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ABSTRACT

3D PRINTED, CELL CARRYING GELMA HYDROGELS
IN CORNEAL STROMA ENGINEERING

B e k,tCamile
Ph.D., Department ddiotechnology
Supervisor: Prof. DWas éf Hasércé
Co-SupervisorProf.Drr Ay ke Bur cu

Decembef018, 150 pages

Tissue engineering is an emerging field which aims to reptassing ordamaged
tissuesand restore thefunctions. Three dimensional (3D) printing has recently been
in the heart of tissue engineering which enables design and picodeell loadedor

cell carryingscaffolds with shapes, sizes, and porosggcific for the patients

Corneal damageand dseasesre thethird major cause for blindness after cataract
and glaucoma.Transplantation and keratoprostheses are the only acceptable

treatments for severe corneal damages despite their limitations.

In the current study a 3D bioprinted stromal eq@aalwas designed to mimic the
ultrastructure ofthe native tissue. The construct was produced by bioprinting a
keratocyte loaded GelMA solution, using a model credtgdSketchup program
resulting in a stable, highly transparemell loadedhydrogelsto serve as a corneal
stroma.

In order tocarry onphysical characterizatioand study thdan vitro and invivo
performance of theonstructsis| abo equi val ents of the

used
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GelMA slabs prepared from solutions with different contetions (5, 8, 10 and

15%, w/v in PBS) showed that water content of the hydrogels decreated
increasing concentration and UV duration. Stability of the hydrogeidied by
incubation in PBSand collagenase type lwas alsoenhancedwith increased
hydrogel concentration. Transparency of the hydrogels was over 9000 atmand
comparable with the native cornea. Transparency of the constructs did not change

during enzymatic degradatidests

Human keratocytes the nativestromaare elongated and intact with each other.
Optimum concentratiof the cells in the hydrogels was 1X1€ells/mL enabld
interactions betweethe cells. Live Deadcell viability assay showed that over 90%
of the cellswerealive and homogenously distributed in the hydrog&lamar Blue

cell proliferation assay showedontinuouscell proliferaion, Drag5 Phalloidin
stained cells illustrateshetwork like structurg and immunofluorescence studies
showed synthesis of representative collagens (Collagen types | and V) and

proteogycans (decorin and biglycanj the cellsin the hydrogels.

HEMA, another hydrogel forming polymeavidely used as a biomaterial in contact
lenses was incorporated into the GelMA structure to enhance the mechanical
properties of the constructs. Compressmodulus of the constructs significantly
increased in the presence of HEMA but number of cells loaded in the hydrogels
decreased. Collagen types | and V synthdsisthe cells in GelMAHEMA
hydrogels were also lower than in GelMA hydrogel®2ure GelMA hydrogels,

therefore, vereusedin 3D bioprinting andn vivo studies.

In order to have pattemeproducibilityin 3D printing, the printing conditions were
optimized by changing movement speed of the nomle-y direction (Fxy,
mm/min) andthe spindle speg& (R/S, Dots/min). 3D printed hydrogels werery
stable in PBSduring three weeksf incubation (92% remained). Liv@ead cell
viability assay showed 98% cell viability on Day 21 indiegtthat printing
conditions did not harm the cells. Mechanical props of the cell loaded 3D
printed hydrogel increased significantly during three weeks of incubation.
Transparency of cell loaded and cell free hydrogelssuadiedfor three weeks and
vi



was over 8% (at 700 nm) at all time points which is comparabléat of thenative
cornea (90% at 700 nm). The in situ and in vitro performances of the three selected

3D printed hydrogels were similar.

In vivo performance of the GelMA1Slab(Cell free)hydrogel was tested on rabbits.

It was implanted int@ mid-stromalpocket without suture fixation and observed for

8 weeks under slit lamp. No edema, ulcer formation, inflammation or infection was
detected in both control (sham) and hydrogel implanted corneas. Slight
vascularization orweek 3 was treated withone doseof antrVEGF application.
Hematoxylin and Eosin staining showed that tiyerogel wasntegrated with the
host tissue and there wasly a minimal foreign body reactiomMMoreover, results
demonstrated someegradation of the construot 8 weeksas evidencedy the

decrease of itdiameter from 4 mm to 2.6 mm.

Thus, the3D printed cell loaded GelMA hydrogelsould mimick the native
ultrastructure of the corneal stroma with excellent transparency, adequate mechanical
strength, high cell viability and proliferatiomn vivo studieswith cell-free slabs
further demonstratethatthe hydrogelsould be usedn cornealtissue engineering

applications.

Keywords:Corneal Stroma, Tissue Engineering, 3D Bioprinting, GelMA, HEMA.

vii



viii



¥Z

3B BASI LI HI CRE TAkI YAN GELMA HKDROJE

Doku

KORNEA STROMA M! HENDKSLKJK

B e k ,tCamile
DoktoraBi yot eknol oj i B°1l ¢ mg
Tez YO rPeof Dr&/iasief Haseérceée
Or t ak néeteig:ProfDr.Ay ke Bur cu

A r a20&8Ki50sayfa

m¢hendi sl iJi ol mayan veya zar ar

fonksiyonl aréné eski haline getirmeyi al

boyutl §g3Basbmstaya °zel kontr ol edil ebil

he¢gcre

takéyan i skel el emisan zaganttda moku e ol

m¢ hendalaginidjay ayokén kul | amélrmyy.atleandi ayan

Kor ne a 0aha gelmrehashrlar ve haa | é k| ar kat asoarti &n ve gl

yay gér nkeoer | ¢k sebebidir. Génegmezde trans
(keratoprotez) késétdibhenl aedaknr y&nt emkel
Bu -al ékmada nikmyabékeéeneaean goakalsietm eggPennt edrB
basél an kornea strom@ketkdhrewnp kpreogr @ mé airll
model ek egrearteo s i t y ¢ k1 e nnoden 8B bGaesieMA h? debi e
ol ukturul muktur . El de edilen kornea stroc
yapélar olduk-a y¢ksekayare&kkligedemr genl i j i |



Hidrojellerin karakterizasyonu via vitroveinvivoper f or mans |l ar énén t est

i - iBn bBanséék hi derkd jeenliljar ionl arak fisl ab (desensi:

kull anél méxter.

Farkl é& konsantrasyonl arda ( %5, 8, 10, ve 15
hidroj el sl ablarénén su i-erikleri artan Ge
azd meHt @r oj el | erfi ms fdaty atna& kp @ wekdllFenazltip i s i (PBS)
1 enzi mi i -erisinde bekletilerek test edi |
sajl aml ej é da artterdejeé goer ¢l megktgr . Hi dr
906énndeedrr ve dejerler dojal korneanén ék
Hi drojellerin ékxkék ge-irgenlikleri enzi mati k

Knsan keratosi't h énderuezlaenmréik dvoe] albi rkboirrnleecar i iy4 e
i -erisindeBubul ahéaxdradalaer h n indéd birhireo jile | -

etkil ekimlerini saj | gonamxlG ery c ruey/gnuln okl oanrsaakn t
belirlenm¥kgirh¢gcCanlicéanl el eéj é testi hidroj e
%900éndan fazl asénén -dardleé holmby jeinn uo | vae alki dra
gostermiktir. Al amar Mavisaiy éhsagreankélnio] all arasle

artgereenmi-kal IDoriadg5n (-ekirdek ve sitoplazm

h¢crelerin aj benzer.i y a praniianr bolywkntad rad u jhu rdu
i -indeki h¢crelerin kornea hg¢gcrelerine °zel
proteoglikah ar & (decorin ve Dbiglikan) sentezlendi]

HE MA, dijer bir hi dkopehk ol enrsbueann pyghpmae
kull anélan bir Dbiyomal zemedir ve bu -al é@&kmad
arttérmak amac
HEMA varl éjeéend
de¢ KmMeWEMA . i - er e n kdildjed tipol veeM sergeglérimin d&elMA

hidrojell dpgkp& bédaslbag®r¢l megkt ¢rin Bu sebep

éyla Gel MAG66nén yapéséna kat el
a

°nemli i °] - ¢sdhegcaret neéaky e @k at

vivo- al ékmal ar i -in sadece Gel MA i -eren hidroj

3B baseéemdlaecrdens d¢gzgen bir Kekil de el de edi/l
i Jneri ny°n¢gndeki h e z eenjgkdtygmh & z enm/( Ri/ 18), Wet s/ mi



dejiktirilerek datiétegaierPBSd: i mdet g r . hd83Bt a
edi |l mi k ve odululkaraé s@9r almmodt ¢r (21 geén o s
Canrdlles, h¢egcre canl él é] é btasghtliiadmeo jgeArner2h. i

h¢crelerin %986inin canl é& ol duju g°r ¢l mg

ver medi i sonucunaawédy&me s éBrajelam basmi ¢ cr e
modg¢l | er i é - hafta i-inde ©°neml:i °]1 - ¢de
basédliamojellerin ékék genicedgeamlmr BRDe mimd 8 e

%8006in ¢zerinde ol duju gP°nrecalnm@inkté&wék Bgie -
(700 nmdde %RT)k el akt érOplta milzeacselo nd sZ2a vk
¢ - b3aBsthadrojelinin situveinvitroper f or mans | ar & benzerdir

GelMA15S | ab (h¢gcreisivizo) d ahi da vk @ h d aHidrojet n e n mi k
stromanén ortaséna a-€elan cebe yerlextir
gzl enmiktir. Kontrol (sham) ve hidrojel
el ser ol ukumu, enfeksiyon ya da i nfl ama
meydana gelen hafif -VE&Rarulygwrmha masle do=z
Hematoksilere 0 zi n b oyamasné&a Hiokruojielle nbirl exti]
yalnézca mini mal bir yabancé cisim reaks
hi drojel8i mha-fapedmém mméden 2.6 mmbée dg¢Kme

g°stermektedir.

El de edilen sonu-1lara g°re, 3B basél é h
y¢cksek éxkék ge-irgenliji, yeter |l i mekani
-o0] al masamaseyl a dakoaylaplkeseme&antéank | it ede
h¢cresiz sihaevwt al gam&!| da hidrojellerin ko
uygul amal aréeénda kull aneéel abil ecejini g°st

Anahtar KelimelerKorneal StromaD o k u  M¢ h 3B d B & SaMA |
HEMA.
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CHAPTER 1

INTRODUCTION

Cornea, the outermost surface of the eye, transmits the outside world information
although it only accounts for the 0.1% thie body. Under normal conditions the
integrity and the transparency of the cornea is maintained but due to its position
the eyeit is highly vulnerable to the infections and trauf@hirila et al, 1998)
Today, corneal damages are the second major cause of the blindness worldwide after
cataract. Transplantation is the most common treatment but the number of the
availabledonor corneas and also the quality of them falls far behind the demand
(Connon, 2015)Keratoprostheses (KPro) is currently the only acceptable treatment
if there is a high rejection risk or there is a graft failure histdtgrtransplantation.
However, developmenbdf glaucoma, increased intraocular pressure and lamina
degradation are several problems associated with the useros (Viitala et al,

2009; Laattalaet al, 2011; Ghezzi, RnjaKovacina and Kaplan, 2015)

Tissue engineering is highly promisiragnd aims to replace and/or regenerate the
damaged tissuemndorgans in order to restore their functions. The concept includes
isolaion of cells from the patient himself, expand in cell culture, seed smaffold

(a cell carrier)and graft back to the patie(itanget al, 2001) Up to date various
synthetic and/or natural biomaterials werged to construcscaffoldsfor corneal
tissue engineering in a wide range of forms like meshes, films, foams, fibers, and cell
sheets. Although some of theeaffolds mimicked well the ultrastructure of the
cornea, only a few could pass to Phase | cliitageqFagerholmet al, 2010) and

at present there is no availalaificial corneal construct available for routine use.
Transplantationof allografts therefore, still remains the major and long term

treatment for cornéalamages despite its drawbacks. All these urge the need for an



alternative and efficient treatment method to meet the demand and overcome the

limitations of current methods.

Moreover, a viable corneal construct that mertlte native tissue is also nedd@
the field of pharmaceuticals and cosmetic productdettreaseanimal testingleye
irritation or toxicity) (Ghezzi, Rnjakkovacina and Kaplan, 2015)

1.1 Cornea and lts Structure

Cornea is the outermost, transparsguethat covers iris, lens and anterior chamber
of the eye (Figure 1.1A). Diameter of the cornea is about2lihmhorizontallyand
9-11 mm vertically. The cergr o f the adul't cornea 1is 520
increases 0 650 Om riRulzerti and Hieske] 2008;bJacsb and Naveen,
2016) Cornea is avascular arthsimmune privilegethat makes it unique. Two
main functions of the cornea ai@act as aarrieragainstexternal objects and UV
radiation andto serveas the principl optical elementrefract about 6575% of the
light passing through the ey&ear is the main nutrition source of the cordea to

its mucin, lipid and aqueous natulith the aid of blinking process tearfilm is
formed on thesurface of the eye by keeping the cornea clean and ¢hashtvig and
Dulebohn, 2017) Oxygen is supplied yothe tear film and perilimbal capillaries
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Figure 11: The eyeand cross section of the cornea. A) The eye, and B) Hemat
Eosin (H&E) staining is showing fi
me mbr ane, str oma, eesdotleclinm frdmsexterier o bnted

Red lines shows the incoming light and refraction power of the cornea.



while glucose isobtained fromaqueous humofJacob and Naveen, 2016jive
distinct layers make up the microstructure of the cornea; epithelium, acellular

Bowmandés membr ane, thmetsd s omambrarede | ah dr

(Figure 1.1B).

Nonkeratinzed, squamous and stratified epithelial cédisn the 50 em thick (in
humans) epithelium layer. Tight junctions between the petisectthe cornea from
external objects and pathogens. Howeitds permeable tcompounddike sodium,
glucose, @ and @, needed by eyeEpithelium also has a significant role in
refraction. Epithelial cells forming this layer are in a continuous movement due to
regular apoptosis and desquamation where the lifetime is areliQdd@ys. These
cells are renewed by the sterlls coming from the limbuéEghrari, Riazuddin and
Gottsch, 2015; Ludwig and Dulebohn, 2017)

Beneath the epithelium layer, a thin (about @ Om) , transparent,

Bowmands membrane i s | oc at(Jaambsenletiac 1984] s

Eghrari et al. 2015)Although it may have a protection role of the smthelial

nerve plexus, its absence is not associated to vision loss or significant change in the

overall structure of the cornéBghrari, Riazuddin and Gottsch, 2015)

The stroma is the thickest part of the corr@@o of its thicknessCollagen is the
main structural protein of the stroma (70% of its dry weight) anddbis water,
glycoproteins, proteoglycans, and inorganic salts. These molecules contrithue to
typical spherical shape of the cornea which is essential for suligthti¢ransmission
and scatteringEghrari, Riazuddin and Gottsch, 2015; Ludwig and Dulebohn, 2017)
Aligned natureof the collagen fibrils is vital for both transparency and meclanic
properties of the cornefilforbet et al, 2007) Mesenchyra-derived fibroblasts,
keratocytes, are sparsely distributed in the strand form an interconnected

cellular networkWestMays and Dwivedi, 2006)

Collagen typs IV and VI, and proteoglycans forthet hi n acel | ul ar
membrang10 O m i).AThistmembeake supportse endothelal layer and helps

ma



maintain cornealhydrationtogether with corneal endotheliuwhich is essential for
clarity (Eghrari, Riazuddin and Gottsch, 2015; Meek and Knupp, 2015)

As ngle | ayer o f flat a nthickpessaydgog al Omelilns
diameter form the innermost endothelial layer of the co(Bgarari, Riazuddin and
Gottsch, 2015)Endothelium acts as a leaky barrier betw#eraqueous humor and
stroma and allows the transferof nutrients, metabolites and water. Cornea is
maintained inhydratedstate with the aid of tight junctions between the endothelial
cells and pumping mechanism of this layer througVklaATPase and bicarbonate
dependent Mg-ATPas (Waring et al, 1982; Bourne and McLaren, 2004)
Aqueous fluid income is seen due to endothelial failure which results in corneal
edana. Unlike the epithelial cells, in the caseaafamage and cell death endothelial
cells do not go into mitosis bare substitutety the migration of the adjacent cells

to maintain barrier and pump functefiEghrari, Riazuddin and Gottsch, 2015)

Structure and function of the stroma is explained in detail in the following section.
1.1.1 Function of the Stroma

As was stated in Section 1the st roma i s about 500 Om i
populated by corneal keratocytesl3% by volume) andonsistamainly of collagen

(70% of its dry weight).Central cornea is composed of about 2200 lamellae
wherecollagenfibrils arealigned parallel to each other withime lamella but nearly

at right angles to adjacent lamellae similar to plyw@ealwood, 2004)Figure 1.2

A and C).

Small diaméer hybrids of collagen tygd and V fibrils (ranging from 25 to 33 nm)
(Figure 1.2 B) form the lamellae together with significant amounts of other collagens
like Xll, XIV and VI (Meek and Fullwood, 2001; Ghezzi, Rnjgkvacina and
Kaplan, 2015)Glycoproteins and proteoglycans form a hydrated matrix in which the
collagen fibrils are embedded. Corneal transparency and hydration is\edsbgi

the small leucine rich proteoglycans including biglycan, decorin, keratocan, and

lumican through maintaining the space between the fibers. Any alteration in the



content of the proteoglycans and structure in the collagens may lead to corneal
opacity(Funderburgtet al, 1998; Ghezzi, RnjaKovacina and Kaplan, 2015)

The integrity of the stroma layer msaintainedoy the mesenchyme derived corneal
fibroblasts, called as keratocytes through continuous production of collagens,
glycosaminoglycans, and matrix metalloproteing¥¢estMays and Dwivedi, 2006;
Ruberti, Zieske and TrinkatRandall, 2007; Eghrari, Riazuddin aGettsch, 2015)
Scattering of light due to keratocytes is overcome by the water soluble crystallins
like adehyde dehydrogenase, alpdraolase and transketolagdassell and Birk
2010; Eghrari et al. 20)5%expressed by them. In case of injury, keratocytes are
stimulated to undergo apoptosis or to change their quiestate into repair
phenotypes which ressltin either regeneration or fibrotic scar formation.
Regeneration occurs when epithelium laysr swappedwhere cells close to
basement membrane undergo apoptosis aedhen replaced by the mitosis of
adjacent cells. This hatass response iselievedto protect cornea from loss of
clarity and inflammation(WestMays and Dwvedi, 2006) In pathological corneas,
however, phenotype of the cells change and stroma accumulates fibrotic deposits
which are detrimental for corneal clarity due to decreased expression levels of
crystallins (Funderburgh, Mann and Funderburgh, 2003; Muthusubramaetiaat)

2012)

Avascularity of the stroma is essential ft&r transparency and &chievedby antt
angiogenic factorslike soluble vascular endothelial growth factor recefitor
(sVEGFR1 or sflt1) which nulliiesangiogenic VEGKAmbati et al, 2006)



Figure 12: Figures showing orientation of lamellae in theusture of the carea. A)
SEM showing the diions of the adjacent lamellaAdapted from Meek anc
Knupp, 2015. Inset is adapted from Meek and Fullwood, RBUTEM showing
orientation of collagen fibrils in adjacent lamellae. Regular diameter awingpof
the fibers are clearly seen in the ngnellae (fibersdirected out of the paye
(Adapted from Fullwood, 2004C) Simplified model based on-Ray Data showinc
fibril orientation in the cornea(Adapted from Meek and Knupp, 2015cale bars
are( A) 100 Om and inset is 10 Om, and (B)

1.2 Corneal Diseases

After cataract and glaucoma, corneal diseases and wounds are the third leading cause
of blindness affecting millions of peopiecluding 10 million patientswith bilateral
corneal blindiess. It is estimated that about 12.7 million people are waiting for

corneal transplantation and onlyid 70 is successful in getting oné&ain et al,
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2016) Infections, nutrient deficiency, inflammatory diseadesieditarydiseases,
degenerative diseases, and traumas aan®ng thecauses of corneal blindness
(Burton, 2009) Trachoma, ocular traumacorneal ulcerations and childhood

blindness are the majoeasons

Trachoma is a corneal disease caused by infection@thmydia trachomatighat

leacs to corneal opacification and blindness. Once establjstiedtment is quite
difficult and corneal grafts are usually unsuccessful duthéodry and damaged
surface of the ey@urton, 2009) Trachoma is associated poor hygienic conditions
becausdimited access to water increasthe risk of infection. Infection is easily
transmitted from eye to eye througiontaminated fingers, flies, and clotb.
Today, trachoma can be treated and the blindness due to trachoma can be prevented
through a group & measures called th&€AFE (S: Surgery for trichiasis, A:
Antibiotic treatment, F: Facial cleanliness, E: Environmental changes and
improvements) strategy of the World Health Organization (WHO) otherwise it leads
to corneal opacificatioffWhitcher, Srinivasan and Upadhyay, 2001; Oliva, Gulati
andSchottman, 2012)

Ocular trauma is the most important cause for unilateral blindneks developing
countries and makes up 5% tbfe bilateral blindness casd8Vhitcher, Srinivasan

and Upadhyay, 2A0Q Pradhan, 2017)Home and work accidents, sport activities,
traffic accidents, burns, and foreign bodies are the common causes where the damage
can range froma small epithelial abrasion to ruptured globe. Children are more
prone to such injuries arttie damage can be much more serious. However, visual
loss seen in children due to injuries can be prevented significantly by parental
education and supervisigRradhan, 2017)

Corneal ulceration is another leading caaéeorneal blindness and 6 million new
people are recorded every year with caindcers in the ten countries of South East
Asia (Srinivasan, 2017)Corneal ulcer is diagnosdxy clinical examination usin@
slit-lamp and characterized by a brealepithelium continuity and stromal infiltrate.
When the integrity of the epithelium is damaged or there is a problem with lids and

tear film, any organism can attack corneal stroma leatbngpfections. In the



developed countries viruses are the mapuses for the infections while bacteria,
Acanthamoebgeand fungi are the main causestive developing nations. Drugs
administeredlocally or orally can relieve pain and prevent synechiae formation.
Public education of risk factors and early recognition may prevent disease

occurrence otherwise cause blindn@sarg and Rao, 1999)

It is estimated that there are about 1.5 million blind children worldwide and half a
million new cases are reped every yeafWhitcher, Srinivasan and Upadhyay,
2001) The causesary with the socioeconomic status of the countrfesr example

optic nerve lens and damages in complex visual pathways are the major causes in
highrincome countries while corneal scarring, vitamin A deficiency, use of
traditional eye drugs, and ophthalmia neonatorum are the main ones-imctowe
countries(Gilbert and Foster, 2001Among themvitamin A deficiency makes up
70% of the cases leadirtg xerophthalmia which can be severe enough to cause
perforation, bilateral corneal melting and blindness. This disease can be préyented
education of the familieabout nutrition distribution of vitamin A capsules, and

immunizationgWhitcher, Srinivasan and Upadhyay, 2001)
1.3 Current Treatment Approaches and Their Limitations

Damaged eye due to corneal diseases like trachoma, corneal trauma, ulceration or
childhood diseases usually remains blind throughout the life of the person. Surgical
procedures after blindness is rarely succéasfiless high quality equipment, well
trained doctors and nurses, and clean operating rooms are su@plether,
Srinivasan andJpadhyay, 2001)Corneal transplantation (penetrating keratoplasty,
and lamellar keratoplasty), ocular surface reconstruction and keratoprosthesis are the
current treatment options of the damaged corneas. Cornea is the most successful and
mostly transfanted tissue worldwide among other solid organ transplantations (In
2010, 42,642 corneal transplantations were done compared to total 12,623
transplantations of kidney, liver, intestine, and pancreas in Z0@8)et al, 2012)

due to immune privilege and avascular nature of it. Storage (irbayks) and
transplantation is also easier than other transplantati@asn et al, 2016)



Penetrating keratoplasty (PK) is the replacement of theHwakness corneal tissue

(all five layers) which has treated many affeco®rneas for many decad@¥onget

al., 2017)(Figure 13 B). However, the success raesignificantly decreaseavhen

there is deep vascularization, and when the cornea is scarred because of altered tear
film production or glaucoma. Severe chemical burns, trachoma, severe dry eye
syndrome, Steven¥ohnson sydrome, and severe traumas also result in poor
outcome(Chirilaetal., 1998)

With the development of lamellar keratoplasty, replacement of only affected layers
of the cornea, and ocular surface reconstruction, the success rate significantly
increased. Lamellar keratoplasty can be done in several ways; anteriolatamel
keratoplasty (ALK) replaces only epithelium and stroma layers with donor
Bowmandéds membrane (Figure 1.3 C) (when
anterior lamellar keratoplasty, DALK), and endothelial keratoplasty (EK) includes
onl y Des c e ame and sendothelionb layer (Figure 1.3 D) with or without
stroma. Corneal surface reconstruction is another viable option for the treatment of
affected cornea when the damage is not deep; Limbal epithelial transplantation
replaces only the epithelial layBy using donor tissue. Cultivated mucosal epithelial
transplantation, on the other hand, replaces epithelial layer-biwexultivation of
epithelium on amniotic membrarf@an et al, 2012; Gainet al, 2016) Although
keratoplasty is the main solution for the corneal damages, there are, unfortunately,
clinical, social and logistical barriers to achieve successful results. Clinically, not all
the blindness cases are treatable because of the severity of theslaesadted from
diseases like deep corneal vascularization, glaucoma, ocular surface diseases and
adherenteukemia Social and economic status of the person also affects access of
the patients to the servicem)d drugs likesteroids and antibiotio®liva, Gulati and
Schottman, 2012 ack of trained doctors for surgeries or lack of access to surgical
equipment are also other barriers the treatment. However, the most significant
limitation is the number of the available donor tissue; it is far from the demand
worldwide and long waiting lists exist in eye banks. In addition, 10% of the
transplanted corneas are rejected in the first géanplantation and graft survival

rate decreases significantly in the repeated transplantations. Tissue rejection is very
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painful for thepatient and can result in permanent blindness. Religious and cultural
factors because of low education or lack of égmks limit the cadaveric cornea
donation(Tan et al, 2012; Wonget al, 2017) Number of suitable corneas for
transplantation also decreases because of transmissible diseases (like HIV virus),
refractive surgeries and age of the dofGhezzi, Rnjakkovacina and Kaplan,
2015)

Bowman’s Membrane

A

Endothelium O
Descemet’s Membrane

Figure 13: Types of keratoplasties. A) Structuoé cornea, showing five distir
layers. B) Penetrating keratoplasty, C) Anterior lamellar keratoplasty (ALK), €
Descemet 6s membr ane e ndoTranslanted regiokse:
highlighted with dotted lines in each case. Adapted fromelah, 2012.

Artificial corneas, known as keratoprostheses (KPro), are synthaistitutesfor

full thickness cornem The history of the first KPro attempts gdesck to 19th
century where DeQuengsy firstly implanted a glass substitute to the tabbi
However, unsuccessful results with glass because of risk of removalthesute of
synthetic materials. Poly(methyl methacrylate) (PMMA) was the first
keratoprosthetic materiadnd was followed by other polymers includingoly(2-
hydroxyethyl methagiate) (PHEMA), poly(vinyl alcohol) (PVA), and
poly(glyceryl monomethacrylate) (PGMAChirila et al, 1998)

An ideal KPro should be biocompatible, transparent withappropriatecurvature

and refractive index, flexible, and should prevent infection and epithelium

10



downgrowth(Ghezzi, Rnjakkovacina and Kaplan, 2015lthough theres no ideal
keratoprosthesis today, with ttke vel op menands &f r tha@a o me d e |
integrationbetweenthe host tissue antthe material is achieved through the porous
skirt around thecentral core material. Today, this model forms the basis of afost
the keratoprosthes deviceswhere anchorage of the cornea occurs through the
ingrowth of the fibroblasts on the porous and elastic skirt. Boston KPro and- Osteo
odonto Kpro (OOKP) are the most comrhorused types (SalvadorCulla and
Kolovou, 2016.

Boston type | keratoprosthesis consists of two main parts: PMMA anterior plate and
titanium back plate (Figure 1.4 A). Titanium part has 16 holes to achieve access to
the agqueous humor. Donor cornea is placed between the PMMA and titanium plates
and the wble complex then sutured to host €$alvadorCulla and Kolovou, 2016)
(Figure 1.4 B). Although vision repair is good in short term, complications like
glaucoma and endophthalmitis are still problems which decrease the chance of long

term usgGhezzi, Rnjakkovacina and Kajan, 2015)

Osteoodonto keratoprosthesis (OOKP) was developed in 1963 by Strampelli. In this
model, an optical PMMA cylinder has two distinct anterior and posterior segments
with different diameters which allow anchorage to the tooth (Figure 1.40Gth(is

taken from the patient with its root and jaw bone and a hofeadeto place the
PMMA cylinder) (Falcinelli et al, 2005; Liu et al, 2005; SalvadeCulla and
Kolovou, 2016) Surgery includesemoval of theentire iris and lenso place the

KPro (Figure 1.4 D) and it is only used as the last option of the patient where the eye
is not suitable for PK. Today OOKP is the most common treatment for Stevens
Johnsorsyndrome and chemical burns by offering a lomgntese(Ghezzi, Rnjak
Kovacinaand Kaplan, 2015)Despite the success of this model, several problems
reported in the literature including bone bioresorption, increased intraocular pressure
(IOP), and lamina degradation due to chronic inflammations. In addition, the whole
procedures quite complex and longt consists of two or three stages and each takes
about 35 monthgViitalaet al, 2009; Laattalat al, 2011)

11



Currently, tansplantation remains the major and ldegn treatment for corneal
damages, despite its limitations. This indicates that an alternatfie@ent approach
is needed to meet the demand and overcome the limitatighs efirrent treatment

methods.

r——
/ \ Donor cornea
tissue
A =—= NS Back plate
(A& -
\ “ ’ with 16 holes

Titanium locking
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Dentin
Alveolar
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Optical
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Figure 14: Boston Type land Osteadonto KeratoprosthesiSOOKP). A)
Componentof Boston Kpro (Adapted from Tan et al., 201B) Boston KPrc
sutured in placqAdapted from Tan et al., 2012), C) OOKP drawn in f
(Adapted from Laattala et al., 2011), D) Apperance of the eye after 3 mo
OOKRP surgery (Adapted fromalcinelli et al., 2005).
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1.3.1 Tissue Engineering

In case of svere diseases, injury and traymransplantatioo f pati ent 0s
is the main treatmeratpproach gutograft),and the other isransferringtissues from
another individual (allograft). Although these treatment techniques are lifesaving,
there areserious problems and limitatiorassociated with themlreatment with
autograftsis painful and causs donor site morbidity. Allografts, similarly, can be
rejected by the immune system of the patientthe host can bafected Tissue
engineerings a viable alternative tauto or allografts and mis to regenerate tissues

by replacing, restoring and improving the function of the tissyeemploying
biomaterials, cells and growth factgtsanger and Vacanti, 1993)

Tissue engineeringequiresporous 3D scaffoldsas the ideal surroundingdor the

cells for their attachment, proliferation asdcretionof extracellular matrix (ECM)
thusmimicking thenaturaltissue( O0 Br i e Damadedtiksleg is regenerated by
the deposition and organization of the newly synthesized ECM on the scaffolds
which providetheinitial mechanical supporteededDuring thisprocess thecaffold
eventually is degraded or metabolizzatl is replaced bthe fresh andiableorgan

or tissue(Stock and Vacanti, 2001) An ideal scaffold should be biocompatible,

biodegradablehave appropriatenechanicalstrength and interconnected porés

ow

allow penetréion of cells, nutrients and removal of waste prod(gc86 Br i en, 20 1:

1.3.1.1 Corneal Tissue Engineering
1.3.1.1.1 Cell Sources

The first step in constructing a viable 3D cornea by tissue engineenrging the

right kind of cells Isolation ofthe primary cells or stem cell§rom the host (animal

or patient) which have potential to differentiate into desired lineage in the presence
of right factords the main step finding the cell souf€&ermainet al, 2000)

13



Corneal keratocytes (Figure 1.5) can be isolated filmastromal layer following
dispase digestion and removal of epithelium layer. Another option for keratocyte
isolation is use of a mixture of cells containing stromalscahd epithelial cells.
With the aid of keratocyte specific growth medium epithelial cells are lost and
keratocytes can be harvest@@ermainet al, 2000) A small portion of the cell
population of the stromaconsists of mesenciimal stem cells which exhibit
multipotent differentiation capability, clonal growth and express stem cell markers
Theyare potential candidates for corneal tissue engineapptications These cells

are located in the limbal stroma near the corepéhelium stem cells (Figure 1.5)
suggesting their interactn in vivo (Pinnamaneni and Funderburgh, 2Q1&{lipose
derived stentells (ADSC)(Du et al, 2010) human embryonic stem celBESC)
(Chanet al, 2013) and bone marrow mesenchymal stem q@MSC) (Hongshan

et al, 2011)are alsoknown to differentiate into keratocyte lineage which can be
used as alternative cell sources in engineesirgma

Limbal epithelial
o I

e N e
e s T

Epithelium

-y

B

~— -~ |
\Stromal Stem €ells

Basement membrane

Bowman's laye
Melanocytes Keratocytes

\ = Stroma

Stroma

Figure 15: Corneal tissue section showing the transition zone between scler
cornea, named as limbus. Limbal epithelial stem cells are found in limbal
epithelium and corneal stromal stem cells (green) are localized near the ep
stem cells. Differenfrom central part of the cornea, limbal part is vasculari
(white holes) and have melanocytes (black). Mesenchymal keratocytes are sh
blue in the figure. Adopted froifPinnamaneni and Funderburgh, 2012)
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1.3.1.1.2 The Scaffold Materials

The choice of biomateriglis highly critical in the design o tissue engineered
substitutewhich should fulfill the minimum requirements of the desired tissue. At
present a variety of different biomaterials with natural and/or synthetic origin are

used for corneatromareconstruction.
1.3.1.1.2.1Natural Materials

Natural materials are highly attractiuve corneal stroma engineering and some of
them are highlybiocompatibé, have gelation ability, biodegradability, anbigh
water binding capacity. Moreover, modification of the natural origin materials
chemically or ezymatically is possible to obtain materials with additidnactional
properties. However, batch to batch variability, immune responses, and limited
availability aresome ofthe disadvantages of the natural polym@islafaya, Sva

and Reis, 2007; Correlet al, 2011) Polyhydroxyalkanotes, polysaccharides and
proteinorigin polymers are the three major classes employed in corneal stroma
engineering applicationsThese polymers are obtained from various sources like
plants, #ea, animals and microorganisms through enzymatic reactions or

fermentation(Hasirciet al, 2001)

Polyhydroxyalkonates aregenerally biodegradable thermoproccessableand
biocompatible biomaterials produced by microorganismsly(3-hydroxybtyric

acid) (PHB) and copolymers of it with hydroxyalkonates (Ipay(3-hydroxyvaleric

acid) (PHBV)) are highly attractive due to their mechanical strengths, fiber forming
ability, biocompatibility and biodegradabilityPolyhydroxyalkonates and its
composites are employed in various applications including sutures, stents, nerve
guides, and wound dressiffigasirci et al, 2001; Chen and Wu, 2009n corneal
stroma engineering PHBWas used in the production of micropatterned films to
guide the keratocytes along the patterns which mimic the natural organization of the
stroma(Zorlutunaet al,, 2006, 2007)
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Polysaccharides are other class of natural origin biomaterials made up of
monosaccharides that are linked to each other througlydsidic linkagesTheir
physical properties like solubility, gelati@bility, and viscosity var depending on

their monosaccharide composition, chain shapes and molecular weights. They are
obtained from various sources including plants, animals, and microorgaivsms

et al, 2007) They have been widely used in tissue engineering applications as well
as corneal stroma engineering due to their-tocucity, low cost in produdbn,
tunable mechanical properties, and biocompatibiifygir and Laurencin, 2007)
Chondroitin sulfate is an example for polysaccharides which is found in the structure
of native cornea provideiscoelasticityand enhance water binding capadiythe
tissue.Iln several studies it is blendedtiwicollagen and these scaffolds successfully
supported growth of corneal keratocyt@&ana et al, 2008; Acun and Hasirci,
2014) Scaffolds containing chitosan blended with natural materials like collagen and
gelatin resulted in mechanically strong, transparent, biocompatible and elastic
corneal tissue equivalen(Rafatet al, 2008) Hyaluronic acid is another example

for polysaccharides sed in cornea tissue engineering. Films produced from the
blend of collagen, gelatin and hyaluronic acid were reported to have adequate
mechanical strength, appropriate hydrophilicity and transparéncy Ren and
Wang, 2013)

Proteins are the main components of the extracellular matrices and have active role
tissue regeneration, wound healimgchanisms, and regulation pathwaliey are
highly popular in the construction of scaffolds, sutures, and in the studies of drug
delivery systems. They are removed from the body through natural mechanisms of
the host body via degradation hydrolytica{Nair and Laurencin, 2007 5caffolds
produced from proteins present excellent cell support, mimic the ECM well, and are
highly biocompatibleCollagen is the most common ECM component in mammalian
tissues and is widely employed in corneal stroma reconstruction in various forms
including films (Vranaet al, 2007; Kilic et al, 2014) foams(Vranaet al, 2008;

Acun and Hasirci, 2014)and fibers (Phu et al, 2010; Acun and Hasirci, 2014)
Extracted and purified collagen, however, lacks the mechanical strength and

elasticity, and degrades rapidly compared to intact collagen due to dissociation of the
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natural crosslinks inthe course of the purification proceg&riess, 1998)
Additionally, batch to batch variability of the purified collagens and limited natural
sources to extract them are other limitations. Recombinant huwolages
therefore, avoid these limitations by making production of proteins witllgfieed
properties possibl@.iu et al, 2008) Silk fibroin is another protetorigin polymer
usedextensively incornealtissueengineeringdue to its good tensile strength, high
availability, transparency, biocompatibility, and fast proces@itagraet al, 2016)

Gil et al, (2010) were used RGBunctionalized silk fibroin films to mimic the
natural lamellar structure of the corneal stroma. The constructs have beentgshown

support cell attachment, alignment, and proliferation.

Gelatin, another proteiorigin polymer,was employed in this study because it is
inexpensivedoesnot possesa&ny antigenicityand a range odlifferent sourcesre
available Gelatin is also stable for the cells since it is a natural polymer obtained
by denaturation of collagen and thus contains natural cell binding motifs like
argininegylycineaspartic acid (RGDJVan Den Bulckeet al, 2000) Gelatinneeds

to be crosslinked in order to make it stable at room temperature. In the literature
gelatin has been reported to be used in corneal tissue enginglrough
crosslinkng chemically with glutaraldehydearbodiimide and NHS(Mimura et al.
2008; Luo et al. @18, respectively)However, long processirdurations inability to

load cells, and use of toxic crosslinkimgentsare somedisadvantages of these
approaches Methacrylated gelatin (GelMA) is a photopolymerizable hydrogel
obtained by modification afelatinby addition of methacrylate groupsthe amine
containing side groupsnd enablegelatin tocrosslinkupon UV exposure to fornrna
irreversible hydrogel. The degree of methacrylation allows the control of
crosslinking extent which in turn allowsomtrol of swelling and mechanical
properties.Very short UV exposures andbsence of organic solverdse several
advantages of this meth@dichol et al, 2010; Kilic Bektas and Hasirci, 2018)
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1.3.1.1.2.2Synthetic Materials

Synthetic polymers are also very attractive in cornebma engineering
applications for several reasoromeof the biodegradable synthetic polymers are
biocompatible and doat cause any immune respon#egir mechanical properties
and degradation rates candmntrolledchanging the processing conditioasdthey

can befunctionalizedto increasecell attachment and proliferation. Polyglycolic acid
(PGA) (Hu et al, 2005)and poly(lactic acid-co-glycolic acid (PLGA) (Honget al,
2018) are commonly used in corneal tissue engineering because eof th
biocompatibility and biodegradabilityrheir degradation occurs through hydrolysis
of the ester linkageand are removed from the body by natural metabolic pathways
(Gunatillake, Adhikari and Gadegaard, 2Q0Bpoly(eser urethane) is another
synthetic material used in corneal stroma enginedkviget al, 2013) Constructs
were reported to have poor transparencyhuman stromal stem cells differentidte
successfullynto keratocyte lineage when seeded on thEne main problem of the
synthetic materials is poor transparency and limited biological responses which are
overcome by combining themwith naturalderived materialsfor corneal tissue
engineering application®zceliket al, 2013; Ghezzi, RnjaKovacina and Kaplan,
2015)

Poly(2hydroxyethyl methacrylate) (HEMA) is one of the most widelged
synthetic materials useoh ophthalmic applicationslike soft contact lenses and
intraocular lenses. pHEM#A chemically stablénon-degradable)hiocompatibleand

its permeability transparencyand hydrophilicity can be adjusteldy changing
crosslinkng conditions Since their first use bWi c ht er | e a,nitdvasL 2 m
reported to be used in many fields including tissugireeering(Maddenet al, 2010;
Dragusinet al, 2012) pHEMA wasused in this study in combination with GelMA

to enhane the mechanical strength of the hydrogels.
1.3.1.1.3 Scaffolds

An ideal scaffold for corneastromareplacement should be optically transparent,
sufficiently strong, biocompatiblend should allowcell adhsion, migration and
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proliferation (Lin and Jin, 2018)Up to date a number of scaffolds were developed
for corneal tissue engineering by either mimicking only one layer (epithelium,
stroma, or endothelium(Wu et al, 2013; Kilic et al, 2014; Kilic Bektas and
Hasirci, 2018) two layers (hen®ornea epithelium and strom&orlutunaet al,
2006; Acun and Hasirci, 2014; Wameg al, 2017) or all threelayers(Vranaet al,
2008)

The choice of processing technique for scaffold production is asatras the
material selectionand researcher should decide on the technique according to the
needs of the material. For instance, while some materials withstand high pressure,
heat, and acid/base treatments, others may require mild conditions to be processed.
The most widely used pressing tehniques include freeze dryinglectrospinning,

solvent castingndparticulate leachindithography, an@D printing.

Freeze drying is one of the most commonly employed methods that yield highly
porous sponges or foams. In this method a pheparation occurs between the
polymer and solvent when the solution is frozen. Finally solvent is sublimed under
high vacuum and very low temperature leaving pores behind. A homogenously
prepared polymer solution, therefore, results in interconnected patfes/arious
dimensions(Hasirci et al, 2016) Freeze drying is widely used for corneal tissue
engineering application/ranaet al, 2008; Acun and Hasirci, 2014; Takeda and
Xu, 2014)

Electrospinning is another commonly used methgadvhich micro and nano fibers

are produced. The polymer solution loaded into a syramgks pumped to expel the
solutiontowards the collector where the polymer fibers are collected with the aid of
electric field created. Due to high voltage createdHeyelectric field, the solvent
evaporates before the fibers are colleatith results in polymer mats at the side of
the collector Diameter and structure of the fibers are affected from many parameters
including applied voltage, nozzle diameter, diseabetween the needle tip and the
collector, and type of the solvenfDoshi and Reneker, 1995)his technique has
been used to produce scaffolds for many tissues as well as cornea{\Wsayeand
Orwin, 2009; Tonsomboon and Oyen, 2013; Kehgl, 2017)
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Solvent casting and particulatakhing are two techniques used together to produce
scaffolds. In this method polymer solution containing particulates like porogen or
salt is cast in a mold and after solidification the particulates are removed from the
scaffold by dissolving them away Wi the aid of a liquid. Interconnected pores are
obtained in the places of particulates. This technique is quite simple and the sizes of
the pores can be controlled by the amount and the size of the added palficatate

et al, 2001) Several studies on cornea engineering have been used this technique in
the literaturgGil et al, 2010; Wanget al, 2017)

Lithography is an advance scaffold fabrication technique which allows shape control
with the aid of a mask or a mold. Poly(dimethylsiloxane) (PDMS) and
poly(methylmethacryladeg(PMMA) are the most commonly usagidrophobicmolds

in soft lithography which allow removal of the filnen their surface. In corneal
tissue engineering studies micro or nano patterns created on the surface of the films
have been used to guide the célisalign along the patterns that mimics the natural
organization of the tissu&ranaet al, 2007; Gilet al, 2010; Kilicet al, 2014)

1.3.1.1.3.13D Printing

Three dimensional printing (3D) (also known as additive manufacturing) is used to
build complex scaffolds by layerby-layer deposition of a biomateriddy using
computer aidedesign (CAD) data set$he production process involves three major
steps:Imagesare aquired from computer tomography (CT) or magnetic resonance
imaging (MRI) scansraw data of the images are converted into a CAD model, and
rapid prototyping machines gerate 3D solid structure by layby-layer deposition

of the biomaterial. The main advantage of the 3D printed technology is its ability to
create structures with quite high complexity which can mimic the natural
organization of the tissues detail (Rengieret al, 2010; Hasirciet al, 2016) 3D
printing technology is a growing field and currently there are a variety of different
approaches like selective laser sintering (SLS), fused deposition modeling (FDM),
stereolitography (SA), inkjet printing (IP)and 3D bioprinting(Guvendirenet al,

2016) Among them, 3D bioprinting is the most suitable technique for the

20



construction of corneal tissue equivalents because of transparency, high wat
content and elasticity requirements of the tissue. These requirements cubargs
provided by the hydrogels and complex organization of the tissue is mimicked by 3D
bioprinting. In the following section hydrogels and 3D bioprinting approaches are
detailed.

1.3.1.1.3.1.1Hydrogels

Hydrogels which arealso employed in this studyhave asignificant potential in
cornea and other tissue engineering applications dtietosignificantsimilarity to

the naturalmicro environment of the tissues. Hydrogels are hydrophilic polymeric
networks that absorb and retalarge amounts of water and they introduce
compositional similarit to extracellular matrix of the tissues, biocompatibility and
structural integrity(Hasirci et al, 2016) Hydrogel forms of gelatir{Liu, Ren and
Wang, 2013; Kawakitaet al, 2014) chitosan(Ozcelik et al, 2013; Tanget al,

2017) and collagenRafatet al, 2008; Mirazul Islamet al, 2015)were used for
corneal tssue reconstruction. For example, in one of the studies gelatin hydrogels
were prepared by crosslinking with glutaraldehyde, seeded with corneal fibroblasts
andin vitro andin vivo studies were conductgilimura et al, 2008) Implanted
gelatin hydrogelsarryingfibroblasts showed an intense collagen type | expression

and did notead toany opacitywhen testedn viva

Hydrogels prepared with different biofabrication methodsvere also studied.
Production of tyogek is one of the neer techniques employeith various tissues
including cornea. Cryogels are obtained when the solution temperature is decreased
below the freezing temperature of the solvent and crosslinking is carried out in a
small portion of gel solution. By increasing temperature gradually nzomes are
formed when solvent crystals m@liozinskyet al, 2003; Hendersoet al, 2013) In

a recent stug, cryogels werausedto host corneal keratocytékuo et al, 2018)
Gelatin/ascorbic acid cryogetrosslinked with carbodiimide created by this method
were shown to favor growtbf the keratocyts. However,low cell penetration into

the structuredue tocell seeding after consict is formed is alisadvantage of this
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method.Moreover, restrictedworking conditions like temperature and pH, use of
organic solvents and toxic crosslinking agents for polymerization are other limiting

factors.

Polymerization via photocrosslinking tlugh UV or visible light is a viable
alternative to other hydrogel forming methods duethe fast and controllable
polymerization at ambient temperatsiraand ease ofoading cells and/or other
biological factos during polymerization. Photopolymerizatiaa also popular in
other fields including dentistry, coatings, and production of electronic materials
(Nguyen and West, 2002 tissue engineeringpplications ell loading into the
hydrogel is desired for homogenous cell distribution in the constructs which is only
possible with the water soluble photoinitiatdsit do not damage the cells during
polymerization. Irgacure 2959 (12959, 24Hydroxyl)Z442zydroxyethoxyRZ
methylpropiophenones one of the widely used water soluble photoinitiator which
is activatedst low UV intensity to initiate radical polymerization reactigfomezet

al., 2016; Kilic Bektas and Hasirci, 201®resence ofnreacted monomers are also

a guestion in these reactions but due to the aqueous nature of the hydrbiggis

conversion is obtainedfkovits and Burdick, 2007)
1.3.1.1.3.1.23D Bioprinting

3D bioprinting is a growing and Hity promising hydrogel formingnethodwhich
involves positioningof cells, growth factors and biological materiaisa layerby-
layer fashion to obtain highly organized 3Bcaffolds With the use of CAD
technology,one can attempto mimic the organization ofmatural tissues. The
limitations of other methods like lack of organization andher abilityto load cells

in the structure homogenousyeovercomgMarco, Javier and P., 2018)

Laser,inkjet and extrusion based/stems are three different typé 3D hydrogel

bioprinting methods.
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1.3.1.1.3.1.2.1 aser based systems

Laserassisted biprinting (LAB) is based on the assembly and patterning of single
cell deposi with the aid of laser beam. The 4gt basically composed of three
units: a pulsed laser sour@@ UV or neatUV wavelength)a ribbon which is coated

with the liquid material (bioink) to be printednda receivingsubstrate. The ribbon

is irradiated wih the laser pulse which evaporates the bioink and the bioink is
deposited on the receiving substrate in droplet ffigure 1.6 A) The receiving
substrate is usually a cell culture medium or a biopolymer which supports adhesion
and growth of the cellsnithe droplets following printing. The resolution of the
printed constructs depends on many factors including the complexity of the model,
printing speed, the thickness of the bioink on the ribbon, and the wettability of the
receiving substrat@Barronet al, 2004; Guillemott al, 2010; Liet al, 2016)

Compared to inkjet and extrusion systems, materials withehigbcosity can be
printed with this method (Billiet et al, 2012; Xu et al, 2014) However,
optimization of working conditions ofnew materials is time consumingon
homogenous cell distribution, use of cytotoxic photoinitiators and necessity ef post
curing are also reported in sane types of laser based systenisr (example
stereolithography (SLA) (Billiet et al, 2012) The only 3D printed corneal
construct by using this method was recently report8drkio et al, 2018)
Researcheraised collagen type | bioink, human embryonic stem cells derived
epithelial stem cells (hESC) for epithelial layer, and human adipose derived stem
cells (hASCs) for stromal layeThesecell loaded splithicknessconstructsshowed

the feasibility of this rathod to create a 3D bioprinted corneal tissue.

1.3.1.1.3.1.2.2 Inkjet Based Systems

Inkjet based systemsre arother class for 3D bioprintingystemswhich are
commonly used due tilne availability of the partand ease iptimizations.In this
method desired volumes bioink aredepositedon predefined locations in droplets
generatedyy thermal or piezoelectric actuatofSigure 1.6 B)(Murphy and Atala,
2014; Liet al, 2016; Mandryckyet al, 2016) Rapid buildup, flexible patterning on
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a large printing area and ease of printifigifferent materials are several advantages
of this method(Xu et al, 2014; Mandryckyet al, 2016) However, difficulty in
printing of highly viscous materialsaggregation of the cells, problem at the
reproducibility level, and clogging of the zde areseverallimitations associated
with this methodBilliet et al, 2012) Up to date, no 3D bioprinted cornea construct
was reported with this technique.

1.3.1.1.3.1.2.Extrusion BasedSystems

An extrusion based systenwhich is used in this studys a combination of an
automated robotic and a fluid dispensing system for bioprinting and extrusion,
respectively. Dispensing of the bioingell suspensionn biomaterial solution, is
done through a pneumatic or mechanical (sedewen or piston) syste under
computer control to deposit the bioink in a desired 3D structures (Figbir€)1.
Continuous printing of the bioinkesults inrapid and precisefabrication of the
products The desired 3D shapes can be created by CAD software and printed
directly. Researcher can create his own CAD file or can obtain data from MRI or CT
scans which makes this technique quite convenient for printing 3D cell loaded
constructgDababneh and Ozbolat, 2014; Ozbolat and Hospodiuk, 2@1iGpugh

for highly viscous bioink solutions scregviven systems can be beneficial, gzere
created in the nozzle may harm the cells. Pisliiven deposition, therefore, provide

a better control of bioink deposition. Printed structure is stabilized by crosslinking

via light, chemicals or thermal changd#$e limitations of this method ashort list

A Inkjet Bioprinting B Laser-assisted Bioprinting C Extrusion Bioprinting
\. ..’ lLaser Pulse ‘ o ’
< ‘ ] . Pneumatic
& Thermal =00 s s % & 4 s . 4 . s s 9 A F
Actuator . oor Bioink bubblz . screw
piezoelectric *  Receiving N
' *  substrate -
a <€——  Bioink Droplets ——» =« / S

Figure 16: 3D Bioprinting methods. A) Inkjet bioprinting, B) Lasassisted bioprintin
and C) Extrusion bioprinting. (Adapted froMandryckyet al, 2016)
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of materials for bioink preparatiatue tothe need for rapid cell loading prior to gel
formation and shear stresdHowever, these limitations can be overcome by
optimizing the conditions like diameter of the nozzle, concentration of the nhateria
pressure and flow ra{®ababneh and Ozbolat, 2014; Bual, 2014)

Extrusion based printing has been employedptimt various tissues including
vasculaturgSuntornnoncet al, 2017) liver (Leeet al, 2017) cardiovascular tissue
(Duan, 2016)and bongByambaaet al, 2017) The only 3D printed corneal tissue
with extruderbased system was recently repor(eshacson, Swioklo and Connon,
2018) It used a pneumatic dual extruder 3D bioprited printing was donkased

on the data from 3D digital human corneal model. High viability of the corneal
keratocytes showed the feasibility of the extrusiased bioprinting technique for
corneal tissue engineering. Althougldigital human cornea modelas thestarting
point of this 3D printed structure,sitorganizations differentthanthe native tissue:
Concentric circles were printed starting from the center to the upwards of the rim in
the 3D printed modeHowever,collagen bundles are aligneddaformed plywood

like structure in native corneal stroma.
1.4 Novelty of the Study

The microstructure of the native corneal stronsahighly organizedconsists of
multilayered collagen fibers aligned parallel to each other and neatlyo%fe
subsequenfayers asin plywood. In this studyhighly transparenGelMA hydrogel
was produced, working conditions were optimized and hydrolpelded with
stromal keratocytesvere printed by pneumatic extrusion based bioprinter. The
model consigd of parallelfibersand thesubsequentayerslocated as the fibemsre

at 90 to each otherin the native structure of the strombn this study, he
organization of the stroma wasnstructedfor the first time with cell loaded 3D
printed GelMA hydrogelsvhich mimicsthe natural organization of native corneal
stroma High cell viability, transparency and adequate mechanical strefgtie

hydrogelsmake the constructstrongalternative fortheallografts which are in short

supply
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Irgacure 2959  (24HydroxyhZ4424ydroxyethoxyRZnethylpropiophenorne
methacrylic anhydride, Type A gelatin from porcine skin i@ bloom),
amphotericin B, trypsirEDTA (0.25%), penicillin/streptomycin, sodium cacodylate
trinydrate, bovine serum albumin (BSA), paraformaldehyde, sodium azide,
Coomassie brilliant blue, Blucose, 1.25%N,N,NNjiNjetramethylethylenediamine
(TEMED), ethyleneglycol dimethacrylate (EGDMA)2-hydroxyethyl methacrylate
(HEMA), collagenase Type Il fror€lostridium histolyticumand 4,6-diamidino2-
phenylindole dihydrochloride (DAPiyere purchased from Sig@#edrich (USA).
Sodium dihydrogen phosphate dihydrate, disodium hydrogen phosphate
heptahydrate and sodium chloride were bought from Merck (Ggim&ptimal
Cutting Temperatureompound(OCT) was from Miles Scientific, USA. Sylgd

184 polydimethylsiloxane elastomer and curing agent were from Dow Corning,
USA. Livei Dead cell viability/cytotoxicity kit, Actin phalloidin (532 and FITC
labelled), DRAQ5, Dulbecco's Modified Eagle Mediufam's nutrient mixture F12
(DMEMTHAM's F12, 1:1)with and without phenol rechewborn calf serum, and
Coomassie Plus Bradford Assay Kiere from Thermo Fisher Scientific (USA).
Human basic fibroblast growth factor (hFGF basic/FGF2) without carrier was
purchased from Cell Signaling Technology, Inc. (JSNucleoCasettes were from
ChemoMetec (Denmark). SnakeSkin dialysis tubing was purchased from HyClone,
Thermo Scientific (USA). Dimethyl sulfoxide (DMSO), Triton 2200 and
ammonium persulfate (APSyere from AppliChem (USA).CellTracker green
CMFDA and Lve Cell Imaging solutiomvere from Molecular Probes, USA. Alexa
Fluor 488 CD34 CD45and IgGl mouse isotype, APC CD73, and Alexa Fluor 647
CD90 were purchased from Biolegend, USA. Alamar Blue and Alexa Fluor 488
(goat anttnouse and arifiabbit) were from Invitrogen Inc. (USA). Primary
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antibodies for collagen Type | (mouse), collagen Type V (rabbit), decorin (mouse),

biglycan (rabbit) -sUno ot h  mu s-BMAg (rabbit) weérenfrort Abcam Inc.

(Cambridge, MA).Sens ol yt e E 5 2 0 ss&eKit ¢Ftuorimetrid) MBs A

brought from AnaSpec Inc., USKXet ami ne base (KetalarE) was
Pfizer, USA. Schimerés and fluorescein pape
Maxi dexE was purchased fr 8'nwas\oougha frami s, Austr

SIFI, Italy. Eyelea was from Regeneron Inc., USA.
2.2 Methods
2.2.1 Synthesis of Methacrylated Gelatin

Methacrylated gelatin (GelMA) was synthesized according to protocliabiol et

al., (2010) Briefly, 5 g of type A porcine skin gelatin was dissolved in 40 mL
phosphate buffered saline (PBS, pH 7.4, 10 navs0C. Methacrylic anhydride
(MA) (10 mL) was added to this solution at a ratéddd mL/min at 56C to yield a

MA concentration of 20% (v/v). The reaction was stoppdr 1 hby 5x dilution

with warm (46C) PBS, and the solution was dialyzed (CO 10,000) against distilled
water for 7 days at 4Q@ to remove the excess methacrylic aaitt salts. The
resultant solution was lyophilized (Labconco Freezone 6, USA) and storedCat +4

until further use.
2.2.2 'H Nucleic Magnetic Resonance'd-NMR) of GelMA

Gelatin and lyophilized GelMA were dissolved in@ (30 mg/mL) at 4%C. Bruker
DPX 400 spetrometer was used to obtafti NMR spectra at'H resonance

frequency of 400 MHz. For averaging sigi@noise ratig sixteen scans were made.
2.2.3 Preparation of GelMA Hydrogel Slabs

To prepare hydrogeldabs from GelMA solution,a PDMS template was created.
Briefly, PDMS prepolymer was mixed wittatalyst poured into glass petri dishes
and cured at AT for 3 h. Resulting PDMS film was peeled off. Small digdth
different dimensionsvere preparedrom PDMS films (Table2.1). Solutions with 5,
8, 10 and 15% GelMA (w/v)dbeledGelMA5, GelMA8, GelMA10, and GelMA15,

respectively) in PBScontaining 0.5% Irgacure 2959photoinitiator (w/v) were
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poured into PDMS molds and exposed to UV (365 nm, 0.120 Jod)eftmni min in
a UV crosshker chamber (BIGLINK™ UV Crosslinker DL%365, Germany).

After 1 min, the reverse side of the hydrogel was exposed to UV for 1 more min.

To serve as &ontrol of printed hydrogels GeIMA15 solution was prepared in PBS

in the presence of 0.5% photoinitiator (w/v), poured into the PDMS molds, incubated
for 15 min at 4C, and crosslinked for 5 s with OmniCure (S1500, Lumen Dynamics,
Canada) (15 mW/cfn at 365 nm) ai distance o8 cm.

Table 21: Dimensions of the PDMS Discs for different applications.

Application PDMS Disc Dimensions
(D: diameter, h: height)
In situ andin vitro studies D=1cm, 0.5 mm
Mechanical Tests D=1cm, =2 mm
Transparency Tests D=0.5cm, 0.5 mm

Control for 3D Printing Partin situ and inf D=0.6 cm, = 0.5 mm
vitro studies and Transparency Tests
Control for 3D Printing Pasechanical Tests| D = 0.6 cm, h= 2 mm

In vivo Studies D=0.5cm, ik 0.30 mm
D=0.4cm, r 0.15 mm

2.2.4 Preparation of GeIMA-HEMA Hydrogel Slabs

GelMA15 was prepared according to Section 2.2.3. HEMA solution was prepared as
follows: 98% HEMA, 1.25% TEMEDand 1% EGDMA. GelMA and HEMA (8:2,

v/v) were mixed andreshly preparedAPS in PBS (10%, w/v) was added to this
solution to make 5% final solution (v/v). Final solution was vortexed and
immediately put into PDMS molds. After waiting 1 min to allow HEMA to
crosslink, hydrogels were crosslinked under UV for 1 neiach side Resultant
hydrogels were washed three times with RB®re characterization.
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2.2.5 Preparation of HEMA Hydrogel Slabs

HEMA solution was prepared as mentioned ab@extion 2.2.4)mixed with APS,
put onto templates and after 1 mboth sides of hydrogels we crosslinked under
UV for 1 min/each side. Hydrogels were washed three times with PBS before

characterization studies.
2.2.6 Preparation of 3D Printed GelMA Hydrogels

GelMA (15%, w/v) (GelMA15) was dissolved in PBS in the presence of Irgacure
(0.5%, w/v). This solution was loaded into 3 niluer lock syringe compatible

wi t h Bi 0s GUYIENG,| ®GazgieBad, Germany)3D Printer low
temperature dispense head. GelMAligid at temperature above RT and in gel

form at lower temperatures. In oed to be able to print the GelMA, the syringe
loaded with solution was put in refrigerator (£€) for 15 min before printing.

Bi os c af drintd 30 @nodactsby coordinated motion of pneumatic syringe
dispenser onto a stationary platform. GelMA was printed at a movement speed of the
nozzlein x-y direction (Fxy) of 100, 200, or 300 mm/min, a spindle speed (R/S) of
0.01, 0.02, or 0.03 Dots/mm, afrdm a nozzlewith diameter of 0.26 mm (25 ga x

i Luer stubs, Il nstech, USA) . Layer thickne:c

were set as 0.14 mm and 1 mm, respectively.

After observation under stereomicroscope following parameters were chosen for
further studies1) Fxy 200 and R/S 0.01 (GelMAA®1), 2) Fxy 200 and R/S 0.2
(GelMA15-002), and 3) Fxy 300 and R/S 0.03 (GelMAQ®3). Rectangular prism
GelMA hydrogels (14x14x2 minfor mechanical tests (15 layers printed for
GelMA15-001 and 10 layers for others) afidx14x0.5 mm for other studies (5
Layers for GelMA15001 and 3 Layers for others)) were plotted according to a
model prepared using Sketchup (Google Inc, USA) and loaded to the CAM
(Computer Aided Manufacturing) softwa(Brim-CAM, Einsiedeln, Switzerland)

of the B i(Talslec22) Two tirdeasioial (2D) layers were deposited
perpendicular to each other at every layer. Obtained 3D printed hydrogels
were crosslinked for 5 s with OmniCure (15 mW/cm2, at 365 nm) atm3
distance, punched with 6 mm diameter punches and stored in PBS until

characterization.
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Tabel 2.2: 3D bioprinting parameters chosen after optimization studies.

R/S Fxy

, . Total Number of Layers Abbreviation
(Dots/min) | (mm/min)

15-Mechanical Tests
0.01 200 ) . GelMA15-001
5 - In situ and In vitro Tests

10 LayersMechanical Tests
0.02 200 _ _ GelMA15-002
3 Layers In situ and In vitro Test

10 LayersMechanical Tests
0.03 300 ) ) GelMA15-003
3 Layers In situ and In vitro Test

2.2.7 Characterization of the Hydrogels
2.2.7.1 Stereomicroscopy

3D printed lydrogels were examined under a Nikon SMZ1500 stereomicroscope
(USA) to study pattern fidelityHydrogels were stained with Coomassie blue (0.1%

w/v in PBS) to ease the observation.
2.2.7.2 FTIR-ATR

GdMA, GelMA-HEMA and HEMA Hydrogels were air dried and theFTIR
spectra were obtained in the region 40800 cm' using Perkin Elmer FTIR
Spectrometer (USA study integration of HEMA in the structure of GelMA

2.2.7.3 Equilibrium Water Content (EWC) of GelMA Hydrogels

GelMA discs were incubated in PBS at’G7or 24 h in a shaking incubator. After
gentlyremoving the excess water with filter paper, wet wei@¥t,) were recorded.
Hydrogels were then rinsed with distilled water to remove salts coming from PBS
and then lyophilized and weighed(Wy). Equilibrium water content (%) was

calculated from the following equation:

Owob

Wp TUTT (1)
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where
EWC (%): Equilibrium Water Content (%, w/w)
w : Weight of dry samples

® : Weight ofwet samples
2.2.7.4 In Situ Degradation in PBS

Hydrogels were washed with distilled water and lyophilized to determine their initial
weights (n=3). Samples were then incubated in PBS (pH 7.4, 10 mMJGtir3a
shaking incubator for three weeks. On days 1, 7,abdl 21 samples were rinsed
with distilled water, lyophilized and weighedlVeight loss(%) was determined

gravimetrically according to following equation:
YQa w QY QAP — WP T 2

where
w : Initial dry weight of the samples

@ : Dry weight of samples after inculat.
2.2.7.5 In Situ Enzymatic Degradation with Collagenase Type Il

The stability of the hydrogels against enzymatic degradation was determined using
collagenase type Il. Initial wet wéigof the hydrogels were recorded () and then

they were incubated in collagenase type Il solutions at different concentrations (1,
2.5, 5, and 10 U collagenase type II/mL in PBS, pH 7.4) for 4 h. The remaining wet
weight was determined every hour andteex of degradation was calculated

according to following equation.
YQa w QY QTP — WP T T (3)

where
w : Initial wet weight of the samples

@ : Wet weight of samples after inculmat
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2.2.8 Invitro Studies
2.2.8.1 Human Keratocyte Cell Culture

Isolated human corneal keratocytes (passagEes) svhich were kindly provided by

Prof . Odil e Damour (Banque de Corn®es ¢
France) were stored frozen in their medium supplemented ®#hOMSO in liquid

nitrogen. Following thawingzell suspensiowas centrifuged and the cell pellet was
suspended ira medium containingDu |l becco6s Modi fiHamd seagl
nutrient mixture F12 (DMENMHA M6 s F12, 1:1), newborn [
amphotericin B (1 g/ mL), penicillin (10
and bFGF (10 ng/mL). Cells were cultured tissue culture polystgne (TCPS)

flasks in a C@incubator (SanyoMC€17 AIC, Japan) at 3T. Growth medium was

changed every two days.
2.2.8.2 Flow Cytometry of Human Keratocytes

Surface markers (CD34, CD45, CD73, and CD90) of human keratocytes were
analyzed with BD Accuri C6 flow cgimeer (BD Biosciences, USA) in order to

study whether they preserve their keratocytphenotype or not. Cells were

trypsinized and centrifuged (3000 rpm, 5 mifhe pellet was washed with FACS

buffer (PBS containing 1% BSA and 0.1% sodium azide) and edetrifugation,

PFA (750 eL, 4 %addeddnihe pelleto fixRoBc8lls forvi% rain at

room temperature. After fixation, cells were centrifuged and the pellet was washed

twice with FACS buffer. Pellet was resuspended in FACS buffer and watedli
inoeppendorfs asOikdDd ot Aherachluor 488, A
APC conjugated anti bodi edledifi racimtubéd andg/ mL
incubated for 30 min at room temperature. After incubation, 1 mL of PBS was added

to each tuberad centri fuged. The pell et was r e
examined with flow cytomey through 4 channels: 1) forwéhscatter channel (FSC),

2) sice scatter channel (SSC), 3) fluorescence channel (FL1 filter, laser 488 nm), and

4) fluorescence channdt (L4 f i |l t er , | aser 647 nm). CFI

to analyze the data after gating the samples from debris and dead cells by using
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forward and side scatter profiles. An isotype control was employed in each
experiment to calculate specific staining.

2.2.8.3 Preparation of Cell Loaded HydrogelSlabs

Cultured human keratocytes wedetachedfrom TCPS surface by using trypsin
EDTA at 3 7 AXlter teatrifugdiionn8000 g, 5 min), cells were suspended

in the medium andthe number of cells was determinegith a NucleoCounter
(ChemoeMetec, Denmark). Initially, four different cell densitiesx{C, 1x1C,

5x1, and2.5x10 cells/mL) were used to optimize the cell number in the hydrogel
for both optimum cell-to-cell contact and extent of gel formation. Fbistpurpose,
determined number of cells was taken in a separate falcon tube, centrifuged and
suspended directly with GelMA solution prepared with growth medium. As a control
for 3D prined samplescell pellet containing 1xX0cells/mL was suspended with
GdMA15 solution. The gel precursors were exposed to UV as in Section 2.2.4
(Figure 2.1 A).Hydrogel preparedwvas washed several times with growth medium
and incubated in the same medium diC3ih a CQ incubator. The growth medium

was changed every two dayor 21 days. At predetermined time points (Days 1, 7,

14 and 21) hydrogels were used for microscopical analysis, mechanical tests, and
transparency studies.

2.2.8.4 Preparation of Cell Loaded HEMA and GelMA-HEMA Hydrogels

GelMA-HEMA and HEMA solutions were prepared as mentioned in section 2.2.4
and 2.2.5, respectively (growth medium was used instead of PBS). Cell pellet
containing 1x10 cells/mL was suspended in these solutions and processed as in
respective sections (Figure 2B). Crosslinked hydrogels were washed twice with
growth medium and incubated in the same medium in ai@Dbator at 37C forin

vitro studies.
2.2.8.5 Preparation of Cell Loaded 3D Bioprinted Hydrogels

GelMA15 bioink containing 1x10cells/mL was prepad asmentioned in Section
2.2.83. Bioink was loaded into the syringe and incubated for 15 mifCatR¥inting

process wagarried out as in Section 2.2.@fter crosslinking, 6mm diameter
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hydrogels were punched, washed twice with growth medium, and incubate&ciy
incubator at 37C (Figure 2.1 C)

A — 0 © & w
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\' PDMS wells GelMA hydrogel slabs
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Figure 21: Schematic representation of preparatiomaihan keratocytes (HKpaded
hydrogels. A) GelMA, B) GeIMAHEMA, and C) 3D bioprinte@elMA hydrogels.

2.2.8.6 Microscopical Studies
2.2.8.6.1 Live-Dead Cell Viability/Cytotoxicity Assay

Live-Dead Viability Assay was conducted to determine the viability of the @élls

in the GelMA hydrogels on Days 1, 2, 7, 14, and 21. Briefly, after the medium was
discarded samples were double stained witheee i n AM (2 &M i n PB.
homodimerl, (4 €M in PBS) for 30 min at room
samples were washed with PBS and examined under Zeiss LSM 800 or Leica DM
2500 (Germany) Confocal Laser Scanning Microge®fCSLM). Live and dead

cells were counted on the micrographs (n=3) by using ImageJ NIH software to
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determinethe viability of keratocyteq%) in the hydrogels according to following

equation:

® QO O O OGTDA WP TT TT (4)

2.2.8.6.2 Live Cell Imaging

GelMA15 hydrogels loaded with 1xi@ells/mL were incubated in growth medium
until analysis. CellTracker green CMFDA was prepared in growttliume (15 mM)

with all ingredients except serum. bays 3 and 14 growth medium of the
hydrogels were discarded andlls wereincubated inthe staining solution for 1 h.
Then, staining solution was removed and hydrogels were incubated for 30 min in
keratogte growth medium. Finally, hydrogels were washed twice with PBS and put
on small glass of live cell imaging setup and incubated in Live Cell Imaging solution
containing amphotericin B (1 eg/ mL) ,
(100¢eg/ mL) , D-glunode. After placimcanlo-ring around the hydrogel,
bigger glass of the setup was put closed tightly to ensure st€giétyp components
were purchased from H. Saur Laborbedarf, Germdfjgure 2.2). Setup was
connected tahe temperature contralevice(Warner Instruments, USAh order to

keep the temperature at 3Z. Samples werstudiedusingLeica DM 2500CLSM.
Images were acquired at every 15 s for 5 h andvadeo was obtained at the end by
using the software of the microscope.
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Figure 22: Live cell imaging setup. To ensure viability of the celidive cell imaginc
solution was used antthe temperature of thsetup wascontrolled byconneding tc
heatingat 37°C.

2.2.8.6.3 DRAQ5, DAPI and Phalloidin Staining

The growth mediumin which the hydrogels werencubated wadliscarded and
hydrogels were fixed directly with 4% (w/v) PFA for 30 min at RT. Membrane of
the cells were permeabilized with 1% Tritor1R0 (v/v, in PBS) for 5 min. For
blocking, samples were ¢abated in 1% BSA (w/v, in PBS) at €7 for 1 h. After
blocking step, samples were incubated with solution containing -Elb€ed
Phalloidin (1:200 v/v, in 0.1% w/v BSA in PBS) for 1 h at 3Z to stain
cytoskeleton. Samples were washed three times wit¥h BSA and the nucleus of
the cells were stained with DRAQ5 (1:1000 v/v in 0.1% BSA) for 1 h, abiRWith
DAPI (1:1000 v/v in 0.1% BSA) for@min, at RT Stained hydrogels were rinsed
and stored in PBS until examination with CLSM.

2.2.8.6.4 Immunofluorescence Saining

Samples wee treated as in section 2.2.8.6UBtil the blocking step. Primary

antibodies of Collagen type | (1:100 v/v in 0.1% BSA), collagen type V (1:100 v/v in

0.1% BSA), Decorin (Bi @ YgdmL(inh @Og/lhd BiS
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and USMA (1:100 v/v in 0.1% BSA)were prepared and after blocking steps
hydrogels were incubated with these primary antibodies overnigh€aiNéxt day,
samples were washed and incubated with eithefrabhiit or antimouse Alexafluor
488 secondary antibgd1:100 v/v in 0.1% BSA) (3T, 1 h). Hydrogels were rinsed
twice and incubated with DRAQ5 (1:1000 v/v in 0.1% BSA) for 1 h, at RT.
Hydrogels were washed twice and stored in PBS until examination with CLSM.

Same gain value of the photomultiplier tube (Pitector) was used to obtain all of

the CLSM images. Images from each channel were obtained and intensities were
measured without any threshold. To measure the intensities of the micrographs (n=3)
Mean Gray Value function of NIH ImageJ program accordongam et al, (2010)

was used. Intensity of the interested antibody was normalized to the signal intensity

coming from DNA of the same image according to the following equation.
01 aOa@IGE] QIO aNE i Q6 w (5)
where

|ab= Intensity of antibody

Iona= Intensity of DNA (from Drag5 stained image)
2.2.8.6.5 Scanning Electron Microscopy (SEM)

Cell freehydrogels were frozen a80°C and lyophilized. Cell loaded hydrogelere
fixed with 4% PFA at RT for 30 mjiwashed wth cacodylate buffer (pH 7.4)dzen
at -80°C and lyophilized. Dry samples were coated with Rd under vacuum and
examinedwith a scanning electron microscope (SEM) (JEOL, J&A00, USA) at
5i 20 kV.

2.2.8.7 Mechanical Properties of Cell Loaded and Cell Free Hydrogels

Cell loaded (1x1®cells/mL) and cell free hydrogels were prepared and tested
mechanically under compression (n=5) by using 10 N load cell (Univert, Canada) at
a displacement rate of 1 mm/min speédoam temperature. Hydrogels were tested
on Days 1, 7, 14 and 21 and kept in growth medium until testirfepr
characterization of GelMA, GelMAEMA and HEMA hydrogels, they were tested
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under compression (n=5) by using 50 N load cBhifhadzu AGSX, Japa) at a
displacement rate of 1 mm/min speedrat

Compressive moduli of the scaffolds were calculated according to Harley et al.
(2007) from the slope of the very first linear region of the stress strain curve
according to the following equations:

Yoi @i i (6)

Yo i gL @

0Edani QDE QOO i (8)

where

F: Applied force, A: Cross ect i onal area, : Llni ti al

Displacement
2.2.8.8 Transparency of the Hydrogels

Cell loaded (1x1®cells/mL) and cell free hydrogels were transferred to 96 well
plates onDays 0, 1, 7, 14, and 21. Fresh medium was added on the hydrogels and
wells containing only growth medium served as the blank. Samples were scanned in
the 256700 nm range by using a Multiscan UV Visible spectrophotometer (Thermo
Scientific, USA). Average alue of blanks wasleductedfrom the sample readings

and transmittancealues were obtainedy using the same settings, transparency of
the hydrogels after enzymatic treatment was also measured eveih2 blV-Vis
spectrum of natural cornea was usedhes positive control (Mallet and Rochette,
2013).

2.2.8.9 MMP Activity of the Cell Loaded Hydrogels

SensolLyteE 520 Generic MMP Assay Kit (Fluonetric) was used to detect MMP
activity in supernatant of cell culture media. Assay was performed according to the
marufacturer instructions. Briefly, cell culture media was collected at every media
change, centrifuged for 15 min at 1000X g/ @4and stored a80°C until use. At
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the end of 21 days of incubation, collected culture media was thawed and incubated
in 1 mM 4-aminophenylmercuric aceta(@PMA, Component C of the kit that is
diluted with Component D) for 3h at 37 to activate the MMPs. 56L/well of
sample was loaded into 96 well plates, &D/well MMP substrate solution
(Component A of the kit that is dildewvith Component D) was added on thand
incubated for 1 hat RT.Component E was added (80/well) on the wells to stop

the reaction anthen fluorescence intensityasmeasure at ,FandEp, = 490 nmand

520 nm Assay buffer containing wells (Component D) served as substrate control.
Relative fluorescence units (RFU) were obtained by subtracting centbstrate
reading from all readings. MMPs activity gM was calculatedaccording toa
calibration curveplotted by using 5-FAM-Pro-Leu-OH standard (Component B)
(Appendix C). Calculated MMPs activity was divided into total protein

concentration of each sample at each time point to normalize the results.

Total protein in the supernatant of cell culture media weteated by Coomassie
Plus (Bradford) Assay Kit. Briefly, 16L of culture media was mixed with 3@QL

of Coomassie Plus Reageint a 96 well plate incubated for 10 min at R&nd
absorbance was measured at 595 nm. Absorbance of the blanks was subtnacted fr
the readings. Total protein concentratiay/(nL) was calculated according to a

calibration curve plotted by using BSA standard (Appeijix
2.2.9 Invivo Studies

GelMA (15%, w/v) (GelMA15) was dissolved in growth medium in the presence of
Irgacure (0.5%, W) and resultant mixture waeddedon the PDMS template (16

mm in diameter and 300 Om or 150 Om in thick
s witha UV source @mniCurg (15 mW/cn?, at 365 nm) at 3 cm distandéydrogel

was punched with 5 mm or 4 mm diameter punches and put in medium until

implantation (Table 2.2).

The followinginvivost udi es wer e performed by Prof. Dr
H. Tel ek, and Dr . Firdevs Ycommmide repaot compl i an

(No: 0045) granted by Ankara Education and Research Hospital, Animal
Experiments Local Ethics Committee (Appendix E, Figure Ao healthy 20

weekold New Zealand Rabbits weighing 3 kg were used ase-clinical testto
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evaluate the in vivgperformance of the hydrogdProtocol for the labelingof the
rabbitswasaccording to Figure 2.3. For implantation, rabbits were anesthetized with
50 mg/mL ketamine base and a lamellar dissection was made in three eyes of the
rabbits and one eye was usesiblank control. GeIMA15 hydrogels were implanted
into a midstroma cornea pocket (Figure 2.4) with or without suture fixation (Table
2.2) . N e t-infdctiveeancEantimftarnmatory eye drop was started following
implantation and used for 1 week astilies a day. On Day 7, rabbits were
anesthetized with ketamine and examined with slit lamp to ensure clarity of the

cornea.

On Day 7 Maxi dex E astyirees adaptp redudkesredsessandt e d
theforeign body reaction of the eye and usedl the end of the observations. Upon
vascularizationone subconjunctival dose of arWEGF (Eyelea) was used in thé 3

week.

Right eye of the first rabbit was used as blank for 7 weeks and then operated to
implant an#VEGF absorbed GelMA hydrogdl 2r =4 mm, h= 150 e&em
suture fixation. However, rabbits removed the construct and this type, therefore, is

not given in Figure 2.3 and Table 2.2.

X L If X is;
G: GelMA

/ Jr N S: Sham

Position of

NUF:nEE’rtOf Typetf)f the eye B: Blank
abbit - operation | . 1eft, R: Right

Figure 23: Labelingprotocol of the rabbits used pre-clinical studies.
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Table 23: Sum of the abbreviations, operation type, GelMA dimensionsaand
observation periad

GelMA
Rabbit # Abbreviation Implantation

Observation

_ _ Duration
D: diameter, h: height

Rabbit 1, Left Eye 1GL, Suture fixed Yes,D=5mm,h= 3 00| 15weeks

Rabbit 1, Right Eyel  1BR, No operation No 7 weeks

Rabbit 2, Left Eye | 2SL, No suturefixation No 8 weeks

Rabbit 2, Right Eye 2GR, No suture fixation| Yes,D=4mm,h= 150 8 weeks

2.29.1 Schimer 6 s Test

Sc hi rtesewadone to assess regeneration of the teaHdnthis aSchrme r 6 s
paperis placedon the lower eyelid for 5 min. The amount of wetting due to tear

production(the tear travels on the paper stigojneasured in millimeters.
2.2.9.2 Sodium Fluorescein Saining

Sodium fluorescein staining was done to assess integrity of the cornea. Briefly,
sodium fluorescein paper was applied to the surface of the eytbadgedisperes
throughout the surface with the aid of tears. Any deterioration on the surface is seen

green under cobalt blue ligimstead of yellow
2.2.9.3 Histological Examination

Corneas of 1GL (on Day 106), 2GR (on Day 57), and 2SL (on Day 57) were

removed after the ralits were sacrificed with an overdose of ketamine. Corneas

were embedded in OCT compound, froze8a0 0o C and sectioned (6 Om)
freezing microtome (Leica CM1510 S, Germany) (Figure 2.3). Cryostat sections

were stained with hematoxylin and eobin Pr o f . Dr . G°khan Gedi ko] |
University. Sections werexamined under Zeiss Axio Imager M2 (Germany)

fluorescence microscope
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Figure 24: Workflow for in vivostudies.

2.2.10 Statistical Analysis

Statistical analysiswas performed with GrapPad Prism program (Version 6.01)

using two-way anal ysi s of variance (ANOVA) wi t
Student 6ssedtdsepewdsng on number of comp:
as statistically significant. Dataispreste ed as mean N standard ¢
and plotted using GraphPad Prismibr ¢ r o Exadl (©ffice 2010)
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CHAPTER 3

RESULTS AND DISCUSSION

In this study, native microstructure of the corneal stroma is mimidke®BD
bioprinting of cell loaded methacrylated gelatin (GelMA) hydrogels. This study was
conducted in four phases: 1) GelMA was produced from the reaction of gelatin and
methacrylic anfdride and characterized through NMR. Optimum GelMA
concentration and cell loading density were determined, pREMA was
incorporated into the structure improve the mechanical strength of the GelMA
hydrogels 3) 3D bioprinting was performed at optimizednditions of GelMAto

mimic the internal organization of corneal stroraad 4) In vivo performance of the

GelMA hydrogels were tested on rabbits with a short study.
3.1 GelMA Hydrogels

GelMA was synthesized from the reaction of methacrylic anhydride (si#g
porcine skin gelatin (Section 2.2.1). Aqueous solution of GelMA had the ability to
be crosslinked in the presence of a photoinitiator and UV exposure that yields a
highly stable and transparent hydrogels suitable for corneal tissue engineering
applicdions. In the first phase of this study, GelMA concentration and cell loading

density were optimized hip situandin vitro tests.
3.1.1 'HNMR of GelMA

Degree of methacrylation (DM) is defined as the ratio of number of methacrylated
groups attached to gelatin to the number of amine gr@ygise, hydroxylysinepf
unreacted gelatin prior to the reactigHoch et al., 2012) MestreNova NMR
analysis progranfversion 6.2, Mestrelabskesearch, SL, Santiago de Compostela,
Spai was used to calculate DM of the GelMA. Firstly, NMR spectra were
normalized tahe phenylalanine signal (625 ppm) which igproportionalwith the
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concentration of the gelatiand is not reacted during methacrylatiorhen, the
integrated areas of lysine methylene signals-2296 ppm) ofgelatin andGelMA

were obtained and DM waslculated according to equation 1. NMR results showed

the ability to methacrylate gelatin to the extent about 70% DM in this study
(Figure 3.1).

DM (%) = p ap T T 9)

A Gelatin GelMA GelMA Hydrogel
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Figure 31: 'H-NMR spectra of gelatin andelatin methacrylamide prepared
D,0, RT. A) Methacrylationof gelatinto form GelMA and crosslinking of GelMA
to form GelMA hydrogelby UV exposure. B)'H-NMR spectra of gelatin ani
methacrylated gelatininset shows the expanded regibaetween 5 and 6 ppmr
Peaks formedh this regionindicate the incorporation of double bonds ig&atin
methacrylation. Astesk (*) shows the peaks due to aromatic residues of ge

that are used in the normalization of the peaks
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3.1.2 Equilibrium Water Content of Hydrogels

Hydrogels are 3D hydrophilic polymeric networks which nadgorbwater up toa
thousand times their dry weight. Mechanical characteristics of the hydrogels and
diffusion of the solutes through them are significantly affected by the water content
(Peppas et al., 2006)n this study, effects ofincrosslinkedmethacrylated gelatin
concentration and UV exposure duration on equilibrium water content were
examined.As GdMA concentration increases veatcontent decreases up to 10%
concentrationand water content of the hyapels was similar at 15% GelMA
concentration regardless of the UV duratigiigure 3.2) Water content changes
with UV duration, as wellLowest UV duration (1 min) yielded the highest water
content for all concentrations. Water content of the 5% and g8tobels were
similar when 1.5 and 2 min UV were applied suggesting crosslinking of all the
reactive groups. Increase in UV duration decreased water content in 10% and 15%
GelMA hydrogels.UV durationof 1 min was chosen for the rest of the study in
orderto minimize thepotentialadverse effects of UV exposunmgight haveon the

cells and for the minimal restriction for their migration, proliferation and
metabolismWater retention capacity of the hydrogels is highly influenced with the
polymer and crosslking densities; tighter 3D networks due to high crosslinking

density are expected to retain lower amount of water.
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Figure 32: Effect of uncrosslinked GelMA&oncentration and UV exposure dura

on thewater content of the GelMA hydrogels. n=3.
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3.1.3 In Situ Degradation of GelMA Hydrogels

In vitro conditions were mimicked by incubating GelMA hydrogels in PBS (pH 7.4,
10 mM) for three weeksA high rate of weight loss was observed in the first day of
incubation (up to @%, for GelMA-5 and GelMA8) and it was lower in the
following periods (Figure 3.3) Initial high weight loss can be explained by the
leaching out of the uncrosslinked GelMA molesulExtent of degradation changed
with the GelMA concentration in the solution: Degradatrate was high when
GelMA concentration is low and viceeksa when GelMA concentration is high.

This is because the highncrosslinkedGelMA concentrationresulted in more
reactive groups which enhanced the crosslinkdensity and stability of the
hydrogels when exposed to same UV duration. This result igreement with the
previous results obtained with same hydrogels where increased concentration or UV
duration resulted in decreasewater contentvhich is related with the crosslinking
density of hydrogels created with different parame(éigure 3.2) Additionally,
GelMA-5 and GelMA8 hydrogels were too fragile to handle and degraded rapidly
supporting the above mentioned results. GelMA and GelMA15 hydrogels,
therefore, were used in the rest of the studies due to their better stability compared to

other concentrations.

Scaffold stability under biological conditions is an important aspect for tissue
engineering studies untilegeneration of the tissudhe degradation rate of the
scaffold should be in balance since higher degradation rate may redait of
supporting cells until they synthesize their own extracellular matrix (ECM) and
lower rates may cause recognition of the material as foreign leading to inflammation
(Williams et al, 1999)
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Figure 33: Degradation of GelMA hydrogefsr up tothree weeks in PBS (pH 7.4,
mM) at 37C. Uncrosslinked GelMA concentrations of 5%, 8%, 10%, and 15%
abbreviated a&elMA-5, GelMA-8, GelMA-10 and GelMAL15, respectivelyn=3.ns:

non significant

3.1.4 Enzymatic Degradation of GelMA Hydrogels

In vivo conditions in terms of enzymes were mimicked and the stability of the
hydrogels was studied in the presence of collagenase type Il, a frequently used
collagenase type for degradation pmdilin the literatureDegradation profile of
GelMA-10 and GelMA15 was studied by incubating them in four different
collagenase concentration solutions. Results clearly show that, GEIM#Adrogels
were affected more than the GelM& ones, supporting the in situ degradation
results. Even the lowest collagenase conedintn caused significant weight loss
(ca. 25% in 4h) in GelMA-10 hydrogels(Figure 3.4 A) Moreover, they become
quite fragile after the first hour of incubation. GelMA hydrogels werenorestable

and even in the highest collagenase concentrationafG®e weightremained after

the 4h treatment. As a result, GelMES hydrogels are more stable than GeHU&
hydrogelsunderin situ and enzymatic degradaticonditions Similar results were
reportedin the literature Hutson et al. (2011)ncubated 10% and 15% GelMA
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hydrogels in2.5 U/mL collagenase Type Il and reported that 10% GelMA hydrogels
were degraded totally within 12 h while 15% hydrogels survieedip to 36 h. In
another studyBenton et al. (2009ncubated 10% GelMA hydrogels in 1 U/mL and

2.5 U/mL collagease solutions and a higher degradation rate was reported with
higher collagenase concentratidimese show that the less concentrated hydrogel is
weaker, the higher enzyme concentration and longer duration degrades the hydrogel

more extensively.

SEM images of the hydrogeldegraded withdh incubation in PBS and 10 U/mL
(highest) collagenase clearly shdvat thepores and whole shape of the GelMA
hydrogels compressed compared to open pores of hydrogels incubated in PBS
(Figure 3.4 B) Effect of collagease on GelMAL5 hydrogels was minimal and
appearance of hydrogels incubated both in PBS and collagenase were similar.
Results were reasonable since GeH#id hydrogels lost 90% of their initial weight
after 4h incubation in 10 U/mL collagenase while GeH¥& ones lost only380%
(Figure 3.4 A).

In vivo and clinical degradationconditions are more closely mimicked by the
enzymatic degradation tests since the scaffold used for the treatment of corneal
defects faces hydrolysis through matrix metalloproteingd#glPs) and matrix
degrading enzymes produced by corneal fibroblastsaddition to hydrolysis
Corneal fibroblasts, called as keratocytes, participate in collagen fibril remodeling
which is vital for transparency and other crucial functions of the cqitea et al.,

1999) Researchers reported no detectable collagenase {MMEtivity on healthy
corneas but a significant activity was reported in diseased(Biley et al., 1995)
Therefore, when gelatin base scaffolds are implanted scaffolds will be degraded by

time due to MMP activity of the keratocytes.

Transparency of the hydrogels were studied after PBS and collagenase treatments
and results show that regardless of the treatnypet transparency of the hydrogels

did not change significantly and were comparable with that of native cornea values
(Figure 3.4 C)Transparency is one of the most important properties of the corneal
tissue which is around 90% at 700 nm (visible regiémy scaffold intended to be

used for the treatment of corneal defects should be optically clear and must retain its

transparency in in vivo conditions when exposed to enzymatic degradation.
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ENZYMATIC DEGRADATION
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Figure 34: Enzymatic degradatiomnd resultantthanges in theappearance a
transparency of the GelMA hydrogels. A) Enzymatic degradation profiles (\
retention) of hydrogels at 4 different collagenase Type Il concentrations. B
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3.1.5 In Vitro Studies
3.1.5.1 Flow Cytometry of Human Keratocytes

In this studyflow cytometry wasused to detenine the phenotype of the isolated
human keratocytes teeeif they retaired their specific surfacemarkers. Human

keratocytes between passages 5 and 15 were used throughout the study and p11 cells
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were used for flow cytometric analysis to obtain a representative data. Figure 3.5
shows the unstained and isotype control of the samples. The florescence intensities
were similar at FL1 (Alexa Fluor 488) and FL4 (Alexa Fluor 647) channels.
Histograns showed that more than 98% of the ceNgre positive formesenchymal

stem cell marker&D73 and CD90 (right side of the red line) as reported in the
literature (Choonget al, 2007)and the fluorescence intensities were significantly
higher (16) than the unstained and isotype controls @ife of the red line). On the
other hand, CD34 and CD4bematopoietic stem/progenitor cell and lymphocyte
cell markers, respectivelywvere negativesince these surface markers were not
expressed by corneal keratocy(€hoonget al, 2007) Therefore, it was concluded

that isolated human keratocytearry keratocyte markew@nd could be used in this

study to reconstruct the stromal layer of the cornea.
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Figure 35: Histograns of unstained samples, isotype controls, negative m:
(CD34 and CD45 hematopoietic stem/progenitor cell and lymphocyte cell ma
respectively, and positive markers (CD73 and CD@&@esenchymal stem cell nkars
after flow cytometry analysis. Red line was drawn according to data obtaine
isotype controls to differentiate negatieft) and positivgright) sides of the plot
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3.1.5.2 Optimization of Cell Number in Hydrogels

In order to optimize the number of cells in the hydrogels, achieve better connection
between them and preserve their keratocyte fomst cells at different densities
(5x1C, 1x1¢, 2.5x10, and 5x1¢ cells/mL) were loaded into the hydrogels. 10%
GelMA solution loaded with2.5x10 and 5x1& cells/mL did not yield a proper
hydrogel, therefore, Figure 3.6 showsly the GelMA15 hydrogels loaded with
2.5x10 and5x1@ and cells/mL and stained with Live Dead viability assay on days

1 and 7. Cells were observed to interconnect with each other thtieeighdendritic
processes starting on day 1 amdre connection was lwserved for hydrogels with
5x10 cells/mL. Although interconnectivity increased with seeded cell density and
more than 90% of the cells were alive in the hydroel high cell density resulted

in unstable and fragile hydrogelHigh cell density probablyinterfered with
crosslinking initiated by UV exposure. Then the density was decreased tbasidL0
1x1C cells/mL and cells were loaded in both GelM8 and GelMAL15 hydrogels.
Live-Dead assay showed that more than 90% of the cells were aliveoarel of
themelongated even on Day 1 for both concentratigtigure 3.7A and Q. They

were distributed homogenously at all depths of the hydrogel and color coded images,
for different color cellsat different depths,show this (Figure 3.7 B) Z stack
projections of the same images given below each color coded image also prove the
homogenous distribution of cells throughout the depth of the hydrSgadlility of

the hydrogels at both cell densities was comparable but more cells could interact and
elongatewhen cell density was 1xiCcells/mL (Figure 3.8) This cell density,
therefore, washosen in the following studies.

Cells elongate through their extensions called lamellipodia and filopodia and
continuously monitor their environment. Thus, to form katontacts with the
surrounding cells and the extracellular matrix with filopodia, transmembrane
proteins like cadherins and integrins are used. However, when the adhesion between
the cells and filopodia of another cell fails, they retract (Hoffmann andch S f e r
2010). Corneal keratocytes or fibroblasts are mesenchymal derived cells and are
sparsely dispersed in the stroma. Additionally, they are interconnected with each
other through dendritic processes and form a cellular netdordase of an injury,

keratocytes turn into repair phenotypes by losing their quiescence appearance or
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undergo cell death (Wedtays and Dwivedi 2006). Thus, in order for them to
preserve their keratocyte functions needed for the transparency of cornea, they

should be interconnésd with each other.

Cell number (cells/mL)
2.5x10¢ 7 5x10°

Figure 36: CSLM images of LiveDead assay of keratocytes in GelMA hydroge
Day 1 and Day 7. Scale bars: 250 &m
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Figure 37: CLSM images showing results of Live De@ell Viability Assay of
GelMA hydrogels on Days 1 and 2. A) LiABead assay showing deackd,
ethidium homodimefl) and live cells dgreen, calcein). B) Color coded dept
profile of the same images showing the distribution of live keratocytes in Ge
hydrogels (purple at the surface and pink at the bott@nsjack projection is giver
below each color coded imageSc al e bar s: 250 & m.

showing percent viability of cells.
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Live and Dead Cells in Hydrogels Color Coded Live Cells Based on Depth
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Figure 38: CLSM imagesshowing results of Live Dead Cell Viability Assay
GelMA hydrogels on Days 7 and 21. A) Ligead assay with red showing d
(ethidium homodimefl) and green showing live cells (calcein). B) Color ct
depth profile of the same images showing the ifistion of live keratocytes

Gel MA hydrogels (purple at the sur

It wasnoticed that, elongated cellgere mostly locatedcloser to the surfacef the
hydrogels asan be seen ithe color coded imagggurple at the surface). Most
probablythe cells which were homogenously distributed during hydrogel formation
migratel toward the surface of the hydrog&ich is richer ingrowth medium and
oxygen. Day 21 data of GelMAO hydrogels (Figure 3.8) was exiamd in more
detail in Figure 3.9. Color coded imagedicatethat there were cells at different
planes bubnly the ones close to the sacké were elongated on Day @igure 3.9
A). Cells in the depth of the hydrogel were also alive but not elongatedics as
those on the surface. In order to study the behavior of the cells, hyginmyelcut
vertically and cross section imageere obtainedon Day 1 and 21Figure 3.9B).
Cells were homogenously distributed in the hydrogel on Day 1. Howeslksr wae
observedto beaccumulatecand elongated mostlgt the surface of the hydrogels
There were also cellsithin the crosssection of théhydrogelbut they were in round
shape Thus, these results showed that, céiély migrate inside the hydrogel
movel reach regions rich imutrients growth medium and oxygenTherefore, a
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dynamic environmenin a bioreactor would help the transport of oxygen and
mediumwithin the hydrogels and achievenaore homogenoudistribution ofthe
cells within it. Live cell imaging, therefore, was done, in order to obsamdestudy

migration, filopodia formation and elongatiohthe cells
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Figure 39: CLSM images showing results of Live Dead Cell Viability Assa
GelMA10 hydrogels on Dag and21. A) Live-Dead assay with red showinlgac

(ethidium homodimed) and green showing live cells (calcein). Color coded ¢
profile of the same imageshowing the distribution of live keratocytes in Gel
hydrogels (purple at the surface and pink at the bottBjnlive-Dead assay of tl
crosssection of the same hydrogélhe sketchesepresent th@amaging direction ¢

thehydrogelsScal e bars: 250 & m.

3.1.5.3 Live Cell Imaging

Imaging live cells by tagging fluorescent proteins (FP), stainintg lvie cell dyes
or other labeling methods for the proteins of interest has become an important
development in cell biology. Fdive cell imaging purpose<ells were stained with
CellTracker Green, a fluorescent dye that freely passes through cell amesland

are retained in the cells for several generations and fluoresce for up to 72 hh&ince
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dyeis not toxic it does not affect cell proliferation or viability. In order to be able to
study the movement of the cells loadedlb? GelMA hydrogels 1xP cells/mL
incubated in CellTracker Green dye for 1 They werethen culturedin human
keratocyte medium for 30 miand placed into the live cell imaging setupiqure

2.2. Days 3 and 14 were selected to observe the movement of theasdtlie
beginning of elongation anthe most elongated fornof the cells respectively
(Figure 3.10). Since there were cells in different depths of the hydrogel, only one
plane (depth) was chosen and observed for 5 h. Results showed that cells were able
to elmmgate and freely move within the hydrogel. During the &bkervationnew
extensions were formed by the cells while some of the cells changed shape. It can be
deduced from these results that GelMA hydrogel is able to proaidatural

environment for theadls where they interact with each other.

Observation Duration (h)

0

Day 3

Figure 310: Live cell imaging of the HK in GelMA hydrogels on Days 3 and 14. "
cells on Day 3 were quite compact while on Day 14 they were branched. Red
specifically point out the cells which change form during the 5 h observation ps

Scal e bar i s 250 & m.
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3.1.5.4 Cell Proliferation in the Hydrogels with Different Stiffness

Cell loaded GelMA10 and GelMA15 hydrogels were tested with Alamar Blue cell
proliferation asay in order to compare the proliferation rate of the cells in the
hydrogelswith different stiffnessFigure 3.11 shows that, cell number in both of the
hydrogels increased significantly and continuously during 21 days of incubation. The
number of cells (oReduction (%) values) in both hydrogels was compaydhéze

was no statistically significant difference except for the Day 7 where the cell number
was higher in GelMALO hydrogels than GelMAS5. The lower cell numben the
GelMA-15 hydrogeht the vey first week may be due the highercrosslinkdensity

due to 50% higher polymer concentration tiaelMA-10 hydrogelsBut in both

hydrogelscells proliferated and their number increased continuodaly to the
significant biocompatibility ofttem.
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Figure 311: Proliferation(as indicated by Reduction % obtained with Alamar

test)of human keratocytes GeIMA10 and GelMA15 hydrogelsver3 weels. *p <
0.05,and *** *p < 0.01.
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3.1.5.5 Cell Morphology Analysis with DAPI/Drag5-Phalloidin Staining and
SEM

As was conclwsively shown with theLive-Dead viability assay, human keratocytes
were alive in the hydrogels and started elongation even on Day 1. In orderyto stud
morphology of the cells IN th&elMA-15 hydrogels and to compare them with the
cells seeded ON théelMA-15 hydrogels(after hydrogel formationpoth samples
were fixed anddyed with DAPI and Phalloidin tatainthe cell nuclei and actin
filaments, respaively, on Day 21. It was observed that cells elongated and
aggregated with neighboring cells. Corneal keratocytes seeded ON and IN GelMA
were observed as aligned in one direction locally and formed orthogonal orientation
in successive layers on Day 2ligiire 3.12). These results indicate that whether
cells seeded ON or IN the hydrogels, they elongate and interact with each other as in
their natural environment. In order to obtain homogenously distributed cells
throughout the hydrogels, cells loaded I thydrogels were used in the following

studies.

Figure 312 Fluorescence micrographs of DAPI (nucleus, blu@®halloidir
(cytoskeleton, green) stained human keratocytes A) ON and B) IN GelMA. T

i ncubation (days): 21. Scal e bars:
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In order to study distribution of cells in the cell loaded hydrogels, cells were stained
with Draq5Phalloidin and on Day 21 anstudied under a CLSM ntroscope
(Figure 3.13 A). Cells fronthet o p t o 2 000 theshydrogelweret ektended

and formed networks in both GelMRO and GelMA15 hydrogels. However, the
cells in the deepetegionswere in circular shape, probably becauseheflimited
accesdo the oxygen and nutrients. Distribution of cells on the surface and the cross
section of the hydrogels were alstnidiedby scanning electron micrographs (Figure
3.13 B).In both hydrogels @lls close to the surface were high in densatydwere
spread and interaati with each other. However, behavior of the cells in the
hydrogels was different; Cells seem to be spread in the GdlMAydrogels but
they were in round shape in the GelMA hydrogels. This behavior can be
explained by the higher noentration of GelMAL5 hydrogels which results in
tighter molecular network surrounding the cells that may limit the mobility of the
cells. It should, however, be noted that cells spread all around the hydrogels,
proliferate continuously (Figure 3.11),camwvere alive (Figure 3.7 and 3.8) proving

the suitability of the hydrogels for cell growth.

A CLS™M B SEM
Draqg5-Phalloidin

Surface Cross-section

GelMA-10

GelMA-15

m 250 f > 58 A~' N & X

Figure 313: CLSM and SEMmicrographsof keratocyte seeded GelMA hydroge
after 21 days of culture. A) CLSM. Drag5 stains the nucleus (red), and Phal

stains the cytoskeleton (green). infihee
surface and the crosection of the hydrogels. Arroheads point to the cells on tf

surfaceandcrosse ct i on. Scal e bar s: 200 & m.
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3.1.5.6 Immunofluorescence Staining: Extracellular Matrix Synthesisby the

Human Keratocytes in theGelMA Hydrogels

Corneal keratocytes loaded in the GelMA and GelMA15 hydrogels were studied

in terms of their expression of representative collagens (Collagen types | and V), and
proteoglycans (decorin and biglycg®il et al, 2010)in 21 days bculture. Results
show that the collagens and proteoglycarpressedare dispersed throughout the
500 Om dept h (Figuret3i4 Image d analysis of she images was
done to quantitatively analyze the intensity of the expressed products. Intensity of
each image was normalized to the intensity coming from the DNA stain (Drag5 in
this case)Collagen type | and proteoglycan expressabthe keratocytem GelMA-

10 and GelMAL5 hydrogelswere similar and there was no statically significant
difference. However, collagen type V synthesis of the deliSelIMA-15 hydrogels

was shown to be higher compared to ones in GeldAydrogels. Altough a quite

high collagen expression was observed in both types of hydrogels, the distribution of
the expressed productgthin the hydrogelwas different. Expressed collagens of
keratocytes in GelMALO hydrogels were in a diffuse form but collagens elNGA-

15 were mostlyocalizednear the cells. This can be explained by the higier of
degradation of the GelMAO hydrogels (28% vs 13% in three weeks)GelMA-10
mobility of the cellsand the proteins and proteoglycans produced bgehgaffect

the diffusion of them throughout theolecularchains of thegelatin On the other

hand denisy of the molecular chains of GelMAS5 hydrogels due to higher initial
concentration anthe lower degradatiomateprobably restricted the movement of the
producs. Expression of representative collagens and proteoglycans specific for

corneal keratocyteshowthat keratocyt@henotype is retainad the hydrogels.
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Figure 314: Immunocytochemistry of GelMAydrogels. A) CLSM images on D
21. Drag5 is for nucleus (red). Representative collagens (Collagen Type | anc
proteoglycans (Decorin and Biglyce
quantitative fluorescence intensity analysis of CLSM image8. mg< 0.05, an
**n<0.01.
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3.1.5.7 Transparency of the Cell Loaded Hydrogels

Light transmittancend thereforernsparencyare the most important properties of

the corneabecausehe light is refracted onto the lers the first step oproper
vision. The steeomicrographs of the clear corneal stroma equivalisnshown in
Figure 3.15 ALight transmission of cell loadggell seeding densit5,000 cells in
9.8mm°) hydrogels wagollowed for three weeks in the)V-Visible range 256700

nm. Cellfree GelMA hydrogels served as the control and saifnpée wells
containing only growth medm served as blank. Light transmittance of cell loaded
and control hydrogels &ve comparable with that of native cornedow
transmittance n the UVA (326400 nm) and UVB (29820 nm) and a high
transmittance in the visible range (4000 nm)(Figure 3.15B). Similarly, in the

native cornedransmittance is-5% at UVB and 85% at 700 nm for an 8 year old
child whichdecreases by agMallet and Rochette, 2013 the visible regionidgjht
transmission of the hydrogels was 75% to 93%. Prdsgirbgel based approach
advantageous over current tissue engineered corneal designs due to its superior
transparency even when loaded with cellsd at the moment of implantation
Besidestransparency is expected to imprduetherin time by the ECM production

of the cells.Transparency, in fact, is a resultaxtion ofkeratocyts. ECM secreted

by the keratocytesontributes significantly to the transparency through its high water
retention capacity due to proteoglycans and proteins. Moreover, organization of the
collagenfibrils produced by the keratocytés essenal for the maintenance of the

form and othewital functions of the corne@Maurice 1957; Guo et al., 20D

In their natural environment, corneal keratocytes change their quiescent phenotype
either into a repair phenotype or die upon injury. Regeneration or fibrotic scar
formation are the functionof repair phenotypelf the cells diehowever then
transparency of the cornealest and this may even lead to permanent blindness
(Guo et al., 2007)In the current study, transparency of the cell loaded hydrogels
could bemaintainedfor the 21 days of incubation indicatintpe presence acdome
synthetic activity of cells and thupresence ofkeratocyte phenotype in the

hydrogels.
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One of the importanbbservations with these hydrogelsthese results is the lower
light transmission in the UV region. The lowest light transmission was around 280
nm and this waslue to the aromatic amino acids of the protéiffey, 1991) This

result is in agreement with that of native cornea where almost all light is absorbed up
to 280 nm and light transmission gradually inse=aat wavelengthtsgherthan this
Epithelial layer of the cornea is mainly responsible for the high level of absorbance
at UVA and UVB regions because of high protein and nucleic acid contents of the
epithelial cells(Ringvold, 1998) Incorporation of epithelial cells, therefore, to this

design would significantly contribute to the light absorption at UV regions.
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Figure 315: Transparency of hydrogel8.) Stereomicrgraphs showing transparenc
of the two cell free hydrogelson Day 0(Outlined in red. Scale bar iS5 mm B)
Variation of transparency of the cell free GelMA hydrogels (GelMA) and keratoc
carrying GelMA hydrogels (GelMA) with time and wavelength
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3.1.5.8 CompressiveMechanical Properties of Hydrogels

For the maintenance of the normal functions of the cornea, satisfactory mechanical
properties are needed. It was shown that GeIMA10 and GelMA15 hydrogels were
highly biocompatible anchad excellent transparency in the visible light region
(>90%). Hydrogels loaded with human keratocytes #meir cell free controlsvere
incubated in the growth medium for 3 weeks and tested under compression on Days
1, 7, 14 and 21. Results showed thathamical properties of both cell loaded and

cell free GelMA10 and GelMA15 hydrogels increased significantly during the
three weeks period and had about 10 times more compressive moduli compared their
starting value (Figure 3.16) Compressive moduli of #eloaded GelMA10
hydrogels were significantly higher on Days 14 and 21 than cell loaded GEEMA
hydrogels. The reason for this observation may be the higher compressive moduli of
the celifree GelMA10 hydrogels compared to célee GelMA15 hydrogelgather

than the effects of the cells since the number of cells in these hydrogels were
comparable on these days (Figure 3.11). It seems that, the contribution of cells to the
compressive moduli of the hydrogels is minimal since there is no significant
difference in the compressive moduli of cell free and cell loaded hydrogels. Similar
results were reported in the literature due to nonenzymatic glycation (crosslinking of
proteins by reducing sugar) where high amounts of glucose and ribose in culture
medium siffen and strengthen the tissue engineered constructs and enhance their

resistance to degradation by collagenases (Girton et al., 1999; Girton et al., 2000).

Cornea is subjected to traumatic impacts and the tensile stress imposed by the
intraocular presge (IOP). Cornea is also subjected to shear forces created by the
eyelids and tear films. This load bearing capability is a result of the complex
organization of the stromal tissy&thier, Johnson and Ruberti, 2004; Ruberti,
Zieske and TrinkauRandall, 2007) Any artificial cornea construct should,
therefore, be strong enough to handle during implamtagtial be able to withstand

the external forces afterwards.

I n the measur ement of the Youngds Modul us,
various methods were used and very different results50.MPa) werereported
probably due tothe differences in théesting conditiongSchwartz, Mackay and
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Sackman, 1966; Andreassen, Hjorth Simonsen and Oxlund, 1980; Jue and Maurice,
1986; Hoeltzekt al, 1992) In a recent study the mechanical strength ofnidieve
corneas of people aged-b6@ was measured to be in the range 403 to 624 kPa under
tensile load (Elsheikh et al, 200 Although starting compressive moduli of the cell
free and cell loaded hydrogels were significantly lower, they continuously ssctea
during the incubation period. It should also be noted that, when these hydrogels are
used inin vivo studies, the observation period will be longer than 21 days and the

compressive moduli of the hydrogels might reach the values reported above.
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Figure 316: Change of ompressive moduli change oéll loaded GelMA10 anc
GelMA15 hydrogels over 3 weeksp < 0.05, *p< 0.01, and ***p< 0.0001. w:

with, w/o: without.
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3.1.5.9 Mechanical Strength Tesing of GelMA Hydrogel with Artificial
Anterior Chamber

Mechanical stability of GelMALS hydrogels was tested wita device called
artificial anterior chamber antthe hydrogel was failed upon apgdition ofpressure
(Figure 3.17). For this reason various proteins awdthetic polymers including
collagen, methacrylated collagen, silk fibroin and HEMA was added in the structure
of GelMA in order to enhance its mechanical properties and only GéildNA
combination gave viable results (Others even did not yield any hgiirdg the
following section results of GelMAEMA combination is given. In the light of
above mentioned results, GelMK hydrogels were chosen for the following studies

due to theihigherstability against in situ and enzymatic degredation conditions.
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Tissue Retainer q ] —> Ale lnjectlon -
Tissue Pedestal L|qU|d injection ) :
Luer Lock ‘ '
A|r or Fluid Injection
to create pressure

Figure 317: Scheme of artificial anterior chamber. A) Components of the syster
Closed form of the chamber, and RBupture of the GelMAL5 due to intraoculal

pressuresimulated with artificial anterior chamber.
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3.2 GelMA-HEMA Hydrogels
3.2.1 Characterization of the GelMA-HEMA Hydrogels

In the above mentioned studieported until this pointGelMA hydrogels prepared
with various concentrations were tesiedsitu andin vitro. However, because of
mechanical weakness of the hydroggishydroxyethylmethacrylaje(2-HEMA),
another monomer, was introduced the hydrogel composition teenhance
mechanical properties. pHEMA is one of the most studied synthetic polymers
because ofts well toleratedn vivo (Homsy, 1970; Lee and Mooney, 2001L)is
widely used in ophthalmic, drug delivery and tissue engineering applications due to
its tunable hydrophilicity and mechaalcproperties(Ratner and Miller, 1973;
Peppas, Moynihan and Lucht, 1985; Baksthal, 2004) In the liteature only a few
hydrogels containing GelMA and pHEMA were reported for tissue engineering
applications(Dragusinet al, 2012; Wanget al, 2016) Long processingime for
hydrogel formation and seeding cells after the processe some of the
disadvantages of the reportpdoducts In this study, however, cellwere loaded

prior to polymerization and GelMAIEMA hydrogels with cellsvere preparedor

the first time in he literature.

3.2.2 FTIR-ATR Spectra ofGeIMA-HEMA Hydrogels

Presence of pHEMA in thieydrogelstructure was confirmebly IR spectroscopgf
GelMA, GelMA-HEMA (8:2) and HEMA hydrogels (Figure 3.18)GelMA has
characteristic bands around 3310 tdue toN-H stretching @mide A, 3063 cnit
related with GH stretching(amide B, 1657 cnit is for C=0 stretchindamide ),
1557 cntt is for N-H deformation(amide 1), and 1239 cim' related with NH
deformation(amide 1)) (Zhou et al, 2014) pHEMA has characteristic viltranal
bands in the stretching-O-O group (~1079 cif), carbonyl P1720cm'Y) and
hydroxyl (D3400cm %) stretching regionboth of which are absent in GelMAhere
are also additional bands due to symmetric and asymmetdio/iBrations ofi CH,
andi CH; groups between 26003050 cni* (Perova, Vij and Xu, 1997 Figure 1
shows the FTIRATR spectra of GelMA, GelMAHEMA, and HEMA hydrogels.

Peaks due to Amide | and Amide Il bonds are only observed in piteved
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materials and seen only in GelMA hydrogel spectrBame peakare also observed
in GelMA-HEMA spectrum, indicating successfaddition of HEMA into the
structure of the GelMA.
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Figure 318 FTIR-ATR spectra of GelMA, HEMA and GelMAdEMA hydrogels
Peaks on GelMAHEMA coming from GelMA and HEMA were written on |

figure.

3.2.3 CompressiveMechanical Tests

Compressive modulus of th@elMA, GelMA-HEMA and HEMA hydrogels were
determinedand GelMA hydrogels were significanttrengthenedvith the addition

of HEMA intheérst ruct ur e (3d).10 a Geéent stfdy tacbnheehanical
strength of the native corneas of people age@%®as measured to be in the range
403 to 624 kPa under tensile load (Elsheikh et al, 200@npressive modulus of
the 15% GelMAwas thdowest(Table3.1) and that of the HEMA hydrogels wtee
highest andGelMA-HEMA hydrogelsbeing in between
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Matching of the hydrogelmechanical properties with that of native tissue is
important inhaving suitable implant®r in vivoand clinicalapplications. Any tissue
engineered construct should akleto withstand external forces upon implantation
and should not béoo rigid so that it doesnot damage the surrounding tissue.
Although compressive modulus of the GelM#EMA hydrogels is lower than the
native cornea, the hydroggtsoducedwere stronger and more flexible compared to
pureGelMA hydrogels. It should aldoe noted that, the compressive modulus of the
GelMA hydrogels increased significantly in culture conditions as mentioned in
Section 3.1.5.8. Moreover, previous studie®ur group had demonstrated that the
mechanical properties of the keratocyte seedaffadds increased significantiy
time (Vrana et al, 2007; Zorlutunaet al, 2007) GelMA-HEMA hydrogels,

thereforemight be suitable fouse as corneal stroma equivatent

In the literaturevalues arand0.29 MPa verereported for the compressive modulus
of HEMA hydrogelsandvaried with the crosslinking procedures and water corgent

of the hydrogels(Johnsonet al, 2002; Flynn, Dalton and Shoichet, 2003he
relatively higher compressive moduwbtained in this study is about the lower water
content of the only HEMA containing hydrogels (Section 3.2.4) (17.62% vs 39.6%
reported inFlynn et al. 2003) High water content of GelMAIEMA blend

decreased the compressive modulus of the HEMA hydrogels.
3.2.4 Equilibrium Water Content s (EWC) of the GelIMA-HEMA Hydrogels

Mechanical characteristics, diffusion of solutes and mobility of the surface
molecules are significantly affected by the water content of the scaffégpaset

al., 2006) As observed indble 3.1 EWC of the HEMA hydrogels wesignificantly
lower than other hydrogels with 17.62%. GelMA hydrogels retained a significant
amount of water in their structures and since GelMA content of the GélHIMA
hydrogels was higr (8:2). One of a few studies containing GelMA and pHEMA by
Wang et al. (2016)eported the equilibrium water content of the pure GelMA,
pHEMA and GelMAHEMA double network hydrogels as 91%, 30.36% and 74.4%,
respective}. Different processing methods and compositions for crosslinking
resulted in difference in the water content of the pure pHEMA but the water contents
of the GelMA and GelMAHEMA blend were comparable with this study. Water
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content of the GeIMAHEMA hydrogels are comparable with the water content of
the native stroma (78%, wjw(Chirila et al, 1998) and high water content is
desirable since it leads to enhanced nutrient permeability which is important for the

cells to be alive proliferate.

Table 31: Compressive modulus and EWC of the hydrogels.

Samples Compressive Water Content
Modulus (kPa) (%, wiw)
GelMA-15 6.53 N 88. 10 N
GelMA-HEMA (8:2) 155. 49 73.05 N
HEMA 1119. 32 17.62 N

3.2.5 In Situ Degradation of GeIMA-HEMA Hydrogels

In vitro cultureconditions were mimicked by incubating GeIMAEMA hydrogels

in PBS (pH 7.4, 10 mM) for 21 days (Figure 3.19 A). As in the case of in situ
degradation test gdure GelMA hydrogels (Section 3.1.3) a high rate of weight loss
was observed in the first day (alior-8%) followed by a much lowerlt is most
probably becauseof leaching outof the uncrosslinked GelMA and HEMA
molecules. Weight loss wadower withmore than 87% of the hydrogels remam

on Day 21. Extenof degradation was similar for both GelMA and GelNMEMA
hydrogels.

3.2.6 Enzymatic Degradation with Collagenase

Stability of the scaffolds against enzymatic degradatiasstudiedwith collagenase

type Il. Four enzyme concentratiawere usedSince gelatinis the only molecule
attacked by the enzymes, presence of HEMA in the structure did not change the
degradation profile of the hydrogels where a continuous decrease in weight loss is
observed(Figure 3.19 B) However, when treated with the highest collagena
concentration solutions (5 U/mL and 10 U/mL) presence of HEMA enhanced
stability of the hydrogels against enzymatic attack (72% vs 77% and 69% vs 70%,
for 5 U/mL and 10 U/mL and for GelMA and GelMAEMA, respectively). Pure
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pHEMA hydrogels were not ingtled in the results since they are not attacked by the
collagenase. In the literature, researchers reported similar results where an enhanced
stability against collagenase attack is reported as pHEMA proportion increases in the
structure(Dragusinet al, 2012) It is worth to note that, hydrogels were stable

enough to handle even after 4 hour incubation with the highest collagenase
concentration.

los]

In Situ Collagenase Type |l

GelMA-HEMA (8:2)

=
=}
5]

w
S

S

~
=}

Weight Remained (%) _
Weight Remained (%)

Weight Remained (%)

3

@

S
@
=

0 2 4 6 8 1012 14 16 18 20 22 1

2 3 4 I 1
Time (Days) Time (h)

2 3 4
Time (h)

|—e— GelMA-15 —— GelMA-HEMA (8:2) | |—E|—PBS —&—1U/mL —A—5U/mL —©—5U/mL —K—10U/mL |

Figure 319: Stability of GelMA and GeIMAHEMA hydrogels A) In situ BEnzymatic
degradatior{4 h).

3.2.6.1 Transparency of Hydrogels during Collagenase Assay

Transparency of the hydrogels was also studied in the rangé(@b0Om after being
exposed to collagenasé&ransparency of GelMAS5 was above 90%at 700 nm)
before and after altreatments(Figure 3.20 A) Addition of HEMA into the
composition decreased the transparency significantly in the whole asaggewas
about 7075% at 700 nm(Table 3.2) Although same amount of GelMA degraded
during collagenase degradation as menticaisalve for GelMA and GelMAHEMA
hydrogels, due to lower GelMA content of the GelMEMA hydrogels, observed
degraded amount most probabdffected the bulk structure which resulted in
decreased transparency after collagenase incubations when comparet cxoegr
(incubated in PBS)Transmittance (%) at 300 nmwas not affecied with the
collagenase incubation but a decrease was observed at 7t @alMA-HEMA
hydrogels(Table 3.2).However, such a difference was not observed for GelMA

hydrogels where thepreserved their transparency during all the treatments for 4
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hour (Figure 3.20 A and Table 3.2Most probably bulk structure of the hydrogel
was not affected extensively with the collagenase incubafimmsparency of the
GelMA-HEMA hydrogels was lowethtn the native cornea (Figure 3.20 B) ibus$
thought that extracellular matrix synthesis of the cells in the hydrogels will
compensatefor the loss of transparency by time inn vivo applications.

Stereomicrographs (FigureCl show the highly transparemrorneal constructs at
time 0.
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Figure 320 Transparency of GelMA and GelMAEMA hydrogels. A) After
incubation in PBS and 4 different collagenase concentrat®n$ransparency of
the films was compared with transparency rative cornea from subjects «
different ageg¢Mallet and Rochette, 2013}) Stereomicrographs of hydrogels ov

a printed text showing their transparency. Dotted red line shows the border
hydrogels. Scale bar 5 mm
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Table 32: Transmittance (%) of GelIMA and GelMHEMA (8:2) at 300 and 700

nm, after incubation in PBS and 4 different collagenase concentrations.

GelMA

(Ylvrt) Time (h) | PBS |1U/mL|2.5U/mL|5U/mL|10 U/mL
Untreated | 1.36494 0.85358 0.55682|0.66089 1.18001
300 2 2.150291.45612 1.42779|1.74102 2.16791
4 2.142651.53735 1.4451 | 1.9441| 2.24478
Untreated | 93.8256 93.5128 93.0089 | 93.771| 92.3422
700 2 94.4614 92.7667 94.2038|94.1185 93.2894
4 94.1576 93.0413 92.8955|94.1632 92.8389

GelMA-HEMA (8:2)
PBS |1U/mL|2.5U/mL|5U/mL|10 U/mL
Untreated|0.02727/ 0.02643 0.02598 | 0.0276| 0.02914
300 2 0.06361 0.02672 0.04077|0.02787 0.04441
4 0.028230.02687 0.03721|0.02771 0.02991
Untreated | 75.1735 68.618| 70.4811|67.6031 68.2375
700 2 75.352167.5219 69.1655 |63.2312 58.5205
4 74.4 | 73.629| 68.1498|61.5053 60.6097

3.2.7 In vitro Studies

3.2.7.1 Live-Dead Assay and Drag&Phalloidin Staining of Hydrogels

Cell loaded hydrogels were incubated in the human keratocyte growth medium and
their behavior in the hydrogels wesaudiedunder C&M on Day 3 (Figure 3.21).
Live-Dead Assay showechat, more than 90% of the cells in the GelMA and
GelMA-HEMA hydrogels were alivas judged by NIH Image J prografowever,

only about 50% of the cells were alive in the HEMA hydrogelesence of GelMA,

therefore, contributed viability of the cells sificantly. It should be noted that,
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however, although cells wefeundthroughouthe bulk ofGelMA hydrogels (down

to 500 Om depth), cteeltdpd5Wedbm deptht e
HEMA hydrogelsas judged by A&tack mode of CLSMWith the HBMA hydrogels,

cells were observed only on the surface. Lower watereobwmf the GelMAHEMA

and HEMA hydrogels compared to GelMA hydrogels may be the reason for this
growth behavio(Table 3.1) Same cell wtribution difference was observed when
the celk stained with Dragphalloidin. A smaler number of cells were observeu
HEMA hydrogels,than in GelMA and GelMAHEMA. Another important point
here is the morphology of the cells; cells wexéendedn the GelMA hydrogeldut

they wereall round in the GeIMAHEMA and HEMA hydrogels. It is again most
probably because of less space for the cells to movenériveely. Small pores of
GelMA-HEMA hydrogels and no pores of HEMA hydrogels were seen clearly from
the cross section SEM imagesdtiie 3.22). Other researchers reported the similar
results as in this study where cells spread througtimusurfaces of GelMA and
GelMA-HEMA hydrogels, there were either no cells or very low amount of
accumulated cells on the pure HEMA hydrog@&sagusinet al, 2012; Wangt al,
2016) Also, their studies showed that increased concentration of GelMA in the

network structure enhances the viability of the cells.

76

Dmé yGe



Figure 322 Live-Dead Assay and Drag¢Bhalloidin staining of hydrogels on Day
studiedby CSLM. Calcein AM: Live Cells, green; Ethidium Homodimer: Dead Ce

red. Dr aqgqb5: Nucl eus, Bl ue; Phall oidin:

15% GelMA GelMA:HEMA HEMA

7y
pe

e

ed hydrogels. Arrow heads point to celiday 21.

Scal e bar s: 200 Om, and inset scal e b
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