron microscopy (SEM) was used
to analyze the pore size pattern, surface, thickness, cell morphology, and overall
structure. Dried samples (SF/G films, SF/G scaffolds) were sputtered by gold before
SEM imaging. The thickness of materials and pore size were measured by ImageJ (US
National Institute of Health, NIH). Whilst, wet samples (cLESCs seeded SF/G films,
cCSSCs seeded SF/G scaffolds and bio-fabricated cornea), before coating with gold,
were fixed with 2.5% glutaraldehyde. For dehydration, ethanol series at 4 °C. and
critical point dry were processed to the last dehydration. SEM imaging analysis was
performed by JEOL InTouchScope™ series SEMs, the JSM-IT500HR using 10 kV for all

magnifications.
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6. Swelling test

For water absorption capacities of SF/G films and SF/G scaffolds, swelling was
processed. Dry form of SF/G films and SF/G scaffolds were weighted and immersed in
DI water at specific time point. Before weighting, materials were blotted with paper to
remove excessive water. The water content was then calculated by the following

equation.

Water absorption = (Mt / M0) / Mt X 100%

Where Mg is the initial weight of materials and Mt is weight of wet form at

specific time point.

7. In Vitro enzymatic degradation

In vivo degradation tests were evaluated the degradation rate of SF/G films and
SF/G scaffolds at specific time points. Briefly, SF/G films and SF/G scaffolds were
incubated in 1U/ml of protease XIV solution (pH 7.4) (Sigma-Aldrich Corporation, USA)
containing 0.01% w/v sodium azide (Loba Chemie PVT. LTD., India) for antimicrobials
at 37°C and replaced every two days. Hereafter, the remained materials were washed
with DI and centrifuged at 10000 RPM for 5 min to remove non-material solution for 3
times. Materials were dried at 60 °C in heating block overnight. Then, the dried form
of materials was weighted and normalized according to following equation.

Residual mass (%) = Wt/WQ x 100%

Where W is the initial weight of materials and Wt is the weight of materials

at specific time point.

8. Uniaxial tensile test

Shimadzu universal testing machine was performed to determine tensile
strength conforming under a crosshead speed of 5 mm/min until ultimate failure. 40
Wm thickness of SF/G films and 1 mm thickness of SF/G scaffold were cut into
dumbbell shape with 2 cm of gag length and 1-cm width and immersed in PBS until

equilibrium. 4 identical samples of each material were analyzed. The ultimate tensile
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strength (UTS), elastic modulus (Mpa) and elongation values at break were

automatically calculated.

9. Canine limbal corneal epithelial cell (cLECs) isolation and culture

This project underwent canine cadaveric cornea, so it was not applicable for
IACUC approval. Unilateral/Bilateral corneas were obtained from fifteen cadaveric
healthy dog eyes (age between 1 to 7 years old) without pathological lesion of the
eyes and less than 4 h of preservation. Collected corneas were transported in transport
media including Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific
Corporation) with 10% Fetal bovine serum (FBS; Thermo Fisher Scientific Corporation)
at 4 °c. For preparation, corneas were rinsed with Hank’s Balanced Salt solution (HBSS)
(Thermo Fisher Scientific Corporation) containing with 100 unit/mL penicillin (Thermo
Fisher Scientific Corporation), 100 pg/mL streptomycin (Thermo Fisher Scientific
Corporation), 5 pg/mL amphotericin B (Thermo Fisher Scientific Corporation) and
gentamycin 50 pg /mL (Thermo Fisher Scientific Corporation) for six times. After
removing the excessive tissue, corneas were dissected at the superficial limbal area
into 8 pieces equally by crescent knife (Alcon, USA) and corneal scissors and incubated
in collagenase | (Sigma-Aldrich Corporation, USA) 0.5 mg/mL for 16h 37°c. After that,
epithelial cells were dissociated by cell scraper at the epithelial side and pipetting to
create single cell suspension. Cell suspension was then added to 4 times volume of
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific Corporation)
with 10% Fetal bovine serum (FBS; Thermo Fisher Scientific Corporation) and collected
by centrifugation. The isolated cells were seeded on the prepared plate with
mitotically inactive 3T3 J2 fibroblast. Limbal epithelial stem cell media containing with
high glucose Dulbecco's Modified Eagle Media: Nutrient Mixture F-12 (DMEM /F-12;
Thermo Fisher Scientific Corporation) supplemented with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific Corporation), 2 mM L-glutamine (100x GlutaMAX™; Thermo
Fisher Scientific Corporation), 100 unit/mL penicillin (Thermo Fisher Scientific
Corporation), 100 pg/mL streptomycin (Thermo Fisher Scientific Corporation), and 5

ug/mL amphotericin B (Thermo Fisher Scientific Corporation), 20 ng/mL human
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recombinant epidermal growth factor (EGF; Milipore Corporation), 1x insulin-transferrin-
selenium (ITS; Invitrogen) and 0.5 pg/mL hydrocortisone (Sigma-Aldrich Corporation,

USA) was used for culture at 37 °C under 95% humidity and 5% CO,. Media were

substituted every 2 days. Cells in the passage 3 were accessed to further experiments.
For cLESCs expanding, mitotically inactive 3T3 J2 fibroblasts were used as a feeder
cell. Before subculture, 3T3 J2 fibroblasts were removed by 1 min trypsin incubation
whereas cLESCs were used more than 5 min trypsin incubation.
10. Preparation of 3T3 feeder cells

373 J2 fibroblast cells were kindly given from Stem Cell and Cell Therapy
Research Unit, King Chulalongkorn Memorial Hospital. As feeder cells, 3T3 J2 fibroblast
cells have an ability to improve cell proliferation and sustain stem/progenitor cells in
corneal epithelial cells (Nam et al., 2015). After confluence, 3T3 was inhibited the
proliferation by 10 pg/mL of mitomycin C (Sigma-Aldrich corporation, USA) for 2h at 37
°C under 5% CO, and washed with PBS 2 times before seeding cLESCs.

11. Canine corneal stromal stem cells (cCSSCs) isolation and culture

Canine corneal stromal stem cells (CSSCs) were isolated after removing limbal
epithelial stem cells. The remaining limbal tissues were cut into smaller pieces and

scrapped with a cell scrapper (SPL Lift Sciences, Korea). Then, the tissues and cell

suspension were filtered through 70 lm cell strainer (SPL Lift Sciences) and centrifuged
to obtain cell pellet. The pellet was resuspended and seeded in 60 mm culture plate.
Corneal stromal stem cell proliferation media contained with DMEM/MCDB-201 (Sigma-
Aldrich corporation, USA) in the ratio of 1:1 (v/v), 2% fetal bovine serum, 10 ng/mL
platelet-derived growth factor (PDGF-BB; Millipore corporation), 10 ng/mL epithelial
growth factor (EGF; Millipore corporation), 0.1 mM ascorbic acid, 10 M dexamethasone,

1x insulin-transferrin-selenium (ITS; Invitrogen) was used to culture at 37 °C under 5%

CO,. Cells were then subcultured when they reach the confluence. The third passage

was used in further experiment.
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12. Keratocyte differentiation

cCSSCs at the third passaged were seeded into SF/G scaffold at the
concentration of 6x10° cells/mL; 80 L. After 3 days, the media were changed from
corneal stromal stem cell proliferation media to keratocyte differentiation media (KDM)
consisted of DMEM (Thermo Fisher Scientific Corporation) supplemented 1.0 mM L
ascorbic acid-2-phosphate (Sigma-Aldrich Corporation, St Louis, USA), 2 mM L-
glutamine (100x GlutaMAX™; Thermo Fisher Scientific Corporation), 100 unit/mL
penicillin (Thermo Fisher Scientific Corporation), 100 pg/mL streptomycin (Thermo
Fisher Scientific Corporation), and 5 pg/mL amphotericin B (Thermo Fisher Scientific
Corporation), 10 ng/mL basic fibroblast growth factor (FGF-2, Millipore corporation) and
0.1 ng/mL transforming growth factor-beta3 (TGF-f33, Sigma-Aldrich Corporation, USA)

and continuously cultured.

13. Quantitative reverse transcription PCR (RT-gqPCR)
RT-gPCR was performed to characterize both cLESCs and cCSSCs at passage 3,

14 days after culturing in tissue culture plates (TCP). cLESCs seeded on SF/G film and
cCSSCs seeded into SF/G scaffold were executed at day 14 and day 28. Briefly, RNA
was collected by using TRIzol-RNA isolation reagent (Thermo Fisher Scientific
Corporation, USA) following by extracting with DirectZol-RNA isolation kit
(ZymoResearch, USA) according to the manufacture’s protocol. ImProm-™ Reverse
Transcription System (Promega, USA) was used for converting total RNA to cDNA. The
targeted genes were amplified by FastStart Essential DNA Green Master (Roche
Diagnostics) using CFX96™ real-time PCR detection system (Bio-Rad). The groups of
primers are presented in table 1.

In this experiment, glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was
appointed to be a reference gene. The gene expression levels were normalized by

Gapdh and calculated from this formula: 2447, where AACT = [Ctlreet sene. C{SAPPH]
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treateq - [CESEH8eNe_ CHOAPDH] L (Ct referred to cycle threshold). In each experiment,

gene expression was analyzed from 4 subjects.

Table 1: Primer sequences

Accession
Gene Sequences 5 3 Length Tm (°C)
number
(bp)
Stemness genes
Rex1 XM 0036395  Forward AGGTTCTCACAGCAAGCTCA 199 59.24
67.1 Reverse CCAGCAAATTCTGCGCACTG 60.73
Oct4 XM 538830.1  Forward AGGAGAAGCTGGAGCAAAACE 100 60.55
Reverse GTGATCCTCTTCTGCTTCAGG 59.50
Mesenchymal
stemness marker
CD90 NM 0012871 Forward  AGGACGAGGGGACATACACA 109 59.69
29.1 Reverse  ATGCCCTCACACTTGACCAG 59.69
Proliferation marker
Kie7 XM 0141087  Forward GTGCAACTAAAGCACGGAGA 124 58.49
88.1 Reverse GAGATTCCTGTTTGCGTTTTC 59.49
Limbal stem cell
marker
P63 XM 856275.3  Forward CTGGAGCCAGAAGAGAGGAC, 102 60.89

59.4
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Reverse CGTGTACTGTGGCTCACTAAA 60.14
60.9
Abcg2 NM 0010480  Forward CAGGGCTGTTGGTAAATCTCE 54.8
21 Reverse TACTGCAAAGCCGCATAACC 56.0
Corneal epithelial
cell marker
Krt3 NM 0013460  Forward GTCAGCATCTCCGTGCTCAG 188 60.04
12.1 Reverse GCTGAAGCCTCCACCACTG 60.04
Krt12 NM 0010824  Forward ATTGCCGAGCAGAACCGTAA 188 60.04
21.1 Reverse TCCAGGGATTTCTTCGTGGC 60.04
Corneal stromal
stem cell marker
Nes XM 014115 Forward CAGCAGCTAGCACACCTCAA 141 60.32
306.2 Reverse CTCCAGTTTAGGGTCCTGGAA 58.73
Pax6 NM 0010975 Forward CCCAGTATAAGCGGGAGTGC 144 60.25
44.1 Reverse GTTGC CGCTAGCCAGG 59.83
Nefr XM 022423 Forward CAGCAGCTAGCACACCTCAA 141 60.32
913 Reverse CTCCAGTTTAGGGTCCTGGAA 58.73
Keratocyte marker
Kera XM 847392 Forward GTGAGGTGCTGTCGTTGTTG 172 59.70
A Reverse TGCCATGATAGTACCTCAGCC 59.31
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Agpl NM_ 001003 Forward ~ GCATCGAGATCATTGGCACC 144 59.41
130.1 Reverse  CTGTGTAGTCGATCGCCAG 57.76

Aldh3al NM 001082 Forward ~ TTCAACTCGGGCAAGACTCG 134 60.32
420.1 Reverse  GCGTTCCACTCATTCTTGTGC 60.40

Lum XM 539716. Forward TCCGTCCTGACAGAGTTCAC 111 59.04
6 Reverse  TGGCAAATGCTTTGAATCCTTC 58.07

Myofibroblast

marker

Acta2 XM 534781 Forward =~ CCATGAAGATCAAGATCATTGC 176 57.88

6 Reverse ~ ACAGAGCAAGGAAGCGTCT 58.95

Reference gene

Gapdh NM_ 001003 Forward ~ CCAACTGCTTGGCTCCTCTA 100 59.38
142.1 Reverse 59.38 59.67

GTCTTCTGGGTGGCAGTGAT

14. Cell proliferation assay

For cell proliferation, DNA of cLESCs seeded SF/G film (100,000 cell/cm?) and

cCSSCs seeded SF/G scaffold (cell concentration 6x10° cells/mL; 80 L/ scaffold) were

quantified at day 1, 3, 5, 7, 14 and 28. 4 replications of each time point were digested

with 1.0 mg/ml proteinase K (Worthington Biochemical, USA) in proteinase K buffer

(150 mM Tris HCl and 1 mM EDTA pH 8.0) and 20 ul/sample of papain suspension
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(Worthington Biochemical, USA). After that, all samples were incubated at 60 °C 16h in
heating block. The centrifugation was performed with 8000 rpm for 10 min at 4°C. The

supernatant was then transferred to the new tube. DNA level was measured by Qubit
Fluorometric Quantification with dsDNA BR assay. For each sample, 1-Ul

supernatant was combined with 199-Ul Qubic buffer and vortexed for
homogeneity. Then, combined solutions were incubated for 2 min at RT.
The Qubit Flex Fluorometer was used to quantify DNA level. Quantitative data was

normalized with plain film and scaffold. Absorbance data were carried to present.

15. Cell viability assay and distribution
Parallel to the time point of the cell proliferation assay, LIVE/DEAD cell double

staining was illustrated by cLESCs seeded SF/G films and cCSSCs seeded SF/G scaffolds.
In brief, as the same cell concentration in proliferation assay, in 24 well plate, the
samples were washed with HBSS (Thermo Fisher Scientific Corporation, USA) to remove
nonspecific background. Before incubation with cell staining, calcein AM solution
(Thermo Fisher Scientific Corporation, USA) and propidium iodide solution (Sigma-
Aldrich Corporation, USA) were prepared by diluting with HBSS (1:1000 in HBSS; Thermo

Fisher Scientific Corporation, USA) simultaneously. The staining solution was then

added to well plates and incubated for 30 min at 37°C. After that, the solution was
washed with HBSS (Thermo Fisher Scientific Corporation, USA) and observed under a
fluorescent microscope incorporated with Carl Zeiss™ Apotome.2 apparatus (Carl

Zeiss, Germany).

16. Bio-fabricated cornea formation

To mimic 3-D corneal structure, both materials were placed on a 12-well cell
insert (translucent PET high pore density (HD); Falcon Corporation) separately. cLESCs
were seeded at the density of 100,000 cell/cm? on the prepared SF/G films while

cCSSCs were seeded into SF/G scaffolds at the concentration of 6x10° cells/mL; 80
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LU cLESCs were further cultured with limbal epithelial stem cell media containing
with high glucose Dulbecco's Modified Eagle Media: Nutrient Mixture F-12 (DMEM /F-
12; Thermo Fisher Scientific Corporation) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific Corporation), 2 mM L-glutamine (100x GlutaMAX™,
Thermo Fisher Scientific Corporation), 100 unit/mL penicillin (Thermo Fisher Scientific
Corporation), 100 pg/mL streptomycin (Thermo Fisher Scientific Corporation), and 5
ug/mL amphotericin B (Thermo Fisher Scientific Corporation), 20 ng/mL human
recombinant epidermal growth factor (EGF; Milipore Corporation), 1x insulin-transferrin-
selenium (ITS; Invitrogen) and 0.5 pg/mL hydrocortisone (Sigma-Aldrich Corporation,
USA). Whereas cCSSCs into SF/G scaffolds were cultured with corneal stromal stem
cell proliferation media containing with DMDM/MCDB-201 (1:1 ratio; Sigma- Aldrich
corporation, USA), 2% fetal bovine serum, 10 ng/mL platelet- derived growth factor
(PDGF-BB; Millipore corporation), 10 ng/mL epithelial growth factor (EGF; Millipore
corporation), 0.1 mM ascorbic acid, 10® M dexamethasone, 1x insulin-transferrin-
selenium (ITS; Invitrogen) for 3 day for cell adhesion and proliferation. For attachment,
tissue glue (Tisseel®; Baxter Corperation, USA) was applied on cCSSCs seeded SF/G
scaffolds. cLESCs seeded SF/G films were then gently transferred on the top and left
in RT for 5 min to complete polymerization. Then, media were then added with
keratocyte differentiation media consisted of DMEM (Thermo Fisher Scientific
Corporation) supplemented 1.0 mM L ascorbic acid-2-phosphate (Sigma-Aldrich
Corporation, St Louis, USA), 2 mM L-glutamine (100x GlutaMAX™; Thermo Fisher
Scientific Corporation), 100 unit/mL penicillin (Thermo Fisher Scientific Corporation),
100 pg/mL streptomycin (Thermo Fisher Scientific Corporation), and 5 pg/mL
amphotericin B (Thermo Fisher Scientific Corporation), 10 ng/mL basic fibroblast growth
factor (FGF-2, Millipore corporation) and 0.1 ng/mL transforming growth factor-beta3
(TGF-R33, Sigma-Aldrich Corporation, USA) fully covered the whole scaffolds and further
cultivated for 7 days. Hereafter, air lifting interface was generated to induce epithelial

cell stratification. Media were resubstituted every 2 days until 4 weeks.
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17. Histology, immunocytochemistry and immunohistochemistry

Routine H&E straining was manipulated to evaluate cell distribution with
scaffolds. For immunocytochemistry preparation, P3 of cLESCs and cCSSCs were
seeded into chamber slide (SPL Life Sciences, Korea) with 5,000 cells/chamber and

incubated at 37 °C under 95% humidity and 5% CO, for 24 h. Hereafter, the slides were

fixed with 100% cold methanol for 15 min and permeabilized with 0.1% Triton X-100
(Sigma-Aldrich, Missouri, USA) for 10 min. To reduce non-specific background, 10%
donkey serum in PBS was exploited for 1 h. The primary antibodies were incubated for
characterized cLESCs and cCSSCs using mouse monoclonal anti-p63 (1:50; ab735,
Abcam) and rabbit polyclonal anti-pax 6 (1:500, 901301, BioLegend) respectively for

overnight at 4 C.

In term of immunofluorescence, cLESCs seeded SF/G films at day 14 and 28
were transferred to the chamber slide (SPL Life Sciences) and prepared for the
procedure as above before incubated with primary antibodies. cCSSCs seeded SF/G
scaffold and bio-fabricated cornea at day 14 and 28 were washed with PBS and fixed

in 4% paraformaldehyde. After dehydration with alcohol, samples were embedded in

paraffin blocks and cut into 3-lm-thick section by using a microtome and transferred
to slides. After that, the sections were rehydrated in xylene and through descending
graded series of alcohol. Twice of 5 min microwave heating (600 w) were performed in
citric acid buffer (pH 6) for antigen retrieval. Hereafter, the sections were wash with PBS
and blocked in 10% donkey serum in PBS for 1 h. Then, the sections were incubated
with primary antibodies diluted with PBS and 1% bovine serum albumin (BSA; Sigma-
Aldrich Corporation, USA) overnight at 4°C. For primary antibody, to characterized and
localized of cLESCs and differentiated keratocyte, mouse monoclonal anti-p63 (1:50;
ab735, Abcam) and rabbit polyclonal anti-Aldh3al (1:200; ab129815, Abcam) were
applied respectively. Extracellular matrix investigation, rabbit monoclonal anti-lumican
(1:200; ab168348, Abcam) and rabbit polyclonal anti-collagen | (1:400; ab254113,
Abcam) were used to determine lumican and collagen pattern and alignment. All the

antibodies were incubated separated in adjacent sections.
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For secondary antibodies, FITC-conjugated goat anti-mouse 1gG H&L (1:1,000;
ab6785, Abcam), Cy3-conjugated goat anti-rabbit (1: 500; minimal x-reactivity,
BioLegend) were followed at RT in the dark room for 1h. DAPI was exploited to nuclear
counterstain for investigating cell location and distribution. The sections were then
mounted with Vecta Shied (Vector Laboratories Inc., Burlingame, CA). Isotype controls
were served as negative control. For visualization, a fluorescent microscope

incorporated with Carl Zeiss™ Apotome 2 apparatus (Carl Zeiss, Germany) was used.

18. Statistical analysis

Data analysis was represented as dot plot (N=4) using GraphPad Prism 9.0
(GraphPad Software, San Diego, CA) and statistical analysis was determined using SPSS
statistics 22 software (IBM Corporation, USA). For comparison between 2 groups and
more than 2 groups of continuous parameters, nonparametric tests were used with
Mann-Whitney test and Kruskal-Wallis test respectively. The significance level was
considered when p<0.05. All experiments were run in at least quadruplicate for

independent experiments.
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CHAPTER 1lI
RESULTS and DISCUSSION

Results
cLESCs and cCSSCs isolation and characterization

cLESCs and cCSSCs were successfully isolated from the canine cadaveric cornea
with collagenase I. cLESCs were adhered and formed holoclones within 3 days after
isolation. Cobble stone-like cell sheets surrounded with the area of interface and 373
inactive 3T3 J2 fibroblast were presented (Figure 1A). cLESCs exhibited stemness-
related markers (Rex 1 and Oct4) (Figure 1Q), proliferation marker (Ki67) (Figure 1D), the
limbal stem cell markers (Abcg2 and P63) (Figure 1E) and corneal epithelial markers
(Krt3 and Krt12) (Figure 1F). cCSSCs were also adhered to culture plate 2 h after seeding
and reached 60-70% confluence within 7 days. The morphology was turned from oval
shape to fibroblast-like appearance by culture time (Figure 1B). Gene expression of
cCSSCs indicated both adult and pluripotent stemness-related markers (Rex 1, Oct4,
Paxé6, Nefr, Nes and CD90) (Figure 1G, J), proliferation marker (Ki67) (Figure 1H), genes
associated with keratocyte (Aldh3al, Agpl, Kera, and Lum) (Figure 1K) and
myofibroblast marker (ACTA2) (Figurell). Moreover, tumor protein P63 and the nuclear
paired box protein Pax6 (oculorhombin) which are the marker of cLESCs and cCSSCs
respectively were presented by immunocytochemistry (Figure 1L, M) (Kafarnik et al,,
2020; Nam et al.,, 2015). To summarize, the isolation of cLESCs and cCSSCs was

completed explained by genotypic and phenotypic characterization.
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Morphological appearance of cLESCs (A) and cCSSCs (B) are illustrated under a phase

contrast microscope with 40x and 100x magnification. cLESCs and cCSSCs mRNA

expression are quantified by RT-gPCR and normalized by Gapdh. Pluripotent stemness-

related markers (C, G), adult stemness-related markers (E, J), proliferation marker (D,

H), epithelial cell markers (F), keratocyte marker (K) are characterized (n=4).



35

Immunocytochemistry of cLESCs and cCSSCs expresses P63 and Pax6 respectively (L,

M) with 400x magnification.

SF/G film and scaffold fabrication and characterization

In the matter of SF/G film, the substrate of cLESCs, was constructed by casting

from 2- mL SF/G solution resulting in average 40 1Um thickness. The transparency of
dry form and wet form were exhibited by weave texture pattern and color of the paper
behind (Figure 2A, B). In comparison, wet form provided superior clarity due to water
absorption (Figure 2B). From SEM evaluation, the surface of SF/G film was absolutely
smooth and non-porous (Figure 2C). As regards the SF/G scaffold, the appearance
showed white opaque coin-like shape (Figure 2D). However, after water equilibrium,
transfiguration to white faded color was observed (Figure 2E). The proceeding of freeze
drying achieved small pore production generalized of the material. The surface and
cross sections were illustrated multiple pores and irregular surface topography. The
pores were sharp edged with approximate 130.71 + 37.12 um diameter (Figure 2F).
These results showed that SF/G was successfully fabricated to smooth surface films

and porous sponge-like scaffolds.

Table 2: Elastic Modulus, UTS, and % elongation at break

Materials Elastic modulus uTsS Elongation
(Mpa) (Mpa) (%)
SF/G film 1.77 £ 0.40 0.56 £ 0.18 68.4 + 2.98

SF/G scaffold 1.25 + 0.91 0.18 = 0.09 2.63 + 0.58
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Figure 5: SF/G film and scaffold characterization.

External appearance of SF/G film in dry form (A) and wet form (B) as well as SF/G
scaffold in dry form (D) and wet form (E) are illustrated. For ultrastructure features,
scanning electron microscope shows smooth surface of SF/G film (1000x) (C). A 100x
view of SF/G scaffold shows porous surface (F). Equilibrium of water content related
to swelling capacity of SF/G film (G) and SF/G scaffold (H). Enzymatic in vitro
degradation rate of SF/G film (I) and SF/G scaffold (J) using protease XIV solution. Data

from four independent experiments (n = 4) + standard deviation (*p<0.05, **p<0.01).

Physical properties of SF/G film and Scaffold

The imperative factors for corneal tissue materials have been included swelling
property, transparency, degradation rate and suitable mechanical strength. The
swelling tests of SF/G films were exhibited beyond 90% of water content and gradually
deceased at any time points until significant difference at 24 h (p<0.05) (Figure 2G).
Whilst SF/G scaffold had a capacity to sustain %water content further than 85% and
no significant difference at all time points (Figure 2H). In Vitro enzymatic degradation
manifested less than 50% of residual mass in both materials within 2h. For SF/G film,
% residual mass was between 20-40% during 6h to 72h and less than 20% at 96h
(Figure 2I). Besides, SF/G scaffold, % residual mass remained 10-20% after 2h up to 48
h after that almost entirely degraded, less the 10% (Figure 2J). The significant
differences were showed between initiated time point and 48 h (p<0.05), 72h (p<0.05)
and 96h (p<0.01) in both materials (Figure 2I, J). Mechanical testing determined tensile
characteristics of both materials, the result revealed remarkable differences described
by elastic modulus, ultimate tensile strength value (UTS) and % elongation at break.
The elastic modulus of SF/G scaffolds, UTS and % elongation at break showed lower

than the other. However, the significant differences were not noticed (Table 2).
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Figure 6: cLESCs seeded SF/G film and cCSSCs seeded scaffold.

Scanning electron microscope (SEM) images of cLESCs seeded SF/G film (350x and
1000x) (A) and cCSSCs seeded SF/F scaffold (350x and 1500x) (B) after 14 days of
culturing. Fluorescent images of live/dead staining of cLESCs seeded SF/G film (C) and
cCSSCs seeded SF/G scaffold (D) at day 1, 3, 5, 7, 14 and 28. Cell proliferation assay
shows the proliferation pattern of cLESCs seeded SF/G film (E) and cCSSCs seeded
SF/G scaffold (F) at day 1, 3, 5, 7, 14 and 28 (100x magnification). All the data are

expressed as means + standard error of mean (SEM) (n=4) (*p<0.05).
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Figure 7: mRNA expression of cLESCs seeded SF/G film and cCSSCs seeded
scaffold.

Fold changes of RT-gPCR expression data of control (cells culture on tissue culture
plate for 14 days), cLESCs seeded SF/G film at 14 and 28 days are presented. cLESCs
seeded SF/G film at 14 and 28 days shows the upregulation of pluripotent (A), adult
stemness-related markers (C) and epithelial cells markers (D) comparing to control.
Proliferation marker shows upregulation at day 14 and downregulation at day 28 (B).
RNA expression of pluripotent (E) and adult stemness-related markers (H) of cCSSCs
seeded SF/G scaffold reveals the upregulation at day 14, excepted CD90 shows
downregulation at day 14 and 28. Proliferation marker (F) and myofibroblast marker
(G) are downregulated at both time points. Upregulation at day 14 and 28 of both
time points is presented by keratocyte marker (I). Values represent mean + SEM, n =

4 (*p < 0.05, **p<0.01).

Implemented SF/G films and scaffolds provided favorable biocompatibility

SEM imaged the morphology of cLESCs seeded film and cCSSCs seeded
scaffold from top view. cLESCs were feasibly adhered and aligned all over SF/G film
area. Surface of cLESCs revealed polygonal cell shape and proximity to each other. 2-
3 layers of stratified squamous epithelium were presented. The superficial cells
exhibited bigger and less connection space of cell wall than basal cells. However,
some cells were sloughed from the underlying layer (Figure 3A). SF/G scaffold
comprehendingly provided cCSSCs habitat. SEM detected cells overgrown onto and
into the pores of sponge-like scaffold. The cells were spread out and distributed
thorough the scaffold area. Fibrin-like extracellular matrix produced by cCSSCs was

observed on the surface and into the pores (Figure 3B).
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Long term cell viability and distribution of cLESCs seeded SF/G film and cCSSCs
seeded scaffold were determined at day 1,3,5,7,14 and 28 and described by
intracellular esterase activity and cell membrane permeability. Figured 3C and D
appeared a large number of cells at all time points survived but a few dead cells
indicated by green color at the cytoplasm and red nucleus respectively. cLESCs and
cCSSCs displayed plentiful distribution on SF/G films and SF/G scaffold at all time
points respectively.

DNA measurement defined as cell proliferation assay was investigated using
Qubit Flex Fluorometer. The dot plot graphs of DNA quantitation of cLESCs seeded
SF/G film and cCSSCs seeded SF/G scaffold were indicated cell proliferation at day 1,
day 3, day 5, day7, day14 and day28. cLESCs seeded SF/G film increased proliferation
at dayl, day 3 and day 5 and rather unchanged among day 5, day 7, day 14 and day
28. Summarized data determined significant difference between day 1 and day 28
(p<0.05) (Figure 3E). In cCSSCs seeded SF/G scaffold, stable proliferation rate was
manifested at day 1, day 3, day 5 and day 7 and obviously increased at day 14 and
day 28. DNA levels were significantly different between day 5 and day 28 (p<0.05) and
day 7 and day 28 (p<0.05) (Figure 3F).

In respect of gene expression, mMRNA level was analyzed by RT-gPCR and
presented by dot plot graph among day 14 of cell seeded on tissue culture plates
(TCP, control), day 14 and day 28 of cells seeded on their own materials. Data of day
14 and day 28 were normalized by control. For cLESCs seeded SF/G film, stemness-
related markers (RexI and Oct4) revealed higher gene expression than control. Rex!
at day 14 was significantly increased (p<0.05), but no significant increase was presented
at day 28 comparing to control (Figure 4A). Oct4 was significantly increased from
control to day 28 (p<0.05). However, no significant increase was detected between
control and day 14 (Figure 4A). Proliferation marker, Ki67, at day 14 was notably higher
than control but significantly lower from day 14 to day 28 (p<0.01) (Figure 4B). For the
limbal stem cell markers (Abcg2 and P63), levels of gene expression at day 14 and day
28 were higher than control. Significant upregulations appeared between control and
day 14 of Abcg2 (p<0.01) (Figure 4C). Krt3 and Krt12, epithelial cell marker, were
increased by time. Krt3 upregulation was significant at day 28 of (p<0.05) (Figure 4D).
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Apart from cLECSs seeded SF/G films, cCSSCs seeded SF/G scaffold displayed
upregulation of stemness-related markers (Rex 1 and Octd) at day 14 but
downregulation at day 28. Significant difference was detected between control and
day 14 (p<0.05) and day 14 and day 28 (p<0.01) of Rex I and Oct4 respectively (Figure
4E). For proliferation marker (Ki67) at day 14 and day 28 demonstrated downregulation
comparing to control significantly (p<0.05) (Figure 4F). Pax6 (stemness marker for
corneal stromal cell) was similar pattern to stemness-related markers with significant
increase at day 14 (p<0.01) (Figure 4H). Downregulation of CD90 was illustrated both
day 14 and day 28 (p<0.05). Nes and Ngfr, the neural crest gene associated with corneal
stromal stem cell markers in human, were upregulated by time and significantly
different at day 28 (Figure 4H). Myofibroblast marker was significantly downregulation
both time points and significantly different at day 28 (p<0.01) (Figure 4G). Keratocyte
specific gene markers (Aldh3a1, Agp1, Kera and Lum) of day 14 and day 28 were higher
than control, especially gene-related corneal ECM production (Kera, and Lum). More
than 1000-fold elevation was presented at day 28 (p<0.01) (Figure 4l). Agp1 level was
significantly higher at 14 (p<0.05) but not significantly decreased from day 14 to day
28. Significant upregulation was illustrated at day 28 of Aldh3A1 (p<0.05) (Figure 4l).
SF/G films and scaffolds provided as the acceptable cLESCs and cCSSCs substrates for
cell viability, cell proliferation, limbal epithelial stemness gene expression and

differentiation of cCSSCs into keratocytes.
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Figure 8: Bio-fabricated cornea.

Schematic illustration of the process to generate bio-fabricated cornea by assembling
of cLESCs seeded SF/G film and cCSSCs seeded scaffold (A). Gross appearance of bio-
fabricated cornea (B). SEM shows the upper layer of cLESCs seeded SF/G film align on
the cCSSCs seeded SF/G scaffold (100x (C) and 350x (D))
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Figure 9: Morphology and immunocytochemical profiles.

H&E staining shows 2-3 layers of cLESCs upon SF/G film at day 14 (A) and day 28 (G)
and upper part of bio-fabricated cornea at day 14 (D) and day 28 (J). cCSSCs distribute
over SF/G scaffold at day 14 (B) and day 28 (H) and lower part of bio-fabricated cornea
at day 14 (D) and day 28 (J). cLESCs seeded SF/G film at day 14 (A) shows more P63
positive nuclear staining cells than day 28 (G). P63 positive nuclear staining cells are
detected at the basal cells of the upper part of bio-fabricated cornea at day 14 (D)
and day 28 (J). Lumican positive cytoplasmic staining shows stronger intensity at day
28 of cCSSCs seeded SF/G scaffold (H) and lower part of bio-fabricated cornea (K) more
than day 28 of cCSSCs seeded SF/G scaffold (B) and lower part of bio-fabricated cornea
(E). Cytoplasmic staining of Aldh3al is similarly detected at day 14 and 28 of cCSSCs
seeded SF/G scaffold (C, 1) and bio-fabricated cornea (F, L) respectively. H&E figures
image with 200x magnification. Immunofluorescences image with 400x magnification
of all figures, except the figures of P63 of bio-fabricated cornea image with 200x. F, S

are indicated to the area of SF/G film and SF/G scaffold respectively.

Bio-fabricated corneal equivalents

cLESCs seeded SF/G film and cCSSCs seeded SF/G scaffold were assembled to
imitate natural cornea. cCSSCs seeded SF/G scaffold, acted as a corneal stroma, was
covered by a synthetic corneal epithelium using cLESCs seeded SF/G film with tissue
glue (Tisseel®; Baxter Corperation, USA). The procedure was presented by the
infographic (Figure 5A).

After assembling, bio-fabricated cornea revealed 1-cm diameter of coin-like
structure. The opacity was slightly increased comparing to cLESCs seeded SF/G film
and cCSSCs seeded SF/G scaffold, nevertheless background paper color was visible.
cLESCs seeded SF/G film was completely overlaid on cCSSCs seeded SF/G scaffold
without detachment (Figure 5B).

To determine bio-fabricated cornea, SEM was executed to illustrate the

integrated bio-materials at day 14 after co-culture. Cross-sectional figure demonstrated
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the upper part of cLESCs seeded SF/G film adhered to the lower part of cCSSCs seeded
SF/G scaffold, besides the interconnected space was absent. SF/G films maintained a
stable structure and smooth substrate for cLESCs. Flat squamous cLESCs were
contentedly aligned on the SF/G film, approximately 2-3 layers (Figure 5C). In addition,
SF/G scaffolds were able to sustain their construction according to no evidence of
collapsed pores. cCSSCs were infiltrated and dispersed into the sponge-like scaffold
pores. Cell attachment was observed within each pore as well as come across to the
pore nearby (Figure 5C). Interestingly, interconnected space was incorporated by tissue

glue residual and ECM production (Figure 5D).

Histology and immunohistochemistry were performed at day 14 and 28 of
cLESCs seeded SF/G film, cCSSCs seeded SF/G scaffold and bio-fabricated cornea to
evaluate P63 (cLESCs marker), lumican (ECM of differentiated keratocyte) and Aldh3al
(marker of differentiated keratocyte). H&E investigated 2-3 layers of stratified cLESCs
cultivated on day 14 and 28 of SF/G films and bio-fabricated cornea. From top view of
CLESCs seeded SF/G films, a large number of P63 represented cells were abundant
and strongly presented at day 14 (Figure 6A), but rather deceased at day 28 (Figure
6G). Moreover, cross sectional bio-fabricated cornea detected P63 presented cells,
particularly at the basal layer at both time points (Figure 6D, J). cCSSCs distribution and
adherence along the surface of sponge-like scaffold pores were also investigated by
H&E (Figure 6B,F,H). Besides, bio-fabricated cornea manifested the two bio-material
integration mimicked natural cornea defined as the upper part of corneal epithelium
and the lower part of corneal stroma (Figure 6D, J). At day 14 and 28 of cCSSCs seeded
SF/G scaffold and bio-fabricated cornea showed fluorescent imaging of lumican and
Aldh3al deposited by keratocyte differentiated cells (Figure 6B, C, E, F, H, I, K and L).
Comparing between 2 time points, expression of lumican generated by keratocyte
differentiated cells at day 28 was more robust and plentiful than day 14, on the other
hand Aldh3al expression at day 28 was alike (Figure 6B,C,E,F,H,lK and L).
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For collagen type | (Col-1), abundant in corneal stroma, was analyzed by
immunohistochemical examination. cCSSCs seeded SF/G scaffold revealed collagen
type | fibrils deposited by keratocyte differentiated cells (Figure 7A, B). Likewise, the
expression at day 14 and day 28 was difficult to make the comparison described by
the semi-quantitative analysis of color intensity. The adherence cells, stood by the
surface of the pore, generated the collagen fibrils aligned along the surface of scaffold
(Figure 7TA), in contrast the cells that stayed inside the pore with no scaffold adherence,
showed less potential to unidirectional alignment (Figure 7B). Lasting, bio-fabricated
corneal equivalents were capable to imitate bona fide cornea in the part of epithelial

and stomal layers.

Day 14

cCSSCs seeded SF/G scaffold
Day 28

Figure 10: Immunofluorescent staining of Collagen |.
Keratocyte differentiated cells express collagen | at extracellular compartment at day
14 (A) and day 28 (B). Immunofluorescences image with 1000x magnification. Scaffolds

are maginated by yellow border.
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Discussion

A stem cell niche for corneal limbal epithelial stem cells (LESCs), is verified by
located in limbal area, called corneoscleral junction. Corneal epithelial stem cells play
an important role for self-renewal and corneal epithelial wound healing (Secker and
Daniels, 2009) The enzymatic isolation method of LESCs ordinarily accomplished with
dispase and trypsin (Koizumi et al., 2002). However, nowadays, collagenase isolation
provides superior efficiency because of the capacity to remove more basal epithelial
progenitor cells, close-proximity mesenchymal cells and maintain some basement
membrane matrix. Herein, this study firstly determined the potential of collagenase
isolation in canine LESCs described by holoclones formation within 3 days and
expression of stemness-related markers (Rex 1 and Oct4), proliferation marker (Ki67),
limbal stem cell markers (Abcg2 and P63) and corneal epithelial markers (Krt3 and
Krt12). The expression of the limbal stem cell marker (Abcg2 and P63) and corneal

epithelial markers (Krt3 and Krt12) showed heterogeneous population, mixed between

limbal stem cells, progenitor cell and epithelial cells. However, P63QL, widely
recognized as a limbal stem cell marker in human and canine, was illustrated the
majority of positive cell staining from the aforementioned immunocytochemistry result
(Di lorio et al., 2005; Nam et al., 2015). Recently, the hypothesis of LESCs supported by
adjacent stromal microenvironment and corneal stromal stem cells (CSSCs) in 3-D
structure is proved in term of promoting cell proliferation, colony formation and limbal
stem cell gene expression (Nakatsu et al.,, 2014). Apart from hCSSCs (human corneal
stromal stem cells), cCSCs (canine corneal stromal cells) also described as a
multipotent mesenchymal stem cells which possess stem cell marker expression
(CD90, CD73, CD105, N-cadherin, and Pax6), trilineage differentiation and innate
immune privilege (Kafarnik et al., 2020). The expression of adult and pluripotent
stemness-related markers (Rex 1, Octd, Pax6, Ngfr, Nes and CD90) in this study was
fulfilled stem cell-based knowledge of cell-derived canine corneal stromal stem cells.

Transcription factor Pax6 (oculorhombin), important for ocular development, was
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discovered in many embryonic ocular tissues, except keratocytes, and detected to be
the marker of limbal stromal stem cell with nuclear immunostaining (Funderburgh et
al,, 2005). Unlike canine cells, human limbal niche cells manifested Pax6 positive
nuclear staining but negative exhibition in nucleus of central stromal cells while this
expression was detected at both positions in canine corneal stromal cell as well as
positive nuclear staining of cCSSCs in this study (Kafarmnik et al., 2020). Moreover, Pax6
was investigated to play a crucial rule for self-renewal capacity and sustain holoclone

formation of limbal epithelial cells (Chen et al., 2019).

Since canine cornea donors and grafts are not only inadequate but also have
some limitation, bioengineered canine cornea has been a fascinating alternative for a
promising corneal graft. To develop corneal implantable bioequivalents in this study
aims to mimic epithelium and stromal layers which are commonly problematic in
clinical disease. As the result, SF/G was successfully fabricated to smooth surface film
acted as a basement membrane of epithelial layer and sponge-like scaffold processed
abundant ECM component lattice served for corneal stroma. 130.71 + 37.12 pm pore
size was created using freeze-dry method which is consistent with the range of 95.9-
150.5 Pm that promoted cell attachment and viability (O’Brien et al., 2005). Corneal
transparency and structure maintenance are corelated with suitable water content.
The results of water content from SF/G film and SF/G scaffold indicated this 75-90%
range at all time points, close to normal human cornea (Taylor et al,, 2015).
Nevertheless, SF/G film showed slightly decreased % water content due to water
solubility. This phenomenal might possibly be caused by the large amount of non-

crosslink gelatin (70%) and inadequate B—sheet formation from water annealing at 25
°C. Hence, the higher temperature at 95 °C performed B—sheet up to 60% might be
suggested for the future experiments. (Hu et al., 2011). Degradation rate was evaluated
by protease XIV solution as a result of the most efficient enzymatic degradation
comparing to collagenase IA and Ol-chymotrypsin in silk protein (Li et al., 2003). SF/G

scaffold presented faster shapeless and degradation rate than SF/G film, the
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mentioned result interested in the porosity of scaffold investigated to be more
vulnerable and faster degradation rate (Cunha-Reis et al.,, 2007; Gil et al., 2010b; Higa
et al,, 2011; Suzuki et al., 2015). In the aspect of mechanical property, elastic moduli
of both distinct materials were analyzed from different range of force, thus they were
not comparable. However, their elastic moduli were in range of natural human cornea
(0.3-TMpa) (Bakhshandeh et al., 2011). In addition, elastic modulus and UTS of SF/G
film detected higher owning to absence of porosity, likewise the aforementioned result

(Gil et al., 2010b; Higa et al., 2011; Suzuki et al., 2015).

Interestingly, Wu et al. 2014 revealed the crucial rule of RGD, arginine—glycine—
aspartic acid for integrin related cell attachment, especially in hCSSCs (Wu et al., 2014b)
(Wu et al,, 2014b). SF itself shows a lack of RDG sequence, mixing with RGD motif
contained gelatin can promote cell adhesion capacity with unnecessary RGD-modified
process. The results of figure 3A-D firstly illustrated cell adhesion capacity and cell
viability up to 28 days of SF/G materials with canine corneal cells. The proliferation of
cLESCs seeded SF/G film exhibited proliferative phase after day 3 following with
plateau phase after day 5. Similar to hLESCs seeded collagen | substrate, the pattern
of growth curve showed proliferative phase between 3 days and 7 days(Forni et al,,
2013). The mentioned result implies that SF/G and collagen | were comparable
materials for LESCs in term of promoting cell proliferation. While the proliferation rate
of cCSSCs manifested plateau phase up to 7 days then following with log phase. This
scenario can be interpreted as the effect of serum free media, KDM, associated with
slow cell growth (Liu et al.,, 2011). In contrast, Foster et al, revealed the growth rate
of human corneal stromal cells in serum free media with low glucose after 3 days and
remained plateau after 7 days, however this study underwent in 2-d condition (Foster

et al,, 2015).

For cLESCs seeded SF/G film, the expression of pluripotent (Rex 1 and Oct4)
and adult stemness-related markers, Abcg2 at day 14 and P63 at day 14 and 28 were

higher than those cultured in TCP. This phenomenon might be affected by suitable
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matrix stiffness of SF/G to cLESCs behavior as well as the study of Gouveia et al.
exhibited the relation between soft substrates and LESC marker. The result showed
the superior efficiency to maintain  ABCG2 and P63 in soft substrate via

mechanotransduction (Gouveia et al., 2019).

However, the proliferation marker (Ki67) at day 28 was significant lower. This
result was corelated with proliferation assay that exhibited slow proliferation at late
period which was possibly caused by contact inhibition (McClatchey and Yap, 2012).
Morita et al. and Nam et al. indicated ABCG2 and P63 as a marker of limbal corneal
epithelial stem cells (LESCs) and corneal epithelial cell proliferation respectively,
therefor to utilize those makers in this study was validated (Morita et al., 2015; Nam et
al., 2015). P63 can detect both TACs (transient amplifying cells) and stem cells whereas
ABCG2 detects only stem cells, this fact suggested that, from day 14 to day 28, SF/G
film could enhance the differentiation property from stem cells to TACs and finally to
terminal differentiated cells (corneal epithelial cells) defined as greater expression of
Krt3 and Krt12 (Philp et al., 2005). However, stem cell population was still preserved

heterogenous population similar to native cornea.

Pluripotent and adult stemness markers (Rex 1, Octd, Paxé, Ngfr, Nes) of cCSSCs
seeded SF/G scaffold at day 14 were upregulated compared to cell seeded in TCP,
although culturing system was exposed to KDM. Consequently, these outstanding
results pointed to stemness preserved ability of cell seeded scaffold as well as the

result of mesenchymal stem cell (MSC) from juvenile bovine bone marrow that

maintains stemness markers in Poly (€-caprolactone) (PCL) nanofibrous scaffolds than
TCP (Heo et al, 2018). In contrast, the adverse results of pluripotent and adult
stemness markers (Rex 1, Octd, Pax6) at day 28 alluded to long term culture and
potential of KDM to differentiated keratocytes. In addition, those mentioned juvenile
bovine MSC also explained the lower expression of Ki67 (proliferation marker) in this
study comparing to TCP since MSCs are activated toward a fibrotic differentiation

pathway, regulated by increase MSC contractility and YAP activation resulting in
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increase of cell proliferation (Heo et al., 2018). Arise from cell differentiation, CD90
(well-accepted MSC marker) was downregulated at day 14 and day 28 compared to
TCP. As a consequence of CD90 investigation in fibroblast, cCSSCs seeded scaffold was
commendable in term of avoiding fibroblast and myofibroblast, descripted by
downregulation of CD90 and ACTAZ (Dominici et al., 2006). The aforementioned results
supported the advantage of those bio-fabricated corneal equivalents considering
fibroblast and myofibroblast are responsible to generate unorganized stromal ECM,
resulting in opaque corneal scar formation (Wilson et al., 2001). In addition, KERA and
LUM, ECM molecules associated with spacing and collagen fibril organization related
to corneal transparency, were significantly upregulated at day 28. The achievement of
keratocyte differentiation was marvelously encouraged by stellate typical keratocyte
morphology, the expression of ECM-related keratocyte gene (Lum, Kera) and the
expression of keratocyte specific markers (Agp1, Aldh3al,). Surprisingly, aquaporin-1
(Agp1) water channels, are presented in human corneal keratocytes associated with
cell migration and corneal wounding, was firstly discovered in canine keratocyte
differentiated cells (Ruiz-Ederra and Verkman, 2009). Besides, ALDH3A1, corneal
crystallins, plays an essential rule to protect ocular tissue from ultraviolet radiation
(UVR)-induced oxidative damage via non-catalytic and catalytic mechanisms (Estey et
al,, 2007). In human study, AQP1 and ALDH3A1, keratocyte markers, were upregulated
within 21 days after differentiation, likewise this study, the expression of Agp! and
Aldh3al were significantly upregulated at day 14 and 28 respectively (Basu et al., 2014,
Du et al., 2005; Park et al,, 2012). However, no significant downregulation from day 14

of Agp1 was observed on day 28 (Figure 4B).

Bio-fabricated cornea composed of cLESCs seeded SF/G upon cCSSCs seeded
SF/G scaffold connected by tissue glue sealant (Tisseel®; Baxter Corperation, USA).
Figure 5B manifested structural stability corresponding to be manipulatable,
transferable as well as suturable. Slightly hazy appearance of bio-fabricated cornea

signified its limitation comparing to transparent corneal graft. Nevertheless, the
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actuality of scaffold degradation is anticipated after in vivo transplantation and
organized ECM by keratocyte differentiated cells are prospective to generate corneal
transparency ultimately. Similarity to an auto-tissue-engineered lamellar cornea
(ATELC), acellular porcine corneal stroma with autologous corneal limbal explants in
rabbit model, showed desirable transparence 20 days after transplantation (Wu et al,,
2014c). A fibrin sealant product, Tisseel (Tisseel®; Baxter Corperation), completely
performed a fibrin polymerization to seal and stabilize between 2 materials. Fibrinogen,
supplied by product, is converted to fibrin monomer and forms fibrin polymer which
binds the separated tissue as well as hemostasis. Moreover, Tisseel (Tisseel®; Baxter
Corperation) has been favored in several oculoplastics surgeries including sutureless
lamellar keratoplasty, pterygium surgery, and management of bleb leaks in humans

(Yeh and Tucker, 2005).

cLESCs seeded SF/G film, represented by successful adherence, proliferation
and stratification of cLESCs upon SF/G. Air-liquid interface cell culture is rationally
accepted to promote epithelial proliferation, differentiation and stratification affected
by the shift of oxidative metabolism from the growth phase to the differentiation phase
and contributes a polarization effect allowing proper stratification (Kondo et al., 1997,
Zieske et al, 1994). Under air-liquid interface condition, H&E represented cell
proliferation and 2-3 layers of stratification of cLESCs seeded SF/G film at day 14 and
day 28 as well as bio-fabricated cornea at day 14 and day 28. According to logical
postulate, cLESCs seeded SF/G film at day 28 obviously presented morphological
feature of cell differentiation than day 14, characterized by large size, large nucleus
and low nucleo-cytoplasmic ratio (Doughty, 2015). P63 expression from
immunohistochemistry defined consistency of decrease P63 expression at day 28 by
differentiated property, related to Krt3 and Krt 12 upregulation and Abcg2
downregulation. Although P63 revealed upregulation at day 14 and day 28, no
significant difference was detected. Moreover, bio-fabricated cornea that was

illustrated the cross-section of cLESCs seeded SF/G film at day 14 and 28 locally



54

detected strong positive P63 expression at basal layer, where corneal stem cells are

located (Figure 6A, B).

cCSSCs, distributed throughout SF/G scaffold and bio-fabricated cornea at day
14 and 28, exhibited Aldh3al and lumican expression which referred to the first
achievement of canine keratocyte differentiation in SF/G scaffold. Lumican, a major
keratan sulfate proteoglycan responding to corneal transparence, appeared stronger
expression by culturing time related to Lum gene expression that upregulated over
1000 folds. Meanwhile, Aldh3al expression was detected but difficult to compare

(Figure 6A, B).

Corneal stroma is abundant collagenous connective tissue, produced by
keratocytes. Collagen is accountable for optical transparency, the refraction and
mechanical strength. Collagen type-I (Col-1), collagen type-V (Col-V) and collagen type-
VI (Col-VI) are considerably discovered in corneal stroma (Birk et al., 1986). In this study,
col-1 expression of canine keratocyte differentiated cells was firstly investigated by
immunohistochemistry. The positive result was impliedly stipulated by successful
differentiation into keratocyte, proper scaffold and growth factors. Wu et al. explored
the positive relation between collagen producing cells, human corneal stromal stem
cells, with RGD-modify silk scaffold. With RGD coupling, collagen fibrils were robustly
aligned and distributed (Wu et al,, 2014b). Besides, FGF-2 and TGF—B3 favorably
activated the production of a stromal-like tissue composed of multilayered lamellae
with orthogonal oriented collagen fibrils and the cornea-specific proteins and
proteoglycans (Wu et al,, 2013). Figure 7A, B revealed col-1 expression in distinct
alignment described by the position of collagen producing cells. The cells adhered
proximity to scaffold exhibited the collagen alignment along the scaffold surface while
the cell existed far away from scaffold generated non directional and scattered
collagen alignment. As mentioned above signified that collagen can be manipulated
its direction via the surface of scaffold. In term of multilayered lamellae with

orthogonally oriented collagen fibrils in corneal stroma, topographical modification of
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scaffold is beneficial to regulated collagen direction imitated in the healthy cornea.
For example, sgroove topography successfully manifested well-defined lamella
collagen orientation and promoted proper ECM including keratan sulfate, lumican, and

keratocan (Ghezzi et al.,, 2017; Wu et al,, 2014b)

Based on the aforementioned results provided the knowledge of cLESCs and
cCSSCs  for corneal tissue engineering with SF/G based scaffold. SF/G would
hypothetically be degraded after transplantation while cLESCs and keratocyte
differentiated cells would be colonized and contributed essential ECM and collagen
in native cornea. To modified topography supported multilayered collagen lamellae

will be generated for canine corneal tissue construct in the future.



56

CHAPTER 5
CONCLUSION

SF/G film and SF/G scaffold were achieved to support cell adhesion, viability,
proliferation as well as to maintain cLESCs and cCSSCs differentiate into keratocytes.
This study endeavored to generate biocompatible and transplantable canine corneal
equivalents in part of the epithelial and stromal layer using cLESCs seeded SF/G films
and cCSSCs seeded SF/G scaffolds respectively. Collagen and endogenous ECM

production exhibited the capability to imitate the native cornea after 14 days.
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