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ABSTRACT

DEVELOPING ARTIFICIAL CORNEAL ENDOTHELIUM
MICRO-ENVIRONMENT USING BIOINSPIRED

APPROACH

In this thesis, micro-environment of healthy corneal endothelium was prepared

by mimicking the stiffness and chemistry of underlying layer of endothelium, and in-

spiring from topography of corneal endothelium. Polyacrylamide (PAAm) hydrogel cell

substrates were synthesized with in the stiffness range of Descemet’s membrane’s elas-

tic modulus value of 20-80 kPa. Hexagonal patterns with dimensions 20µm in diameter

and 4µm in depth which inspired from mostly hexagonally shaped corneal endothelial

cells (CECs) were created on silicon wafer mold via photolithography and transferred

to PAAm hydrogels by using soft lithography technique. PAAm hydrogels which have

hexagonal patterns were modified with Collagen IV (Col IV), hyaluronic acid (HA)

and different amount mixtures of Col IV and HA to mimic corneal endothelium bio-

chemically as well. Chemical modifications were confirmed with Fourier Transform

Infrared Spectroscopy (FTIR), Water Contact Angle (WCA) Measurements and Im-

munofluorescence imaging. After characterization, adhesion, viability and morphology

of corneal endothelial cells on these substrates were investigated. The results of cell

culture studies indicate that surface topography of substrates enhances cell viability

significantly while altering cell morphology. Moreover chemical composition of sub-

strate surface was shown to be an important parameter for growing cell sheets. These

results provide a proof of concept for biomimetic and bioinspired strategies for corneal

recovery through clinical translations of cell sheet growth approaches.

Keywords: Corneal endothelium, bioinspired, polyacrylamide, hydrogel, topography,

micro-environment.
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ÖZET

BİYOESİNLENME YAKLAŞIMIYLA YAPAY KORNEA
ENDOTELYUM MİKRO-ÇEVRESİNİN GELİŞTİRİLMESİ

Bu tez çalışmasında, kornea endotelyumun altında bulunan tabakanın sertliği

ve kimyasal yapısı taklit edilerek ve endotelyumun topografisinden esinlenilerek sağlıklı

kornea endotelyumu mikroçevresi hazırlanmıştır.Descemet membranın 20 ila 80 kPa

sertlik aralığında poliakrilamid hücre substratları sentezlenmiştir. Kornea endote-

lyum hücrelerinin çoğunlukla altıgen olan 20µm çapında ve 4µm derinliğinde şekil-

lerinden esinlenilerek silikon kalıplar üzerinde fotolitografi tekniğiyle altıgen desenler

oluşturulmuş ve bu desenler yumuşak litografi yöntemiyle substratlara aktarılmıştır.

Üzerlerinde altıgen desenler bulunan PAAm hidrojeller endotelyumun mikroçevresini

biyokimyasal olarak da taklit edebilmek için tip 4 kolajen, hyaluronik asit, tip 4 ko-

lajen ve hyaluronik asit karışımlarının farklı oranlarıyla modifiye edilmiştir. Kimyasal

modifikasyonlar Fourier Dönüşümlü Infrared Spektrofotometre (FTIR), Su Temas Açısı

Ölçümleri (WCA) ve Immunofloresans görüntüleme yöntemleriyle doğrulanmıştır. Ka-

rakterizasyon aşamasından sonra, kornea endotelyum hücrelerinin hazırlanan bu sub-

stratlar üzerinde tutunması, canlılığı ve morfolojileri incelenmiştir. Hücre kültürü çalış-

malarının sonuçları substratların yüzey topografilerinin hücre morfolojisini değiştirmekle

birlikte canlılığı önemli ölçüde arttırdığını göstermiştir. Buna ek olarak, substrat

yüzeyinin kimyasal bileşiminin hücre tabakası oluşturulmasında önemli bir parametre

olduğu gösterilmiştir. Bu sonuçlar, kornea iyileştirilmesinde hücre tabakalarının klinik

uygulamalarında biyotaklit ve biyoesinlenmiş stratejilerin kullanılabileceğini göster-

mektedir.

Anahtar Sözcükler: Kornea endotelyum, biyoesinlenmiş, poliakrilamid, hidrojel, to-

pografi, mikro-çevre.
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1. INTRODUCTION

1.1 Motivation

Corneal endothelium is the innermost layer of cornea which has five histologically

different layers and composed of mostly hexagonally shaped corneal endothelial cells’

(CECs) monolayer. Corneal endothelium has important functions such as retaining

corneal transparency, serving as a pump to provide hydration and being a leaky barrier

for fluid and metabolic substances [1].

Corneal endothelial cells have high metabolic activity, but they do not divide

in vivo. So, corneal endothelial cells decrease in number as age progresses and thus

become larger to make up for the lost space. Diseases that cause loss of cells in the

cornea also cause this effect resulting in decreased clarity of cornea, blurred vision and

blindness in severe cases [2, 3]. Replacement of cornea is clinically applied in mainly

two ways, transplantation from donors or keratoprosthesis. Both of these approaches

come with considerable caveats. Since no biomaterial is flawless in every way, immune

reactions against the material will arise in some cases no matter how good the design

is [4].

Cell therapy is a promising approach in replacing lost corneal tissue. Lots of

tissue engineering approaches show effort to generate corneal tissue using different

types of stem cells and biomaterials [5]. As an example, Koo, et al tested different to-

pographies on polydimethylsiloxane (PDMS) with several extracellular matrix protein

coatings and concluded that topographical and biochemical characteristics can enhance

the morphometry and phenotype of human corneal endothelial cells(HCECs) [6]. In

another study, Palchesko, et al prepared PDMS substrate with different elastic modu-

lus and different ECM protein coatings and investigate the behavior of bovine corneal

endothelial cell on these substrates. Among thirty six different conditions, Col IV

coated PDMS substrate which has 50 kPa elastic modulus shows the best phenotypic
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expression of ZO-1 [7].

Our approach is to create a cell sheet for corneal recovery while retaining natural

morphology and chemical composition of ECM with the inspiration of these studies.

Using patterns inspired from in vivo morphologies of corneal endothelial cells will pro-

vide a proof of concept for enhancing the outcome of cell sheet strategies and increasing

the chance for translation into clinical applications.

1.2 Objectives

In this thesis, developing artificial corneal endothelium micro-environment using

bioinspired approach was aimed. To this end, polyacrylamide hydrogels with elastic

modulus of approximately 50 kPa were prepared to mimic the stiffness of Descemet’s

membrane of the human cornea. Afterwards soft lithography technique was used to

produce hexagonal-shaped micro-patterns on hydrogels so as to mimic corneal endothe-

lial cells’ topographical features. After this stage, prepared hydrogels were modified

with collagen IV and hyaluronic acid to mimic biochemistry of corneal endothelial cell

micro-environment.

The main objectives of this study are as follows:

• To prepare and characterize polyacrylamide hydrogels

• To mimic Descemet’s membrane’s stiffness,

• To fabricate bioinspired hydrogels with hexagonal-shaped micro-topography hav-

ing desired stiffness and chemical compositions,

• To investigate behavior of bovine corneal endothelial cells on these prepared

substrates.
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1.3 Outline

The presentation of the thesis is as follows. Chapter 2 contains background

information regarding structure and functions of human cornea, the corneal endothe-

lium, recovery strategies of corneal endothelium, artificial corneal endothelium and

bioinspired approaches to corneal recovery. In chapter 3, experimental details are

described. After experimental procedures, results are given in chapter 4. Finally,

discussions of obtained results and future works are introduced in chapter 5.
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2. BACKGROUND

2.1 Cornea: Structure and Functions

The human cornea is an avascular and transparent connective tissue with ap-

proximate horizontal diameter of 11.5 mm and vertical diameter of 10.5 mm in typical

fully grown people. Besides posing as structural and infection barrier for the eye,

cornea is also in charge of refractive functions of the eye [8, 9]. The human cornea

contains many layers which are different from each other histologically. These layers

are the epithelium, the anterior basement membrane, Bowman’s layer, the stroma,

Descemet’s membrane (posterior basement membrane) and the endothelium respec-

tively [10]. Each layer has its own unique structure and function. Figure 2.1 is a

schematic representation of human cornea layers.

Figure 2.1 Layers of cornea (redrafted from [10,11]).

Epithelium is the outermost layer of cornea which provides the first line of

defense against outside pathogens. It also plays a vital role in refractive function

of the cornea. Corneal epithelium is formed by four to six layers of nonkeratinized,

stratified squamous epithelial cells and its thickness is about 40-50 4µm. The most

outer two to three layers which have flat and polygonal shape have apical microvilli
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and microplicae. These layers are also coated with a charged glycocalyx which is

important for the adjustment of surface area between the tear film’s mucinous layer

and the cell membrane. These external cell layers act as barriers which prevent toxins

and microorganisms from penetrating deeper layers of cornea with the help of tight

junctions [8, 9]. Basal epithelial cell layer, the inmost layer of the corneal epithelium,

is a single layer of cells with a length of approximately 20 µm. These cells have

capability of mitosis in addition to their other important function which is attaching

to the underlying basement membrane with a hemidesmosomal system. This powerful

attachment provides integrity with the other underlying corneal layers [9].

The epithelial basement membrane is located between basal epithelial cells and

stroma. Basement membranes are thin acellular layers which are placed under the cells

and have function in adhere them to their interstitial matrix and also disconnect them

from their interstitial matrix. In addition to having function in connecting adjacent

cells, they serve also in related epithelial or endothelial cells’ migration, differentia-

tion, and prolongation of the differentiated phenotype of these cells by adjusting local

concentrations of cytokines and growth factors. The epithelial basement membrane

consists of various extracellular molecules such as collagens, laminins, heparan sulfate

proteoglycans, and nidogens. It has critical function in sustaining corneal homeostasis

and corneal wound healing [12].

Bowman’s layer which is placed between the epithelial basement membrane and

stroma, is an acellular layer which of depth is nearly 8-12 µm and its thickness gets

thinner in progress of time. Its collagen fibrils are united with anterior stroma and they

constitute the thickness that half to two-thirds the thickness of collagen fibrils in the

stroma. Bowman’s layer may protect the subepithelial nerve plexus which arriving from

the anterior stroma. However, it has no crucial function for corneal physiology. Some

diseases such as advanced bullous keratopathy cause the destruction of Bowman’s layer

but this situation does not bring about loss of vision or structural changes of whole

cornea [8, 13].

The corneal stroma constitutes approximately 80% to 85% of corneal thickness
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by having 500 µm thickness in human. This layer is formed by the network structure

of collagen fibers, ground substance and extracellular matrix components such as wa-

ter, inorganic salts, proteoglycans and glycoproteins. Heterodimeric complex of Type

I and Type V collagen composes stromal collagen fibrils which have narrow diameter.

Stromal collagen fibers are organized as parallel bundles and these bundles are piled as

parallel layers which called lamellae. The stroma is highly organized network structure

which has 200 to 250 distinctive lamella. This proper organization of stromal fibers

and ECM provides transparency and mechanical endurance to stroma. The major

cell type of the stroma is keratocyte. These cells can synthesis collagen molecules,

glycosaminoglycans and matrix metalloproteases (MMPs) to continue stromal home-

ostasis [8, 9]. The concentration of proteoglycans and patterns of collagen lamellae

change with depth throughout the stroma. Because of this difference in concentration

of proteoglycans, greater hydration occurs in the posterior stroma. The refractive index

of the cornea goes down, while light passes through the anterior-posterior axis due to a

more hydrated posterior cornea. Transparency is provided by this way. Lastly, stroma

also plays a critical role in corneal immunity. Epithelium is responsible for surface

immune regulation, in addition to this immature and precursor-type dendritic cells are

placed in central cornea and resident bone marrow-derived dendritic cells are seen in

peripheral cornea. However, macrophages are located in the posterior stroma [8].

Descemet’s membrane is the underlying membrane of the corneal endothelium

and its thickness is around 3 mm in children, gradually becomes thick to 10 µm in

adults because of the secretion collagen by endothelial cells [3, 8]. This membrane

is formed by two layers: an anterior banded layer and a posterior nonbanded layer.

The former one is composed of collagen lamellae and proteoglycans, latter is placed

under the endothelial cells and becomes thick over the years. Descemet membrane

includes collagen type IV and VIII fibrils. Other basement membranes throughout the

body also contains collagen type IV but collagen type VIII is comparatively particular

to Descemet membrane and it can be seen under electron microscopy as ladder-like

structures. When it comes to function of Descemet’s membrane, it helps to sustenance

of corneal dehydration. If iatrogenic Descemet membrane tear or detachment occurs

following the intraocular surgery, corneal edema develops [8].
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2.2 The Corneal Endothelium

The corneal endothelium is formed by the single layer of mostly hexagonally

shaped corneal endothelial cells and it locates between the corneal stroma and anterior

chamber. The corneal endothelium has crucial function in sustaining corneal trans-

parency via controlling corneal hydration [1]. Optical transparency of this tissue is

provided by crystalline organization and significant distance of collagen fibrils. Since

piling up any fluid would disturb transparency, the corneal endothelium serves as a

barrier and pump. Endothelium allows the transition of nutrients and other molecules

from the aqueous humor into the avascular cornea [1, 3]. In addition to being leaky

barrier for fluid and metabolic substances, endothelium acts also as an active pump

which carry ions and draw water through osmosis from the stroma into the aqueous

humor [3]. The corneal endothelial cells have high metabolic activity since they have

plentiful mitochondria, rough and smooth endoplasmic reticulum and Golgi appara-

tus [1]. However, these cells do not proliferate in vivo. For instance, a month later the

birth, human endothelial cell density is around 6000 cell/mm2. This rate decreases to

nearly 3500 cell/mm2 after five years. When age comes 85, endothelial cell density goes

down 2300 cell/mm2, whereas this rate is approximately 3400 cell/mm2 at the age of

15 [3]. Despite the decrease in the number of the endothelial cells, the corneal endothe-

lium can keep corneal transparency unless the endothelial cell density falls behind the

critical level which is generally 400-500 cells/mm2 [14].
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Figure 2.2 Corneal confocal microscopy image of the human corneal endothelium [15].

There are several reasons which can contribute to damage of corneal endothelium

such as inflammation in the eye, very high intraocular pressure, surgical trauma which

in most cases results in corneal edema, and endothelial dystrophies which include Fuchs’

dystrophy, Posterior polymorphous dystrophy (PPD), Congenital hereditary endothe-

lial dystrophy (CHED), Iridocorneal endothelial syndrome (ICE), Intermediate forms.

Wearing contact lenses can also bring about some changes on corneal endothelium in

the long term [3, 8, 16]. As an example, Fuchs’ dystrophy is the most prevalent and

hereditary disease which endothelial cells decreased faster, rest living cells enlarge their

size of and secrete large amount of improper banded Descemet’s membrane and finally

cause the disease which is known as a cornea guttata. At this situation, endothelium

fails in performing pump and barrier function and cannot preserve its transparency [3].

As result of thickening Descemet’s membrane and changing corneal endothelial cells’

size and shape, the cornea gradually becomes like opaque. This situation creates blurry

vision. Injuring corneal endothelium due to any reasons is probably more severe than

that to the other layers of cornea, since the corneal endothelium cell loss isn’t reversible

and eventually affects visual function [2].
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2.3 Recovery Strategies of Corneal Endothelium

The main treatment for the recovery of cornea is transplantation which is called

as also keratoplasty. There are two types of keratoplasty, namely penetrating kero-

toplasty and lamellar keratoplasty. The former is an operation which includes full-

thickness replacement of the cornea and the latter is altering only unhealthy layers of

cornea. When compare to each other, studies have shown that lamellar keratoplasty

which includes anterior lamellar keratoplasty and endothelial keratoplasty techniques

ends up with improved visual outcomes and reduced complication [17,18]. Descemet’s

stripping automated endothelial keratoplasty (DSAEK) is most common technique for

the corneal endothelial cells dysfunction. In USA, the years between 2005 and 2010,

applying endothelial keratoplasty increased exponentially and it became most widely

used technique [19]. Nevertheless, there are still some challenges in endothelial kerato-

plasty such as donor shortage, problems which are related with surgical procedures,

postoperative cell loss, and raising in generation glaucoma after operation [2,19]. Most

importantly to solve donor tissue shortage problem, several approaches are developed.

These are cell therapy, using stem cells, artificial or bioengineered corneas, and

gene therapy [5]. One approach is also that using Rho-kinase (ROCK) inhibitor namely

Y-27632 to decelerate endothelial cell degeneration and prevent apoptosis. One study

shows that ROCK inhibitor Y-27632 encourages cynomolgus monkeyderived MCECs’

proliferation [20]. In cell therapy approach, three main cell types are used such as

corneal endothelial progenitors, stem cell-derived corneal endothelial cells (CECs), and

human corneal endothelial cells (HCECs) which are isolated and purified from a cadav-

eric donor cornea [21]. While cells can be directly injected into the anterior chamber

of the eye, three dimensional cell substrates are also designed and tried for obtaining

transplantable cell sheets [5, 22]. As another approach Moysidis et al. (2015) have

used magnetic nanoparticles to enhance delivery and efficiency of cell therapy. This

approach did not bring about any change in the viability or identity of the HCECs and

enhance the efficiency of cell delivery in vitro [23].

When it comes to tissue engineered corneal endothelium, lots of substrates were
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designed to culture human corneal endothelial cells (HCECs) in vitro. These cell

substrates are formed by biological, synthetic and biosynthetic materials. As biolog-

ical substrates, denuded amniotic membranes, de-cellularized corneal layers, and de-

epithelialized human anterior lens capsules were used by several research groups [24–26].

HCECs were cultivated on these biological substrates. Even though these substrates

show good biocompability, they requires also donor tissues. So, in studies several nat-

ural coatings materials such as collagen type I, collagen type IV, fibronectin, laminin,

gelatin, and albumin were tested to evaluate behavior of HCECs [27]. A study which

conducted by Choi et al. shows that ECM protein coatings affect the HCECs’ adhesion,

proliferation, phenotype and function [28].

Natural and synthetic polymer based constructs were also developed by several

groups to obtain corneal endothelial cell sheets. Watanebe et al. prepared hydrogel

carrier by using gelatin [29]. Plastic compressed collagen gels which became collagen

membrane like structure were also developed as a cell carrier for corneal endothe-

lial cells transplantation [30]. Liang et al. (2011) produced a scaffold with blend

of hydroxyethyl chitosan, gelatin and chondroitin sulfate [31], Ozcelik et al. (2013)

developed ultrathin hydrogel films by using chitosan and poly (ethylene glycol) [32],

in another study thermo-responsive cell culture carrier is acquired with the blend of

poly(vinyl methyl ether) (PVME) and copolymer of vinyl methyl ether and maleic acid

(PVMEMA) [22]. Poly (lactic acid) (PLLA) and poly (lactic-co-glycolic acid) (PLGA)

were used as a biodegradable cell substrate for rabbit corneal endothelial cells [33].

Temperature-responsive polymer poly (N-isopropylacrylamide) (PIPAAm) is utilized

for corneal endothelial cell sheet transplantation because of the ability of change its

hydrophobicity/hydrophilicity according to temperature. Cells attach and proliferate

on hydrophobic PIPAAm-grafted surfaces at 37 ◦C . Temperature is decreased to 20 ◦C,

after incubation cells detach from the substrate. Lai et al. (2007) transplanted this

obtained cell monolayer to rabbit corneas which stripped of endothelium via carrier

gelatin hydrogel discs [34]. All these approaches are promising in terms of providing

effective CE cell sheet.
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2.4 Bioinspired Approaches to Corneal Recovery

Materials found in nature present superior properties that may be due to chem-

ical properties unmatched by man-made materials or unique structures that manifest

on different miniaturization scales. After hundreds of millions of years selection, these

materials present unique solutions to human problems that may be seized by scientists

in elaborate ways which are called bioinspired approaches [35]. From a tissue engineer-

ing point of view, the most relevant biological material is extracellular matrix (ECM)

which provides chemical and structural support to cells. ECM is composed of dif-

ferent types of collagens, proteoglycans, glycosaminoglycans, laminins, glycoproteins,

elastin and fibronectin. These components bind each other to form a stable substrate

for cell growth, migration and differentiation while also binding adhesion receptors of

cells. These adhesion receptors also carry signals from ECM into the cells to regulate

a diverse range of processes such as differentiation, migration, survival and general

homeostasis of the cell [36]. ECM also provides cell guidance by presenting a complex

topography composed of pores, fibers and ridges on different scales. Often a primary

topography found on the nanoscale formed by protein assemblies gives way to a sec-

ondary topography on the microscale created by bends or folds [37]. Cells respond to

these topographical cues by changing their morphology and aligning themselves with

topographical features in a process called contact guidance. Cell response depends on

size and geometry of the features as well as physical and chemical properties of the sub-

strate [38–40]. Cell response to mechanical properties of ECM also becomes relevant in

a tissue engineering context since cells sense stiffness of their environment and respond

accordingly. For example in vitro substrates that mimic ECM stiffness of bone tis-

sue (34 kPa) induce osteoblast differentiation in mesenchymal stem cells (MSCs) while

softer substrates with the characteristic stiffness of muscle tissue (11 kPa) direct these

cells to muscle differentiation [41].

Measurements taken from different layers of human cornea with atomic force

microscopy (AFM) show that each layer has different mechanical properties and elastic

modulus values varying form 7,5 kPa to 110 kPa [11]. Descemet membrane layer which

is in direct contact with corneal endothelium cells show an elastic modulus value of
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50±17,8 kPa [10,11]. Studies show that corneal epithelial and endothelial cells respond

to in vitro substrate stiffness. Epithelial cells show increased apoptosis and cytoskeletal

disruptions on compliant substrates compared to stiffer ones [42]. Moreover corneal en-

dothelial cells grow high density monolayers with cell geometries resembling that of in

vivo tissue when substrate stiffness is matched with Descemets membrane while cells

on tissue culture plates lose these properties [7]. Micro and nanotopography of cell

substrates combined with ECM mimicking coatings were also shown to be effective at

modulating corneal endothelial cell morphology viability and formation of tight junc-

tions at cell interfaces [6]. Besides widely-used ECM components such as fibronectin,

collagen, laminin and chondroitin sulfate [6], hyaluronic acid (HA) is also an impor-

tant ECM component relevant in ophthalmology. Present in vitreous body of the eye,

negatively charged long disaccharide chains of HA efficiently absorbs and retains water

resulting in a lubricating effect [43] and high biocompatibility [44]. Because of these

characteristics HA is utilized for corneal endothelial cell sheet engineering studies [45].

A large scale study conducted by Palchesko et. al. (2015) shows that mimicking De-

scemet’s membrane ECM proteins and stiffness at the same time provide CECs better

environment to maintain their normal phenotype throughout long term culture. Cell

substrates whose elastic modulus is 50 kPa and coated with Col IV shows the best

results among thirty-six different substrates [7].

2.5 Polyacrylamide Hydrogel as a Substrate

Polyacrylamide (PAAm) is a synthetic polymer composed of acrylamide monomers.

PAAm hydrogels are acquired by free radical polymerization of acrylamide and crosslinker

N, N’-methylenebis (acry1amide) monomers [46].
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Figure 2.3 Free radical polymerization of acrylamide.

Polyacrylamide hydrogels (PAAm) has been preferred for lots of studies because

of their remarkable properties. PAAm hydrogels widely used for mechanobiology stud-

ies [47–49], since the stiffness values of PAAm hydrogels can be simply regulated by

changing crosslinker amount without altering chemical characteristics. PAAm hydro-

gels have chemically and biologically inert surface but extracellular matrix proteins

can be attached to the surface of the hydrogels covalently in order to enhance surface

bioactivity. Moreover, PAAm gel has an excellent optical quality and its porous struc-

ture is more suitable as a physiological environment than other surfaces [50]. Briefly,

its inertness, transparency and flexibility makes polyacrylamide suitable material for

our research purposes.
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3. MATERIALS AND METHOD

3.1 Surface Preparation

3.1.1 Preparation of Flat Polyacrylamide Substrates

Polyacrylamide hydrogels were used as a substrate to mimic corneal endothe-

lium micro-environment. Flat polyacrylamide hydrogels were prepared between plastic

petri dish surface and activated coverslips. To activate coverslips, round coverslips (14

mm) were placed into falcon tube (50ml) and cleaned with 0.1 M NaOH solution. After

they were rinsed thoroughly, they were kept in ethanol for half an hour on mixing ro-

tator. Then coverslips were immersed in 2% 3-aminopropyltrimethoxysilane (APTES)

solution (in ethanol) for half an hour on mixing rotator. After they were rinsed several

exchange of deionized water (DI) with stirring for ten minutes in each. Later, coverslips

were immersed in 1% glutaraldehyde solution (in DI) for half an hour on stir plate.

Coverslips were again washed by several exchanges of DI with stirring. Finally they

were dried at room temperature by avoiding coverslips get dusty. When they will be

used for cell culture, they were transferred in 70% ethanol and dried in the laminar

flow hood [48,51].

After activation of coverslips, polyacrylamide hydrogels were prepared between

these activated coverslips and plastic petri dish surfaces. To make ready pre-polymer

solution, stock solutions were prepared. 40% w/v acrylamide (AAm) solution in phos-

phate buffer saline (PBS), 2% w/v N,N’-Methylenebisacrylamide (Bisacrylamide) so-

lution in distilled water were made ready. Tetramethylethylenediamine (TEMED)

solution was formed by diluting 1:10 in distilled H2O. 200 mM Ammonium persul-

fate (APS) solution was prepared in distilled water. These chemicals were purchased

from Sigma-Aldrich. Working solution consisting of 15% (w/v) acrylamide monomer

and 0.3% (w/v) bisacrylamide cross-linker was prepared. This working solution was

vortexed and degassed for 15 minutes. As an accelerator TEMED, then as a free
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radical initiator APS solution was added to the degassed pre-polymer solution for gel

polymerization [47,52,53].

50 µl of this solution was dropped onto the glass slide and activated coverslip

was placed on the top of droplet. After gel solution coat the entire surface of coverslip,

resulting of polymerization was waited. Amount of gel solution which dropped was

adapted from Aratyn-Schaus Y., et al. (2010). After completion of polymerization,

coverslip which attached with the polymerized hydrogel was segregated from the glass

slide. Coverslip attached hydrogels were kept in ddH2O to provide hydration [48].

Round glass coverslips with 14 mm diameter were used to prepare flat and

patterned PAAm hydrogels at the beginning of the study, but activation of coverslips

was very time consuming and did not allow preparation great number of samples at

the same time. If the coverslip surfaces do not properly washed between procedure’s

steps or do not completely activate for any reason, gels shrink on coverslips after

polymerization. Therefore, GelBondr PAG films were used for study. GelBond R© PAG

film is commercial product which formed by polyester and produced for polyacrylamide

hydrogels. These transparent films were also used in literature [52]. GelBond films were

cut into rounds with a diameter of 14 mm. Before hydrogel synthesis, both side of films

were exposed to UV light for 15 minutes in each for sterilization. After sterilization,

PAAm hydrogels were synthesized by the method used in coverslips.

3.1.2 Preparation of Bio-Inspired Polyacrylamide Substrates

In bioinspired approach, hexagonal structure of healthy human corneal endothe-

lial cells was formed onto Silicon wafer by using photolithography technique and this

structure was transferred to polyacrylamide surfaces via soft lithography technique.

For this purpose, firstly silicon wafer molds was designed and prepared according to

following procedure. Si wafer molds were produced at Bilkent University National

Nanotechnology Center with Assist. Prof. Dr. Çağlar Elbüken’s consultancy.
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Figure 3.1 The shape, the depth and dimensions of the hexagonal pattern on the Silicon wafer and
the distance between patterns are prepared by inspired from healthy corneal endothelium [2,3].

In order to fabricate hexagonally shaped patterned mold, MicroChem SU-8 2005

negative photoresist and Si wafer were used. Since UV applied, negative photoresist

turns into insoluble in developer solution, hexagonal patterns on Si wafer were obtained.

1. Cleaning the substrate (Si wafer): Si wafer which creates pattern was cleaned

with acetone, isopropyl alcohol and deionized water. After drying with nitrogen

gas, it was held at 120 ◦C for a few minutes for dehydration. Then it was cooled

to room temperature.

2. Coating the first adhesive layer using SU-8 2005: Firstly, Si wafer was

coated with MicroChem SU-8 2005 uniformly by using spinner (Spinner, Laurell,

WS650SZ-6NPP-lite), which is present in the Bilkent University UNAM clean

room. The required spinner parameters for first layer was entered. Following

step is soft baking. The wafer was put on 65 ◦C hot plate and waited for 2

min. After 2 min, it was put on 95 ◦C hot plate for 4 min. Finally, it was put

on 65 ◦C for 1 min. Then the wafer was cooled to room temperature. Baking

process provides that the photoresist is ready for exposure. The next step was

exposing the photoresist and achieving cross linking. EVG 620 mask aligner and

the required settings for this exposure system were used. After exposure, it is

needed to bake the wafer. This process is named as post-exposure baking (PEB).

Post exposure bake includes three step process. First the wafer was put at 65 ◦C

for 1 min, then at 95 ◦C for 3 min, finally the wafer was baked at 65 ◦C for 1 min.

After PEB, the wafer was cooled down to room temperature.
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3. Coating the second SU-8 2005 layer and patterning: At this step, very

similar processes to the first layer were applied. There was a small difference

that the thickness of this layer should have been controlled in order to control

the height of the features. Required spinning settings to obtain a 4 um height

coating were used. After steps of soft baking, exposing the photoresist through

the mask and achieving cross linking, post-exposure baking was applied as in the

first step.

4. Development: Lastly, MicroChem SU-8 Developer solution was prepared in a

glass beaker and the Si wafer was immersed in this solution for 6 min to remove

the unexposed parts of the wafer. In that time beaker was mixed in a circular

motion. Then wafer was cleaned with nitrogen gas. The features are built on the

top of the silicon wafer was observed by using upright microscope.

Procedure is organized according to devices which placed in Bilkent University

UNAM’s clean room.

Soft lithography technique was used to transfer the patterning on the Silicon

wafer to the PAAm substrates. Pre-polymer solution which includes AAm, Bisacry-

lamide and distilled water were added into eppendorf tube. After adding TEMED and

APS solution, 50 µl of pre-polymer solution was dropped onto the one pattern of silicon

wafer, then sterilized GelBondr PAG film was placed on the top of this droplet. Gel

solution covers the whole hydrophilic surface of film and gel polymerization was waited.

After about two hours gel attached films were carefully removed from the silicon wafer

mold with the help of tweezers. Before remove the coverslips, to make easier separation

of gel from the mold, distilled water was added onto the polymerized gels. After all,

hexagonally shaped patterned polyacrylamide hydrogels were obtained.
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3.1.3 Chemical Modification of Polyacrylamide Substrates

3.1.3.1 Modification of Polyacrylamide Substrates via Sulfosucci- nimidyl

6 (40- azido -20-nitrophenylamino) Hexanoate (Sulfo-SANPAH)

20 mg Sulfo-SANPAH powder was dissolved in 400 µl DMSO, then immediately

40 µl working aliquots were prepare and stored at −80 ◦C for later uses. One of

40 µl working aliquots was diluted in 10 ml distilled water. 300 µl of this Sulfo-

SANPAH solution (0,2 mg/ml) was poured onto each polyacrylamide hydrogel and gel

surfaces were exposed to UV light (at around 5 cm distance) for about 30 minutes.

After Sulfo-SANPAH’s color had changed from red to brown, gels were washed several

times with deionized water. 1 mg/ml Col IV solution (in 0.1 M acetic acid) and

1mg/ml hyaluronic acid solution (in deionized water) was prepared and pipetted onto

gel surfaces with different amounts then they were kept waiting for overnight at 4 ◦C.

Table 3.1 shows coating materials amount poured on hydrogels. Next day gels were

washed with several washes of distilled water and incubated in cell growth medium for

two hours. After this step, coated hydrogels were ready for cell studies [48]. Figure 3.2

represents modification of PAAm hydrogels via Sulfo-SANPAH.

Table 3.1
Chemical Modification Groups.

Experimental Groups Coating Amounts

Plain -

Col IV coated 30 µl Col IV solution + 270 distilled water

HA coated 30 µl HA solution + 270 distilled water

50%-50% Col IV-HA 15 µl Col IV + 15 µl HA solution + 270 distilled water

75%-25% Col IV-HA 22,5 Col IV + 7,5 µl HA solution + 270 distilled water

25%-75% Col IV-HA 7,5 Col IV + 22,5 µl HA solution + 270 distilled water
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Figure 3.2 The schematic representation of PAAm hydrogel modification via Sulfo-SANPAH.

3.2 Characterization of Substrates

3.2.1 Characterization of Mechanical Properties of PAAm Hydrogels

Hydrogel materials is widely used in tissue engineering applications and their

mechanical properties are the key elements for especially mechanobiology studies. Sev-

eral mechanical testing techniques are used for hydrogel materials such as tension test,

compression test, confined compression test, indentation, shear rheometry, dynamic

mechanical analysis and atomic force microscopes (AFM) indentation [54]. Rheology

analysis and tension test were applied for our hydrogel samples.

3.2.1.1 Rheology Analysis

Polyacrylamide hydrogels which have different elastic modulus were prepared by

using two different recipes from literature. Working solution of sample A contains 15%

AAm and 0.3% Bisacrylamide, while B contains 10% AAm and 0.03% Bisacrylamide

[51,52].
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Three samples of each were prepared and kept in DIH2O when they reach to

swelling equilibrium. After they reached the equilibrium degree of swelling, rheometer

analysis was performed. Elastic modulus of PAAm hydrogels were measured using a

rheometer at Yıldız Technical University Central Laboratory (Malvern Bohlin range,

CVOR 150). Experiment was performed at 0.01 strain and between 0.01 Hz-100.00 Hz

frequencies [55].

3.2.1.2 Tension Test

Elastic modulus of stiffer gels was also determined by tensile testing. Hydrogel

samples were gripped attentively between flanges of the instrument. The rate at which

experiment were performed is 100mm/min. Samples have dimensions approximately

5 mm in thickness, 9 mm in width and gauge length was 35 mm. Lloyd LF Plus

instrument was used for experiment (n=8).

3.2.2 Characterization of Morphological Properties Polyacrylamide Hy-

drogels

Patterned polyacrylamide substrates were characterized by using optical mi-

croscopy. After peeling away from silicon wafer mold, surfaces of the hydrogels were

dried with N2 and optical images were taken with the help of optical microscopy (Leica,

DTC295).

3.2.3 Characterization of Chemical Properties Polyacrylamide Hydrogels

3.2.3.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The chemical content analysis of substrates resulted from modifications was

investigated via Fourier Transform Infrared Spectroscopy. FTIR spectra was recorded
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the range of 4000 to 500 cm−1. Plain PAAm hydrogel, uncoated only Sulfo-SANPAH

treated PAAm hydrogel, only Col IV coated, only HA coated, and 50%-50% Col IV/HA

coated PAAm hydrogels were examined. The FTIR measurements were perfomed at

Hacettepe University Advanced Technologies Application and Research Center using

Attenuated Total Reflectance Fourier Transform (ATR- FTIR) spectrophotometer.

3.2.3.2 Water Contact Angle Measurements (WCA)

Water contact angle measurements were performed by using unmodified and

modified hydrogels (n=4). All measurements were done by dropping a water droplet of

purified water of approximately 3 µl volume on the surface of each hydrogel followed by

15 second long imaging with 1 second intervals [56]. Contact Angle Measurement In-

strument (CAM 100, KSV) was used at Bogazici University, Department of Chemistry

was used.

3.2.3.3 Swelling Ratio

Hydrogel samples were prepared and swelling test was done to determine swelling

ratio at the equilibrium. The samples were weighted after polymerization, and then

samples were placed in 6-well plate. Swelling tests were done with Dulbecco’s Modi-

fied Eagle Medium (DMEM)-High Glucose, Capricorn which have used for cell culture

studies. Hydrogels with 14 mm diameter immersed in DMEM containing 6-well plate.

The weight of swollen samples was measured at determined time intervals. Measure-

ments was taken at 5 min, 10 min, 30min, 60min, 24 h, 48 h, and 72 h. Before the

samples were weighted, excess water was removed from the samples and measurement

was done at room temperature.

The swelling ratio was determined from the following equation,
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S(%) =
mt −m0

m0

X100 (3.1)

where mt represents the weight of swollen hydrogel after time point t while m0 is the

initial weight of hydrogel after polymerization at time point zero [57].

3.2.3.4 Characterization of Chemical Modifications with Immunostaining

After hydrogel substrates modified with Col IV, HA and mixtures with their

different amounts, immunostaining analysis was performed to demonstrate success of

coating. Anti-Hyaluronic acid (ab53842) and Anti-Collagen IV (ab6586) primary anti-

bodies, and Donkey Anti-Rabbit IgG H&L (Alexa Fluorr 555) preadsorbed (ab150062)

and Donkey Anti-Sheep IgG H&L (Alexa Fluorr 488) (ab150177) secondary antibodies

were used.

Blocking solution which contains 1% BSA and 22.52 mg/mL glycine was pre-

pared in PBST (PBS+ 0.1% Tween 20). 300 µl blocking solution was added on hydro-

gels for 30 min to block unspecific binding of the antibodies. Primary antibodies were

diluted 1/200 in 1% BSA in PBST. Secondary antibodies were diluted 1/300 in 1%

BSA in PBST. 150 µl of primary antibody solution and 150 µl of secondary antibody

solution were added onto each gel and incubated overnight at 4 ◦C. After aspiration

of excess antibody, gels were washed with PBSt three times five minutes every wash.

Then, 150 µl of each both secondary antibody solution was added to each gel and in-

cubated for 1 hour at room temperature. After one hour excess solution was removed

and gels were washed with PBS three times in dark [58].

Only secondary antibodies were added onto different samples in same exper-

imental groups as a control group. Immunofluorescence images of unmodified and

modified substrate were taken (Leica, DTC295).
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3.3 Cell Culture Studies

3.3.1 Cell Viability and Proliferation

In order to investigate the behavior of CECs against stiffness, ECM coatings

and bioinspired topography of polyacrylamide hydrogels, BCE C/D-1b (ATCCr CRL-

2048TM) cell line was used. BCE C/D-1b cells are bovine corneal endothelial cells.

This cell line was obtained from adult bovine corneas. It is known that while their

doubling time is around 55 hours at passage 70, this time decreases to 30 hours at

passage 90 [59,60]. The viability of cells on the prepared different substrates was mea-

sured with the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl) -2,5- diphenyltetrazolium

bromide (MTT) assay. Cell cultures studies were carried out on the prepared flat,

modified flat, bioinspired and modified bioinspired PAAm surfaces. DMEM High Glu-

cose (4.5 g/l), with L-Glutamine, with Sodium Pyruvate (Capricorn Scientific, DMEM

HPA) was used as a culture medium. Complete medium contained also 10% v/v Fetal

Bovine Serum (FBS) and 1% v/v antibiotic. The effect of coating materials and surface

topography on cell viability was investigated. 20.000 cells were seeded each well of 24

well-plates and maintained at 37 ◦C, 5% CO2. Viability of cells was measured on 1st,

4th and 7th day of culture [61].

After culturing BCECs on hydrogels, MTT assay was performed on stated days.

MTT solution was prepared in PBS with 5 mg/ml concentration. 40 µl MTT solution

was added to each well. Plates were incubated for three and half hour. Before the

measurement, MTT solution containing medium was removed and 250 µl Dimethyl

Sulfoxide (DMSO) was added to each well. After mixing for a while on gentle shaker.

100 µl of each well’s solution was taken and transferred to 96-well plate. Cell viability

was determined by measuring the optical density of the formazan crystals dissolved

DMSO solution at 570nm and 750nm as reference wavelengths using a Micro-plate

Reader Spectrophotometer (BIO-RAD iMark, Microplate Reader). Table 3.2 shows

experimental groups for cell culture studies. Table 3.3 shows the summary of experi-

mental procedures.
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Table 3.2
Experimental groups for Cell Studies

Flat Patterned

Col IV coated Col IV coated

HA coated HA coated

50%-50% Col IV-HA 50%-50% Col IV-HA

75%-25% Col IV-HA 75%-25% Col IV-HA

25%-75% Col IV-HA 25%-75% Col IV-HA

3.3.2 F-actin Staining

Cells grown on flat and patterned PAAm substrates for 7 days were washed

with warm PBS 3 times for 5 minutes. Cells were fixed with 3.7% formaldehyde for

10 minutes and then permeabilized with 1% tritonX-100 solution for 10 minutes. Non-

specific binding of phallotoxin was blocked with 1% BSA solution for 30 minutes. 6.6

µM phalloidin-Alexa Fluor 488 conjugate methanolic stock solution was dilutied in

PBS (1:40) and added onto cells. After incubating for 30 minutes, cells were washed

with 1% BSA solution 3 times for 5 minutes. DAPI counter-staining was performed by

incubating cells in DAPI staining solution (300 nM) for 3 minutes and washing with

PBS. Images were taken with blue and violet excitation filters for Alexa Fluor 488 and

DAPI, respectively [7].

3.3.3 Statistical Analysis

ANOVA method was used for statistical analysis of MTT results. With the

value of p<0.05, Tukey’s multiple comparison test was used to determine the difference

between experimental groups. The data were demonstrated to be as means ± standard

error.
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Table 3.3
Summary of experimental procedures.

Step Experimental Procedure

1 Preparation of Flat PAAm Hydrogels

2 Preparation and Characterization of Bioinspired PAAm Hydrogels

3 Modification of Substrates with Col IV and HA

4 Characterization of Modified PAAm Structures

5 Cell Culture Studies of Prepared Corneal Endothelial-like Structures
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4. RESULTS

Flat and bioinspired PAAm hydrogels were prepared and modified with Col IV

and HA. Mechanical, morphological and chemical characterizations was performed to

be able to characterize unmodified and modified PAAm substrates. After characteri-

zation, cell culture studies were performed on these prepared cell substrates. Results

of characterizations and cell culture studies were presented in this chapter.

4.1 Mechanical Characterization Results

Gels synthesized according to two different recipes with different cross-linker

concentrations (0.3 % and 0.03 %) were first characterized with rheometer. The result-

ing values of storage modulus (G’), loss modulus (G”) and delta (δ) were represented

in graphs as shown in the example in Figure 4.1. Horizontal axis represents each fre-

quency covered during the frequency scan. The results for softer hydrogels with a

cross-linker concentration of 0.03% show that G’ values are much larger than G” values

consistently for all frequencies which indicates that samples show close-to-ideal elastic

properties. G’/G” ratio which equal tan δ values also show that these values are below

1 indicating elastic gel behavior [55].
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Figure 4.1 Rheometer frequency scanning of a polyacylamide gel with 0.03% cross-linker ratio.

Rheometer results for soft hydrogels show consistent results up to 10 Hz and

values around 1 Hz were used previously in the literature for gels with our expected

stiffness values. Machine generated results at the frequency of 1.438 Hz were given at

Table 4.1.

Table 4.1
Rheometer measurements at 1.438 Hz for gels with 0.03% cross-linker ratio.

Strain Elastic

Modulus (Pa)

Viscous

Modulus (Pa)

Complex

Viscosity (Pa)

Shear

Stress (Pa)

Tan

Delta

0.009976 322.80 20.88 38.41 2.942 0.06469

0.009885 459.70 21.93 50.92 4.275 0.04772

0.009862 462.50 27.39 51.27 4.296 0.05922

Elastic moduli calculated by device give an average value of 0.42 ± 0.080 kPa.

Stiffer gels with a cross-linker concentration of 0.3%, which are to be used in cell
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culture experiments, did not show the same consistency in the covered frequency range

as rheometer devices become unreliable for higher elastic moduli. For these gels, tensile

testing was performed in order to determine elastic moduli. An example stress-strain

curve for one of these samples was given in Figure 4.2. Elastic moduli generated from

these curves by measuring the slope gives an average of 71.81 ± 9.78 kPa (n=8).

Figure 4.2 Stress-strain curve for stiff PAAm hydrogel.

4.2 Morphological Characterization Results

4.2.1 Optical Microscopy

Optical microscopy images of flat PAAm hydrogels and PAAm hydrogels bioin-

spired from healthy corneal endothelium were shown in Figure 4.3. Flat gels show no

features on the surface while hexagonal troughs are clearly visible on patterned gels.
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Figure 4.3 Optical microscopy image of A) Flat PAAm hydrogel, B) Bioinspired PAAm hydrogel
at 10x Magnification, C) Bioinspired PAAm hydrogel at 20x Magnification, D) Bioinspired PAAm
hydrogel at 40x Magnification.

4.3 Chemical Characterization Results

4.3.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

First of all FTIR spectrum of a plain hydrogel was obtained in order to confirm

chemical purity and stability of our reagents. Figure 4.4 shows the spectrum where

sharp peaks are visible at wavenumbers 1413 cm−1, 1449 cm−1, 1612 cm−1, 1651 cm−1

and 3191 cm−1.
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Figure 4.4 FTIR spectrum of unmodified PAAm hydrogel.

After modification of PAAm gel surfaces with Col IV and HA using sulfo-

SANPAH method, FTIR spectra were obtained from each gel. Overlaid spectra of

gels modified with Col IV, HA and a mixture thereof were shown in Figure 4.5 along

with the spectrum of unmodified PAAm hydrogel. All of these spectra were identical

in the overlaid graph.
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Figure 4.5 FTIR spectra of unmodified and modified PAAm hydrogels.

Figure 4.6 FTIR spectra of unmodified and modified hydrogels zoomed between the wavenumbers
1640 and 1665 cm−1.
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The lack of any differences between plain and coated hydrogel spectra required

a search for subtle differences which can be seen in Figure 4.6 where Col IV coated

hydrogel has slightly lower transmittance at 1650 cm−1 and HA coted hydrogel changes

the spectrum shape due to an increased absorbance at 1655 cm−1.

4.3.2 Water Contact Angle Measurements

Contact angles of unmodified PAAm and modified PAAm were measured by

using CAM 100, USA and shown in the Table 4.2. Contact angles were calculated

as 33.1 ± 3.2◦, 110.3 ± 4.3◦, 65.2 ± 4.4◦, 95.4 ± 2.1◦ for plain, col IV coated, HA

coated and 50/50 Col IV/HA coated PAAm hydrogels, respectively. Figure 4.7 shows

the images of the water contact angle of PAAm hydrogels.

Table 4.2
Water Contact Angle of PAAM Hydrogels (n=4).

Experimental Group (PAAm) Water Contact Angle

Plain 33.1 ± 3.2◦

Col IV coated 110.3 ± 4.3◦

HA coated 65.2 ± 4.4◦

Mixture coated 95.4 ± 2.1◦

Figure 4.7 Water Contact Angle of PAAm Hydrogels (n=4). A) Plain PAAm, B) Col IV coated
PAAm, C) HA coated PAAm, D) Mixture coated PAAm.
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4.3.3 Swelling Ratio

Swelling test was performed to determine time to reach to the equilibrium of

swelling. Figure 4.8 shows that swelling % of stiff PAAm hydrogel (15% AAm and 0.3%

Bisacrylamide) as function of time. As shown in graph the weight of swollen hydrogel

is almost fixed after 48 hours and hydrogels reach to equilibrium of swelling after this

time. Swelling Ratio was determined as 59.96 ± 3.93.

Figure 4.8 Swelling [%] as function of time for stiff PAAm hydrogel in DMEM at RT.

4.3.4 Immunostaining Results

Fluorescence microscope images obtained after staining covalently bound Col IV

and HA with corresponding primary and secondary antibodies were shown in Figure

4.9. Alexa Fluor 488 conjugated secondary antibody labels HA and gives green fluores-

cence while Alexa Fluor 555 conjugated secondary antibody selectively labels Col IV

bound primary antibodies to give a red fluorescent signal. Background images which

are taken from substrates treated only with secondary antibodies show significantly
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lower fluorescence signals in all groups. In the case of equal mixture of Col IV and HA,

Col IV signal is much stronger than HA signal. Fluorescence microscope images were

taken with corresponding excitation filter of each secondary antibody. Excitation of a

sample with the filter corresponding to the coating material absent from the sample

gave no signal at all. For example exciting Col IV coated samples with blue filter gives

no signal.

Figure 4.9 Immunostaining and background images of modified hydrogels.
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4.4 Cell Culture Studies

4.4.1 Cell Viability and Proliferation

The effect of surface topography and chemical composition were investigated by

using MTT assay. CECs were seeded and cultured on flat and patterned hydrogels with

different coating compositions and tissue culture polystyrene (TCP) plates. In order

to determine cell viability and proliferation on prepared substrates, MTT assay was

used for 1st, 4th and 7th days of incubation (n=4). Figure 4.10 shows Bovine Corneal

Endothelial Cells (BCE C/D-1b) on TCP under optical microscopy.

Figure 4.10 Optical Microscopy image of Bovine Corneal Endothelial Cells (BCE C/D-1b) on TCP.

The results of MTT assay at 1st day was shown in Figure 4.11. According to

results, it was observed that patterned Col IV coated substrates significantly different

from flat Col IV coated substrate. The same positive effect of cornea endothelium

bioinspired surface topography appears in HA coated hydrogels as well.
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Figure 4.11 MTT assay results at 1st day. Data is expressed in means ± SE (p < 0,05).

The results of MTT assay at 4th day was shown in Figure 4.12. At day 4, similar

to day 1, viability ratio in patterned hydrogels exceeded that of flat with the exception

of 50/50 Col IV/HA ratio coated hydrogels.
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Figure 4.12 MTT assay results at 4th day. Data is expressed in means ± SE (p < 0,05).

MTT results at 7th day was shown in Figure 4.13. Col IV and 25/75 Col IV/HA

ratio coated substrates show highest cell viability on flat substrates on day 7. Equal

ratio coating of Col IV and HA show a regression of growth on day 7.
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Figure 4.13 MTT assay results at 7th day. Data is expressed in means ± SE (p < 0,05).

MTT assay results at 1st, 4th and 7th days of culture was shown in Figure

4.14. Patterned substrates outperformed flat substrates in all chemical compositions

of coating material. Cell growth continued on all substrates for 7 days regardless of

coating or topography of the substrates.
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Figure 4.14 MTT assay results at 1st, 4th and 7th days of culture.
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4.4.2 F-actin Staining

Images taken from F-actin stained cells on flat PAAm substrates are shown

in Figure 4.15. Alexa 488 tagged F-actin filaments of cells are clearly visible in the

first column where mixture of equal Col IV and HA shows the most homogenous cell

sheet layer formation comparable to TCP. Other coating compositions show mediocre

results except for HA coating where cells show smaller morphology. Second column

shows DAPI stained cell nuclei where nuclei are distributed homogenously across the

substrate in TCP and equal mixture of Col IV and HA coating. Other substrates show

heterogeneous distributions due to incomplete cell layer coverage. Merged images are

shown in the left column where nuclei can be co-located inside cytoskeletons. Figure

4.16 shows F-actin stained cells on patterned PAAm substrates. Right column shows

cytoskeletons of cells where a complete coverage of cell layer is seen in all coating

compositions except HA coating. HA coated substrates show smaller cell morphologies

similar to flat substrates. DAPI counter-stained cell nuclei show more homogenous

distribution compared to flat substrates in all groups except on HA coated substrates.

Merged images are shown in the left column where nuclei can be co-located inside

cytoskeletons.
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Figure 4.15 F-actin and DAPI staining of Flat Substrates.
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Figure 4.16 F-actin and DAPI staining of Patterned Substrates.
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5. DISCUSSION

5.1 Mechanical Characterization

The unreliability of rheometer devices as materials become more elastic and less

viscous did not allow characterization of stiff gels with a cross-linker concentration of

0.3%. However softer gels with 0.03% cross-linker concentration gave expected results

based on the literature [55]. The fact that G’ values are much larger than G” values

consistently for all frequencies indicates that samples show close-to-ideal elastic prop-

erties. G’/G” ratio which equal tan δ values also show that these values are below 1

indicating elastic gel behavior [62]. Rheometry measurements for stiffer gels on the

other hand show wildly varying values in the 0.0-10.0 Hz range. Therefore elastic mod-

uli of these gels were determined by tensile tests. Measured elastic modulus value of

around 72 kPa is in agreement with previously reported results of this recipe [52] and

within the range of Descemet’s membrane elastic modulus value of 20-80 kPa [10].

5.2 Morphological Characterization

Patterns observed in optical microscopy images of PAAm gels has shown that

replication was completely successful. Hexagon dimensions exactly fit with designed

patterns on silicon wafers. Dimensions of healthy corneal endothelial cells have shown

in the literature as 20 µm in diameter and approximately 4 µm in depth [2, 3, 8].

Hexagons inspired from healthy corneal endothelium are 20 µm in diameter which

matches optical microscopy images taken from patterned PAAm hydrogels.
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5.3 Chemical Characterization

FTIR analysis of plain PAAm gel shows characteristic stretching vibration of

amide group at 3191 cm−1. Moreover a strong peak at 1651 cm−1 was observed due to

vibrations of N-H bond of amide group. This peak also has a shoulder at 1612 cm−1

which is characteristically attributed to C=O bond of the amide group. The fact that

other peaks at 1449 cm−1 and 1413 cm−1 are in agreement with the literature [63]

and absence of any abnormal peaks confidently concludes that PAAm hydrogels are

synthesized successfully.

After chemically modifying hydrogels with Col IV and HA using Sulfo-SANPAH

method, FTIR analyses show almost identical spectra between these groups and plain

gels. This is expected due to the extremely small amount of coating material compared

to bulk of the hydrogels. Moreover, coating materials do not contain any chemical

bonds with strong IR absorption that is not present in the bulk of PAAm hydrogels.

For example upon inspecting chemical structure of HA, it is majorly composed of

chemical bonds such as C-H, C-O, C=O, C-O-C and C-C all of which are also present

in the bulk of PAAm hydrogels [64]. The only distinguishing bond of HA is O-H

bond which has weak and broad IR absorbance that usually gets overpowered by water

absorbance at 3300 cm−1. The same situation holds true for Col IV as well. In addition

to amide bonds between amino acids being abundant in PAAm, chemical bonds within

the amino acids do not provide any distinguishing strong IR absorbance peaks either.

However a subtle difference was spotted upon close inspection of spectra between 1640

cm−1 and 1665 cm−1. At 1650 cm−1 Col IV shows increased absorbance just enough to

change the shape of the spectrum with a downward shoulder. Previous FTIR studies

of different collagen types show that Col IV has its highest absorbance within this

range [65]. Moreover HA also shows an increased absorbance in this region at 1655

cm−1 dominating and completely eliminating the upwards shoulder of plain PAAm in

the same wavenumber. HA also has a strong absorption band in this region due to

unique environment of its carboxylate groups [66] which completely dominates spectral

features of PAAm in this region.
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Inconclusive results from FTIR analysis required further investigation in order to

confirm presence of coating. Using the concept of immunofluorescence coating materials

HA and Col IV were successfully stained using antibodies specific to each one. Using

fluorescent tagged secondary antibodies that emit red light for Col IV and green light

for HA it was possible to differentially image these molecules covalently bound to PAAm

surface. It can be seen in Figure 4.9 that Col IV emits a strong fluorescence signal

with the appropriate excitation filter while background signal from substrates treated

with only secondary antibodies show a much dimmer signal. This result confirms

the presence of covalently bound Col IV on substrate surface. HA coated substrates

also show a green fluorescence signal albeit dimmer and comparable to background

signal. However upon close inspection of images it is clearly visible that signal from

HA moieties on the surface exhibit a much brighter but heterogeneous pattern that

is absent on background images. Same phenomenon is also observed on substrates

coated with both Col IV and HA. Weak signal from HA coated samples is likely due to

lower reactivity of HA in our coating strategy. NHS moiety of sulfo-SANPAH molecule

favors coupling with amine groups but also reacts with other nucleophiles. While Col

IV presents many amine groups available for coupling reaction, HA only has weak

nucleophile groups such as alcohols and carboxylates which less favorable. Since amine

groups in Col IV compete for NHS ester of sulfo-SANPAH molecules, the fact that HA

signal is even lower in mixture coated substrates is an expected consequence. When

Col IV coated samples are excited with blue light or HA coated samples are excited

with green light no signal is observed which proves that secondary antibodies do not

bind non-selectively since both are applied to all samples.

Results of WCA measurements also confirm the presence of covalently bound

coating materials on substrates as contact angle changes greatly between groups. Col

IV coated gels become much more hydrophobic in agreement with literature. Contact

angle of plain PAAm hydrogels are 33◦ which is almost exactly the same as previously

obtained results in the literature [56]. HA coated gels become more hydrophobic as

well but less than Col IV coated samples probably due to extended carbohydrate chain

structure of HA chains that interact freely with water. HA also reduce hydrophobicity

of Col IV coatings when used in equal ratio due to this reason.
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5.4 Cell Culture Studies

Cell viability data obtained from MTT assay gives a first impression about cell

behavior on different substrates. As seen in Figure 4.14 presence of hexagonal pat-

terns on substrates increases cell viability on all types of chemical coating composition.

This can be attributed to increased surface area of substrates and guidance effect of

homogenously distributed troughs which give cells more space to spread out and grow.

Cell viability data from flat substrates give the opportunity to evaluate contribution

of coating composition independently. In earlier time points other coatings outper-

form HA coated substrates but cells likely acclimate and start secreting their ECM

molecules since they start thriving at day 7. Only equal ratio coating of Col IV and

HA show a decrease in cell viability at day 7 which is inexplicable with present data.

Future repetitions of this experiment may obliterate this if it’s a random deviation.

If it persists, other strategies must be utilized to explain this phenomenon. The fact

that cell viability increases with time concludes that substrates are non-toxic and bio-

compatible. Patterned substrates have shown increased viability in all coatings that

empowers the argument that deviation in 50/50 coating of flat substrates is random.

Coating composition did not cause a significant difference in viability in neither flat

nor patterned substrates according to statistical analysis. However increase in viability

for patterned substrates was significant according to statistical analysis.

These results are further supplemented by F-actin staining images. Cells on

TCP show a homogenous distribution and a decent cell sheet formation. Other groups

in flat substrates show that only 25/75 and 50/50 ratio mixtures have comparable per-

formance to TCP. Even though coating material did not create a significant difference

in cell viability at day 7, it seems that cell morphology is highly sensitive to this factor.

Moreover even though HA coated substrates show increased viability at day 7, these

images conclude that they still have poor morphological qualities. Upon inspection of

F-actin staining images on patterned substrates the most striking difference was the

distribution of DAPI stained cell nuclei. It seems that even though whole cells are not

confined to pattern troughs, nuclei are guided towards these crevices. As a result an

extremely homogenous distribution of nuclei is obtained. Stained cytoskeletons show
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that this distribution causes morphological changes to entire cell as only HA coated

substrates failed to form complete cell sheets. Interestingly, patterns seem to aggravate

poor performance of HA coatings as these cells show even smaller diameters. The fact

that 50/50 mixture of Col IV and HA show an exceptional quality of cell sheet further

strengthens the idea that viability decrease of this group at day 7 is a random devia-

tion from normal trend. The fact that presence of bioinspired patterns on substrates

enhance cell sheet formation is proven in both F-actin staining images and statistical

analysis of MTT assay results.In the literature, there are also several studies to in-

vestigate the effect of nano and micro topography of substrates on CECs’ behaviors.

As an example, a study shows that micron features on the TCP improve the prolif-

eration of HCECs approximately 3-fold while nano-scaled features also improve the

polygonal morphology of cells [67]. Other study demonstrates that substrate topogra-

phy and biochemical cues affects HCECs’ behaviors and improve cell morphology and

phenotype [6]. In another study in which tested different topographies for BCECs, the

following conclusion was reached that suitable geometry and dimensions of substrate

topography can be able to improve CECs’ response to mimic healthy corneal endothe-

lium [68]. These studies confirm the positive effects of the substrate topography on cell

behavior in our study.

It can be speculated that cell nuclei positioning into pattern crevices activate

some molecular pathways within the cell that encourages cell sheet formation. Ex-

tended studies should be performed in order to pinpoint activated chemical pathways

in this phenomenon.
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5.5 Future Studies

In this study, the results of cell culture experiments indicated that the surface

topography of substrates affects the viability of corneal endothelial cells. In future

studies, cell viability experiments will be expanded to 21 days. Moreover, patterns

inspired from diseased corneal endothelium will be created on substrates and will be

compared to the substrates inspired from healthy corneal endothelium. The amounts

of Col IV and HA covalently bound to substrates will be quantified. The cell sheet

planned to be obtained would be a promising tool for in vitro drug toxicity tests.

Furthermore, other hydrogel types that are suitable for cell sheet detachment can be

used within this concept for in vivo applications.
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