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ABSTRACT

ULTRA-POROUS INTERCONNECTED HYDROGEL STRUCTURES
FOR TISSUE ENGINEERING APPLICATIONS

Tissue engineering aims to repair and regenerate tissue and organs with functional
defects. The most significant developments in tissue engineering emerging as
modification of the scaffold used to mimic native extracellular matrix (ECM) and support
cell proliferation and differentiation. Hydrogel-based biomaterials are one of the most
utilized materials as scaffold providing excellent chemical, physical/biophysical
properties, high biocompatibility and functionality necessary for the applications in tissue
engineering. In this study, Gelatin methacryloyl hydrogel (GelMA) and Gelatin-urethane
hydrogels (GelatinK) are successfully synthesized as scaffold material for tissue
engineering applications. Gelatin is modified with methacrylic anhydride for GeIMA
polymer and with 2-isocyanatoethly methacrylate for GelatinK polymer. The hydrogels
of these two novel polymer are produced with photopolymerization reactions in aqueous
media using Irgacure 2959 as redox initiator. Hydrogels are freeze-dried to remove
solvent in the gel matrix and then they immersed in distilled water to reach equilibrium
swelling ratio. The swelling capacity of GelMA hydrogels ranges between 1200 and
300% whereas GelatinK hydrogels has swelling capacity in between 1900-380%. Also,
morphology of the hydrogels were investigated with Scanning Electron Microscopy
(SEM). GelMA hydrogels has pore sizes between 142-14 pm while GelatinK hydrogels
has between 160-56 um pore sizes. The cell viability assay were also conducted using
GelMA and GelatinK hydrogels. The results showed that both hydrogels provide high

viability as compared to 2D control assay.
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OZET

DOKU MUHENDISLIGI UYGULAMALARI ICIN BIRBIRINE BAGLI
ASIRI GOZENEKLI HIDROJEL YAPILAR

Doku miihendisligi fonksiyonel bozuklugu olan doku ve organlari tedavi etmeyi
ve yenilemeyi amaglar. Doku miihendisligindeki en 6nemli gelismeler hiicre dis1 matrisi
taklit eden ve hiicre cogalmasimi ve farklilagsmasini destekleyen doku iskelesinin
degistirilmesi olarak ortaya ¢ikmaktadir.. Doku miihendisligi uygulamalari i¢in gerekli
olan miikemmel kimyasal, fiziksel/biyofiziksel 6zellikleri, yiiksek biyouyumlulugu ve
fonksiyonelligi saglayan hidrojel temelli biyomalzemeler iskele olarak en ¢ok kullanilan
malzemelerden biridir. Bu ¢alismada, Jelatin metakriloyil hidrojeli (GeIMA) ve Jelatin-
urethan hidrojelleri (GelatinK) doku miihendisligi i¢in iskele malzemesi olarak basarili
bir sekilde sentezlenmistir. Jelatin, GeIMA polimeri i¢in metakrilik anhidrit ile ve
GelatinK polimeri i¢in 2-izosiyanatoetil metakrilat ile degistirilmistir. Bu iki yeni
polimerin hidrojelleri fotopolimerlesme yontemiyle Irgacure redoks baslaticisi
kullanilarak su ortaminda tiretilmistir. Jel matriksindeki ¢oziicliyli uzaklastirmak i¢in
hidrojeller dondurularak kurutulmus ve sisme dengesine ulasmalart i¢in distile su
icerisine atilmistir. GeIMA hidrojellerinin sisme kapasitesi 1200 ve 300% arasinda iken
GelatinK hidrojelleri 1900-380% arasinda sisme kapasitesine sahiptir. Ayrica, bu
hidrojellerin morfolojisi taramali electron mikroskopisi (SEM) ile incelenmistir. GelMA
hidrojeleri 142-14 pm arasinda gézenek boyutuna sahipken GelatinK hidrojelleri 160-56
um pore boyutuna sahiptir. Hiicre canliligi denemeleri de GelMA ve GelatinK hidrojelleri
kullanilarak yonetilmistir. Sonuglar her iki hidrojelin de 2 boyutlu kontrol denemelerine

kiyasla yiiksek hiicre canliligina sahip oldugunu gdstermistir.
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CHAPTER 1

INTRODUCTION

1.1. Extent of Thesis

GelMA and Gelatin-Urethane hydrogels were synthesized to mimic the native
extracellular matrix with its natural physical and biochemical properties. Hydrogels were
produced with photopolymerization reactions in aqua conditions. Here we synthesized a
novel polymer modifying gelatin with 2-isocyanatoethyl methacrylate and then hydrogels
of this polymer were produced under UV curing. The hydrogels were investigated to
understand the swelling capacity and porous morphology. The hydrogels were used for

further 3D cell culture experiments.

1.2. Hydrogels for Tissue Engineering

The future aspect in design and synthesis of bioinspired materials are not simply
mimicking their natural counterparts but providing phenomenal properties and
advancements that even recover deficiency of nature made matter. The gels are one of the
most studied soft matter utilized in varying biotechnological application such as tissue
engineering, therapeutic agent carrier and delivery, diagnostic, bioimaging and
biosensing. The synthetic gels have been dramatically evolved to provide broad
functionality, stability and responsiveness as well as low toxicity that synchronizes
abilities of polymer science, biology, pharmaceutical sciences and bioengineering.
Therefore the use of hydrogels is getting a golden standard for tissue engineering
applications since they provide excellent biocompatibility, mechanical strength as well as

responsiveness.
1.2.1. Hydrogels

The term “* gel”’ refers to a material in which a liquid phase and a solid phase are

dispersed in each other and forms a three dimensional (3D) structure. The gels are



primarily classified as natural and synthetic gels that natural or biomimetic gels have
natural origins. The gels mimic the extracellular matrix (ECM) are most frequently used
in biomedical applications. The weak mechanical strength of these gels have directed the
scientists to synthesize hybrid gels which is a combination of biomimetic and synthetic
gels. Gels are classified in terms of different aspects such as their responsive behaviors,
the nature of monomer, crosslinking and liquid phase. Figure 1.1 illustrates the

classification of gels.

GELS

RESPONSIVE NATURE OF L]QUID

BEHAVIORS MONOMER CROSSLINKING PHASE

[

I
- ORGANOGEL

ALCOGEL
TEMPERATURE NATURAL
PHYSICAL HYDROGEL

AFFINITY SYNTHETIC i
ELECTRICAL HYBRID CHEMIEAL, B?EZ)\SEE G
LIGHT IONIC LIQUID

Figure 1.1 The classification of gels based on their responsive behaviors, nature,

crosslinking type, liquid phase.

The gels are mainly categorized as pH 2, temperature >, affinity >, electrical
field -® and light responsive °!°. The hydrogels are able to sense the variations in these
stimuli and capable of responding more than one stimuli giving dual or multi responsivity

-1 "The natural, synthetic and hybrid hydrogels are classified based on the nature of

4, 15 16-18
2

building blocks. Natural hydrogels can be composed of chitosan , alginate

19-20 25-26

collagen 2%, gelatin 2!"?*, fibrinogen 2, dextran and hyaluronic acid ?’-?® to mimic

the nature of tissues for different applications.



1.2.1.1. Swelling Ability of Hydrogels

The swelling of gels occurs by absorbing a large amounts of water while
preserving their 3D structure called as volume-phase transition. The swelling is primarily
governed by the diffusion of water molecules into the space between hydrogel networks
(chain) depending on the interactions of polymer chain and water. lonic nature and
hydrophilicity of the chain are the main parameters affecting the polymer-water
interaction. As represented in Figure 1.2, stimuli responsive gels swell or collapse in the
presence of specific environmental effects. Solvent molecules diffused into the gel matrix
depending on the morphology and backbone structure of gel. In collapsed state, solvent

molecules released from matrix and gel becomes dry state.

SWOLLEN GEL COLLAPSED GEL

Solvent Molecules
Crosslinking Poinis

‘/x/“—/ Polymer Chain

Figure 1.2 Swelling and shrinking of a gel in response to different stimuli. (a) Swollen
gel contains solvent molecules diffused between polymeric chains; (b)
Swollen gel shrink to collapsed state by releasing solvent molecules to

surrounding when external stimuli is applied.

The swelling of anionic and cationic polymers following opposite pathways. As
shown in Figure 1.3, in basic media, anionic poly (acrylic acid) (PAA) becomes
deprotonated and swells whereas cationic poly (N, N 9-diethylaminoethyl methacrylate)
are protonated and thus shrink by decreasing water content. Acidic conditions give rise
to shrinking of PAA and swelling of poly (N, N 9-diethylaminoethyl methacrylate)
hydrogels. This unique property of gels have been exploited for various pharmaceutical
applications for instance, Liu et al. designed a sericin/dextran (SDH) injectable hydrogel

crosslinked with hydrazone and loaded with Doxorubicin to prevent tumor growth. The



swelling experiments were carried out in PBS at varying pHs; 6.0, 7.4 and 11.0 at 37 °C.
When DEX-AI content increased, the swelling degree of hydrogels fell. This decline may
result of the lower pore size and porosity of gel in formulations with lower percent of
sericin. In acidic conditions, pH 6.0 which is near to isoelectric point of sericin, swelling

decreased compared to basic conditions 6.

Low pH High pH
H H - H H
| | OH | |
£eg) = e @
H cooH H H COO
Low pH High pH
H H - H H
| | OH | |
e <= {¢-¢v (b)
H (I;:o H H (l;:o
? ® Q
CH,CH,N(CH,CH3),  CH,CHoN(CHLCHs),
v

Figure 1.3 Ionization of a) Poly (acrylic acid) and b) poly (N, N’-diethylaminoethyl

methacrylate) responding to pH of environment.
1.2.1.2. Responsive Behaviors of Hydrogels

The volume-phase transition is considered to be major mechanism governed by
either “osmotic pressure and charge density alterations” or “affinity of the backbone to
the solvent” providing stimuli responsive behavior of gels. The stimuli responsive gels
are found to be that sensitive to changes in environmental effects such as temperature,
pH, electrical field, affinity and light *-**. Some of these stimuli are within in living body
such as pH, temperature, chemical species and biomolecules, thus these systems have
potential to be implemented to body for varying applications. Figure 1.4 represents these
stimuli responsivity of gels to different environmental effects.

pH Responsive gels sense the alterations in pH of the surrounding medium and
thus swell or shrink in volume. pH responsivity is provided by the ionic groups on the
backbone of gels. The polyelectrolytes with varying ionizable functional groups in the

backbone lead to repulsion between polymer chains.
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affinity #::_;w,p.

electric

.. glucose, -
“se

. substratg,

Figure 1.4 Stimuli responsivity of gels to the different effects; light, pH, temperature,

electric and affinity (enzyme, glucose, antigen and antibody).

This repulsion forms a space for water to diffuse and swell. Conversely, the space
can dwindle from initial state and water removes to shrink. The pH responsive gels were
well exploited in various applications. For instance Manchun et al. have developed pH-
responsive dextrin nanogels (DNGs) to deliver doxorubicin (DOX) into specific tumor
site in treatment of colorectal cancer 3*. Alginate/k-carrageenan composite hydrogel
beads were synthesized as a pH-responsive insulin aspart carrier agent. The gel was
obtained by gelation of alginate and k-carrageenan in the presence of insulin and Ca** as
gelling agent. The hydrogel beads with 1% w/v of k-carrageenan showed swelling degree
8%, - 43% and around 120% in water, SGF (pH 1.2) and SIF (pH 7.4) respectively after
6h incubation. - 43% swelling means that gel beads collapsed due to hydrogen bonding
33, Also, a supramolecular hydrogel based on cellulose and gelatin was produced. pH
responsiveness of the hydrogel was observed in pH from 2.0 to 11.0. When pH increase
from 2.0 to 5.0, water uptake ratio decreased, pH range between 5.0-8.0 caused swelling
degree to rise due to high electrostatic repulsive forces between gelatin and cellulose.
After pH 8.0 swelling declined because amino group of gelatin was deprotonated and
water uptake capacity lowered. These results showed pH responsive behavior of the
hydrogel system .

Temperature-sensitive hydrogels exhibit a change in volume based on the
temperature of the environment. These gels usually contains hydrophobic or both

hydrophilic and hydrophobic groups on polymer backbone. Temperature responsive



hydrogels are positive or negative responsive based on upper critical solution temperature
(UCST) or a lower critical solution temperature (LCST), respectively. On the other hand,
gels with physically crosslinking can response to temperature changes by sol-gel phase
transitions instead of swelling and deswelling mechanisms. The transition from sol to gel
occur above at a specific temperature (LCST) due to the solidification of polymers being
hydrophobic at this condition. The sense action of the positive responsive hydrogels
depends on the UCST. Expand in volume of hydrogel occurs if the temperature is higher
than UCST. These gels becomes unswollen by releasing the temperature below. Gels with
low critical solution temperature (LCST) can absorb water at the temperature below the
LCST and release water when temperature rise from the LCST *’.

Poly (N-isopropylacrylamide) (PNIPAAm) is a well-known thermoresponsive
hydrogel with lower critical solution temperature (LCST) or transition temperature at
~31-32 °C %39 Also, Liu et al. synthesized the hydrogels of N-isopropylacrylamide
(NIPA), sodium acrylate (SA) and sodium methacrylate (SMA) in aqueous solution with
free radical polymerization technique. The swelling and deswelling measurements at
different temperatures ( beginning from room temperature to maximum 60 °C and reverse
for deswelling experiment) demonstrated that swelling and deswelling of the hydrogels
were reversible meaning these gels are thermoresponsive *°.

An affinity responsive gels respond to large biological macromolecules as well as
to small chemical constructs. Smart gels responding the target biomolecules show volume
changes making the gel system appropriate for varying biomedical applications. To target
the biomolecule, gels are combining with the biomolecular recognition sites during the
synthesis. These gels were developed to be responsive to glucose, proteins, antigens and
other type of biomolecules. There are different approaches to make hydrogels as glucose
responsive material such as entrapping glucose-oxidase (Gox), phenylboronic acid and
its derivatives, and lectins. Entrapping glucose oxidase into the gel system is one of the
most used methodology. In such a system, glucose is oxidized to gluconic acid, catalyzed
by Gox and the pH inside the microenvironment decreases with the increase in the glucose
concentration. This causes an increase in the volume of the pH sensitive hydrogel, which
results in the release of entrapped insulin *!.

Glucose sensitive hydrogels are prepared based on the complex formed between
phenylboronic acid and polyols which have a stronger affinity for phenylboronic acid. A
triple (pH, temperature and glucose) responsive P (DMAEMA-co-AAPBA) hydrogels
are produced by copolymerization of (2-dimethylamino) ethyl methacrylate (DMAEMA)



and 3-acrylamidephenylboronic acid (AAPBA) by Wang and co-workers. Depending on
the glucose concentrations at 37 °C, the hydrogels become swollen with different water
uptake ratios. This result proof the suitability of P(DMAEMA-co-AAPBA) hydrogels for
glucose sensitive carrier systems '2. Xiong et al. have developed bacteria-responsive
multifunctional nanogels in order to deliver antibiotic to bacterial infection sites. The
antibiotic release is stimulated with bacterial enzymes by degrading polyphosphoester
core of the nanoparticle and transported to bacterial infection sites. Thus the antibiotic is
released and the bacterial growth inhibition is enhanced. Drug activation in situ and
macrophages targeting properties make bacteria-responsive nanogels significant for
delivery of antibiotics in the treatment of bacterial infectious diseases **. Hydrogels
sensing the antigen-antibody interactions by swelling and deswelling mechanisms have
been attracted by many biomedical applications like biosensing and immunotherapies.
These systems are designed by physically interactions of antibody or antigen with
polymeric backbone, chemical modifications of the backbone with these species, and
reversible crosslinking of hydrogel with antigen-antibody interactions *°.

Gels with electro-sensitive functional groups, demonstrate volume changes in
response to electrical field. There are many examples of electro-responsive gel systems
used in different fields like polyvinyl alcohol/poly (sodium maleate-co-sodium acrylate),
chitosan/carboxymethylcellulose hydrogel, chitosan-g-poly (acrylic acid) hydrogel
elastomers, polyacrylic acid/fibrin hydrogel ® #**. Gao et al. synthesized electro-
responsive starch hydrogels by crosslinking with glutaraldehyde. Response of the gel
showed rising with increasing strength of electrical field. Efficient response was observed
around 1.2 kV/mm. It is concluded that electrical field applied and starch concentration
in hydrogel formulation affect the electro-sensitivity of material *°.

Hydrogels that carry light-sensitive functional groups on the structure are able to
swell or deswell based on the light, UV or visible, subjected to the material *’. Kang et al.
developed near-infrared light-responsive nanogel system based on Au-Ag nanorods (Au-
Ag NRs) coated with DNA cross-linked polymeric for targeted delivery of drugs. DNA
cross-linked polymeric shells are developed to encapsulate anticancer drugs into the gel
scaffold while Au-Ag NRs are easily functionalized with targeting moieties for
identifying cancer cells. Thus, the encapsulated drug is released with high controllability
after dissolving of the coated gel shells. The light-responsive gel system were used remote
controlled targeted drug by NIR light *3. Poly(N-isopropylacrylamide) microgels, poly(N-
isopropylacrylamide)-b-poly(4-acryloylmorpholine)-b-poly(2-((((2-



nitrobenzyl)oxy)carbonyl) amino)ethyl methacrylate) (PNIPAM-b-PNAM-b-PNBOC)
hydrogels, semi IPN hydrogels based on 3 -cyclodextrin-grafted alginate (B-CD-Alg) and
diazobenzene-modified poly(ethylene glycol) (Az2-PEG) gel systems are another
examples of photoresponsive gels > -4, Hang et al. created degradable NIR and UV-
responsive nanogels from hyaluronic acid-g-7-N, N-diethylamino-4-
hydroxymethylcoumarin (HA-CM) due to their tendency to target CD44+ tumor cells and
to be able to control the transmission of doxorubicin (DOX) into these cells. The nano-
sized and light-responsive particles, (HA-CM) were easily load DOX and drug releases
into tumor cells is activated by NIR and UV irradiation. The light responsive nanogels

provide significant improvements in cancer chemotherapy '°.
1.2.1.3. Mechanical Behaviors of Hydrogels

The mechanical property of gels is one of the most vital points when these gels
are applied for a specific goal. Elastic recovery and the time-dependent recovery of
hydrogels are crucial and based on viscous behaviors *°. The rubber can be given as an
example for a polymer backbone. Rubbery behavior of gels indicates high ability to
deformation and complete recovery. They are subjected to large deformations and can
back to original states without fractures. The deformation due to an external force and the
elasticity of polymer are highly dependent to chemical composition and structure of the
polymer network. Elastic modulus of the material gives substantial information about the
polymer network and stiffness. The elastic behavior of polymer is affected by several
factors like network structure, monomer composition, crosslinking degree, swelling, ionic
groups on backbone and entanglement >'->*. Modified reagents at the different ratio in the
gel compounds lead to dramatic changes of mechanical properties of resulting gels.

Coutinho et al. modified Gellan Gum (GG) with methacrylate groups in order to
increase mechanical properties at physiological conditions used in tissue engineering.
Thus GG hydrogels can be crosslinked by both physical and chemical mechanisms when
methacrylate groups were integrated into the GG chain. Young's modulus values of
hydrogels with different crosslinking ratios were observed to between 0.15 and 148 kPa
53, Hachet et al. modified hyaluronic acid which is a natural polysaccharide abundant in
biological tissues with methacrylate in order to allow real time monitoring of gelation
during photopolymerization. The effect on the gel properties was adjusted by the

complete conversion of the methacrylate groups and conversion of all methacrylate



groups was taken advantage of biomimetic hydrogel substrates for 2-dimensional cell
culture *°. You et al. synthesized Quaternized chitosan (QCh) and polyelectrolyte
complex (PEC) hydrogels. The relationship between hydrogel structure and mechanical
properties was examined because charge density and the concentration of QCH gave the
property of tough with self-recovery properties. The author claim that the tensile fracture
nominal stress (ob) and work of extension at fracture (Wb) value 16.1 MPa and 15.6
MJ/m3, respectively. The results indicate that considerable potential arise for application
in load-bearing artificial soft tissues *’.

De France et al. create in situ gelling nanocomposite hydrogels based on
hydrazone cross-linked poly(oligo-ethylene glycol methacrylate) (POEGMA) and rigid
rod-like cellulose nanocrystals (CNCs) in order to improve injectable hydrogel's
mechanical properties. Within the addition of CNCs the storage moduli are increased (up
to 35-fold increases in storage modulus) and it is suitable for high strength biodegradable
tissue engineering scaffolds °%. Also, chain entanglement is using design to create highly
tunable physical and mechanical properties such as protein hydrogels based on coiled-
coil interactions. Tang et al. creates coupling the cysteine residues near the N- and C-
termini in order to obtain chain entanglement that has reversible properties thanks to
disulfide bonds. The results indicate that hydrogels which are with a toughness of 65 000
J m~? and extensibility to approximately 3000% engineering strain are mimic tendon and

cartilage in sense of high toughness *°.

1.3. Tissue Engineering

Tissue engineering hold the promises to repair and regenerate damaged tissues or
organs by improving functions. It is an interdisciplinary area uses the principles of many
different areas like engineering and life sciences to construct biological substituents .
With the progress in regenerative medicine and tissue engineering artificial tissue and
organ models can be designed with novel fabrication techniques ¢!%2. Tissue engineering
uses scaffolds to mimic native extracellular matrix (ECM) for directing cells to regenerate
function of tissue and organs. Cells and other functional biomolecules are also integrated
into tissue models %.

The major fragment in tissue engineering is the usage of proper scaffold to organ
or tissue need to be repaired or replaced. Soft materials hold the potential to fabricate

constructs that mimic the native microenvironment and complexity of tissues and organs



better than any other counterpart. Advances in soft biomaterials have supported the rapid
development of applications in biotechnology and biomedicine. Hydrogel-based soft-
materials have attracted great interest due to their excellent chemical,
physical/biophysical properties, and functionalities suitable for constructing 3D
biomaterials.

Hydrogel-based biomaterials are one of the most utilized materials providing high
biocompatibility and functionality necessary for the applications in biotechnology and
biomedicine in different aspects. Hydrogels with optimized chemical and physical
properties, and structures have been especially used for biofabrication of desired 3D
constructs > %, Responsiveness towards different stimuli, low toxicity and mechanical
properties of hydrogels are also attractive features for biological applications *°.

Over the past several decades, utilization of hydrogels for in vitro tissue model
fabrication attracted great attention since biocompatibility, high efficiency to encapsulate
bioactive molecules and cells, delivery of therapeutic agents and effective mass transfer
through the constructed tissue are all important features provided by hydrogels ¢>¢7.
Natural and synthetic hydrogels composed of collagen, alginate, gelatin, chitosan,
poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG), and poly(lactic-co-glycolic
acid) (PLGA) have been widely used to investigate cell-cell and cell-extracellular matrix
(ECM) interactions. Natural hydrogels make the material more biocompatible while
synthetic hydrogels give mechanical strength to construct as required to obtain native-
like tissue models 47- 6873,

Biofabrication process of hydrogel-based materials can be classified in two

subgroups; as conventional and advanced manufacturing techniques ’*. In conventional

techniques, 3D scaffolds can be designed without a complex and costly instrument. These

75-76 77-78 79-80

techniques are freeze-drying , gas foaming , solvent casting and cryogelation
8182 Major limitations of the use of these techniques can be explained as; scaffolds
fabricated with traditional methods can be lack of interconnected and uniform pores, and
using toxic organic solvents are one of the possible disadvantages for bio-related
applications. Also microarchitecture and properties of the scaffold may not be tunable to
desired tissues and other biological constructs ¥, To overcome the disadvantages that
arise from the limitations of conventional techniques, advanced manufacturing techniques
were utilized most of the time. Advanced manufacturing techniques are able to
incorporate biological parts like cell, genes, and nucleotides into a biomaterial to design

tissue or organ models at high resolutions. Advanced techniques that are utilized for
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85-86 87-88

hydrogel processing, classified as; electrospinning , micromolding , microfluidic

89-90 91-93

systems and bioprinting . The control over the process and biomaterial
determines the morphology, microarchitecture and eventually efficiency of the material
in desired bioapplication like tissue engineering and regeneration, 3D cell culture,

biopreservation and gene therapy.

1.4. Applications of Hydrogels

The specific and excellent responsivity of gels to the different stimuli, swelling
properties and porous structure make the gels very attractive in many fields such as
biomedicine, pharmaceutical industry, biotechnology, environmental applications,
agriculture and biosensors *’. Hydrogels are mostly used in therapeutic agent delivery

104-107 and

systems *+%°, diagnostic and imaging systems !9 biosensor applications
tissue engineering techniques as scaffold for tissue and organ models .
Over the years therapeutic agent delivery with gel-based cargoes are becoming

more effective for treatment of diseases and especially outpatient treatments. These

108-109 110

therapeutic agents can be drugs , proteins and genetic materials '!!. In these
therapies, the biocompatibility, biodegradability and responsive and swelling behaviors
of the gels are crucial to obtain a convenient cure. The material properties of the carrier
agent and the interactions between the gel and the therapeutic agent have to be well
understood before applying to drug formulations. Drug carrier hydrogels obtained by
encapsulation or dissolution of therapeutic agent in the hydrogel just like hydrogels
loaded with protein and bounding by electrostatic interactions between the hydrogel and
the cargoes !4 For example, hydrophilic gemcitabine (GCT) and hydrophobic
doxorubicin (DOX) drugs were loaded into poly (N-isopropylacrylamide)-b-poly (4-
acryloylmorpholine)-b-poly  (2-((((2-nitrobenzyl) oxy) carbonyl) amino) ethyl
methacrylate) (PNIPAM-b-PNAM-b-PNBOC) copolymer hydrogels which are sensitive
to UV irradiation and temperature. When the temperature is below the lower critical
solution temperature (LCST), the hydrogels self-assembled to a micelle structure in which
photo-responsive PNBOC part in the core, hydrophilic PNAM moiety in inner, and
thermos-sensitive coronas with PNIPAM chains. Delivery of GCT and DOX drugs were
also achieved by this responsive manner '

Simplicity of formation, biocompatibility, and high stability of hybrid micro

nanogels make them useful for chemical and biochemical sensing and disease diagnoses.
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The monitoring of the biochemistry and biophysics of live cells over time and
space are facilitated by hybrid micro nanogels’ intracellular probing ability, therefore they
make contribution to the explanation of intricate biological processes and the progress of
novel diagnoses *!. Hui Xu et al. developed an assay for multiplex detection of Down’s
syndrome which is based on inverse opal structure hydrogel barcodes with poly (ethylene
glycol) diacrylate (PEG-DA), poly (ethylene glycol) (PEG) and acrylic acid (AA) hybrid
components. The stabilities of the inverse opal structure is provided by the polymerized
(PEG-DA) hydrogel, the interconnected pores of the inverse opal structure induced by
(PEG) supply channels for biomolecules to diffuse into the voids of whole barcodes and,
the probe immobilization is provided by (AA) ''°. Chitosan— carbon dot (CD) nontoxic
hybrid nanogels (CCHN) can be incorporated by pH-sensitive chitosan and fluorescent
CDs into a single nanostructure for near-infrared imaging (NIR) and NIR/pH dual-
responsive drug release to develop therapeutic efficacy '°.

Physical properties of hydrogel make it very responsive to certain stimuli such as
pH, temperature, light !'”. That stimuli responsive characteristic of hydrogel is proper for
biosensing mechanism in the field of biotechnology, drug delivery and tissue engineering
H8-120 Biological modified hydrogels are good candidates for biosensing application due
to its thermodynamically favorable interactions '*'. Srinivas et al. synthesize microgel
particles for protein detection. They prepare a monomer solution by mixing poly
(ethylene glycol) diacrylate, poly (ethylene glycol), Darocur 1173 and 3X Tris-EDTA
buffer with different ratios. The microgel particles are then functionalized with
specifically modified DNA aptamers. They claim that the assay is highly sensitive to
human a-thrombin, which is important for diagnosis of cardiovascular disorders, with a
limit of detection of 4 pM 22,

Gelatin is a protein based polymer obtained by hydrolytically degradation of
collagen which is the main fibrous protein constituent in bones, cartilages and skins and
the most abundant protein in ECM !23-12% Thanks to high water solubility, cell adhesive
ability, biocompatibility, low immunogenicity and low cost, gelatin is widely used in
hydrogel formulations for tissue engineering applications '%. Figure 1.5 demonstrates the
protein structure of gelatin and amino acid groups on gelatin backbone. The RGD
sequences promotes cell attachment and biocompatibility of gelatin based hydrogels. In
general, gelatin is modified by other functional groups or combined with different
polymers to increase durability and mechanical strength of gelatin-based hydrogels.

Gelatin methacryloyl (GelMA) hydrogels have gained high attentions in tissue
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engineering applications. Using redox initiator, GelMA gets photopolymerization
reactions leading to chemically crosslinked GeIMA hydrogels. Generally, gelation occurs
with UV curing in the presence of Irgacure 2959 as common redox initiating agent '%°.
Loessner and co-workers fabricated gelatin methacryloyl (GeIMA) and hyaluronic acid
methacrylate (HAMA) hydrogels via casting pre-polymer solution into Teflon mold. UV
cure at 365 nm was applied to crosslink hydrogels. The produced hydrogels were
examined as 3D scaffolds for ovarian, breast, and prostate cancers, as well for vascular
network formation, and cartilage tissue engineering '*’.

GelMA and carboxybetaine methacrylate (CBMA) based hydrogels were
synthesized to obtain stiffer hydrogels for controlled drug release. Incorporation of
CBMA increased mechanical strength, decrease degradation rate as compared to GeIMA
hydrogel. SEM images showed open pore microstructure and interconnected pores of the
hydrogels with 100-150 pm pore diameters. Swelling ratio was observed between 895
and 1058%. Mechanical strength of the hydrogel was determined with stress-strain curves
from compression tests. The average compressive moduli of hydrogels were between
almost 16 and 36 kPa. Incorporation of CBMA in 5% ratio increased mechanical strength
of hydrogel from 16 to 36kPa. Also, the hydrogels showed high cell viability proofing
biocompatibility of the hydrogel for drug release and tissue engineering 25,

Saraiva et al. produced chitosan methacrylamide (ChMA) and GelMA hydrogels
with photopolymerization using Irgacue 2959 as photoinitiator. SEM images showed
interconnected but nonhomogeneous pores on hydrogel surface. Average pore size for
ChMA:GelMA (2:1) and 1:1 was 30 um and 3 pum respectively. Swelling ratio of the
hydrogels after one hour was 1823% and 997% for ChMA: GelMA with (2:1) and 1:1
ratio. Swelling degree increased with increasing ChMA content due to hydrophilic nature
of ChMA and protonation of amine groups on chitosan backbone !*. Additionally,
hydroxyapatite (HAP) and whitlockite (WH) minerals were incorporated to GelMA
hydrogel, further fabricated composite hydrogels were used to encapsulate MSCs for
bone tissue formation. The scaffold with the ratio of 3:1 (HAP: WH) was found to be
most suitable one due to maximized osteogenic activity of MSCs. The ratio of the
minerals is vital for mimicking the natural microenvironment of bone tissue with similar
mechanical strength and osteogenic capacity '*°.

Gelatin based hydrogels are commonly used to create tissue and organ models
using advanced manufacturing techniques. GeIMA!*!"13% Fibrin/Gelatin® , Matrigel and

Gelatin  microparticles'*®,  chitin  nanofibers/GeIMA'?’,  alginate/GelMA!3,
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GelMA/DexMA(Dextran methacryloyl)'* and poly(glycerol sebacate) (PGS)—poly("-
caprolactone) (PCL) microfiber reinforced methacrylated hyaluronic acid/GeIMA

hydrogels '** are examples from the literature.
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Figure 1.5 The protein structure of gelatin and amino acids on the backbone.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Gelatin (Type A, 200 bloom from porcine skin), Methacrylic anhydride (MA),
PBS (1x) and Dimethyl sulfoxide (DMSO), 2-Isocyanatoethyl methacrylate (Karenz,
Sigma Aldrich) were utilized for modification of gelatin. 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, Sigma Aldrich), UltraPure
water and UVP CL 1000 UV crosslinker with 365 nm wavelength tubes were used for
fabrication of hydrogels. NIH 3T3 mouse fibroblast cells, DMEM (GIBCO, Thermo
Fischer Scientific), L-glutamin and RPMI medium (GIBCO, ThermoFischer Scientific),
penicillin/streptomycin, CytoCalcein™ Green and Propidium lodide (PI) dyes
(AATBioquest) and Alamar blue solution were used for cell culture experiments on

hydrogels.

2.2. Methods

To synthesize hydrogels of GeIMA and GelatinK gelatin is modified with
methacrylic anhydride and 2-isocyanatoethyl methacrylate respectively. The modified
gelatin were characterized by FT-IR spectroscopy. The hydrogels are synthesized and

investigated in terms of morphology, swelling ratio and biocompatibility.
2.2.1. Modification of Gelatin with Methacrylic Anhydride (MA)

Gelatin was modified with methacrylic anhydride with different modification

degrees using the procedure '*

with minor changes. The modification process is
represented in Figure 2.1. Basically, 1 g gelatin was weighed and taken into round bottom
flask with a stir bar. 10 ml of ultrapure water were added to a flask. The solution was
mixed at 45 °C for 10-30 min until complete dissolution of gelatin. While stirring, slowly
add methacrylic anhydride with the amount as shown in Table 2.1. If mixing is sufficient,

the reaction solution will turn homogeneously opaque with the dispersion of methacrylic
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anhydride in solution. The reaction was allowed to proceed for 3 hours at 45 °C under
nitrogen atmosphere. To stop reaction, synthesis solution was diluted with three volumes
of preheated (45 °C) UltraPure water. The resultant solution was put into -80 °C and
freezed for several hours. After that, the frozen reaction solution was put into freeze-dryer
to lyophilize until the polymer was fully dehydrated (2-3 days). The produced polymer
was named as Gelatin methacryloyl, GelMA as shortly, and GeIMA1, GelMA2, GeIMA3,
GelMA4 and GelMAS according to modification degree of gelatin with MA. Lyophilized

GelMA was stored at -80 °C to protect from light and moisture until use.

Table 2.1 Synthesis of GelMA with varying amount of MA.

GelMA GelMA1 GelMA2 GelMA3 GelMA4 GelMAS
MA(ml/ 1g 0.1 0.2 0.4 0.6 0.8
gelatin)

H,N HoN OH 2 9
M + 0
HO
NH,

Gelatin Methacrylic Anhydride

GelMA

Figure 2.1 Modification of gelatin with methacrylic anhydride.
2.2.2. Modification of Gelatin with 2-Isocyanatoethyl Methacrylate

Gelatin was modified with 2-isocyanatoethyl methacrylate with different
modification degrees using the procedure '*! by changing dextran with gelatin and allyl
isocyanate with 2-isocyanatoethyl methacrylate without using a catalyst. The
modification process of gelatin is represented in Figure 2.2. Basically, 1 g gelatin was
weighed and taken into round bottom flask with a stir bar. 27 ml of DMSO is added to

the flask. The solution was mixed at 50 °C for 30-40 min until complete dissolution of
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gelatin. While stirring, slowly add 2-isocyanatoethyl methacrylate with the amount as
shown in Table 2.2. The reaction was allowed to proceed for 6 hours at 50 °C under
nitrogen atmosphere. The white solid product was precipitated with addition of excess
amount of cold isopropanol to reaction solution. This solution was centrifuged at 2500
rpm for 5 min at RT. Gelatin-urea solid product was decanted into a large glass beaker by
pipetting solvent phase at top of the solid. The white solid was freezed at -80 °C for
several hours. After that, the frozen solid was put into freeze-dryer to lyophilize until the
Gelatin-urethane was fully dehydrated (2-3 days). The produced Gelatin-Urethane
polymer are named as GelatinK1, Gelatink2, GelatinK3, GelatinK4 and GelatinK5
according to modification degree of gelatin with Karenz. The lyophilized polymer is

stored at —80 °C to protect from light and moisture until use.

Table 2.2 Synthesis of Gelatin-Urethane with varying amount of Karenz.

Gelatin- GelatinK1 GelatinK2 GelatinK3 GelatinK4 GelatinK5
Urethane

Karenz(pl/ 74.6 149.2 268.6 388 448
1g gelatin)

o]
HyN HaN OH —C=
TN+ \)LONN—C-O
HO
NH,

Gelatin 2-isocyanatoethyl methacrylate (Karenz)
I DMSO
& 50°C
o ° 6h

GelatinK

Figure 2.2 Modification of gelatin with 2-Isocyanatoethyl methacrylate (Karenz) to
obtain GelatinK polymer.
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2.2.3. Synthesis of Hydrogels

Hydrogels of GeIMA and GelatinK were synthesized by photopolymerization
reaction. The schematic of gelation process of GelatinK and GelMA is demonstrated in
Figure 2.3. The redox initiator was chosen as Irgacure 2959. Irgacure 2959 was dissolved
in ultrapure water to final concentration of 1% (w/v) by heating to 50 °C. Then, GelMA
or GelatinK polymer was dissolved in Irgacure solution at 50 °C at final concentrations
5,7.5,10 and 15% (w/v). After complete dissolution of polymer in Irgacure, polymer was
taken into 1 ml syringe and put into UV cabinet for gelation. The gelation time was
determined by controlling the polymer solution at 60 sec arrivals. The gelation time for

GelMA hydrogel was 5 min while it was 2 min for GelatinK hydrogel.

o [e]
| . CH
% hv + /I\
——— @ 1o
HOn~g 365 nm ~"o

Irgacure 2959 Radical of photoinitiator

o
TERT=
Ao~ ) %
R l
Chain propagation
and gelation

GelMA and GelatinK Hydrogel

Figure 2.3 Gelation of GelatinK and GelMA polymer in the presence of redox

initiator under UV curing.
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2.2.4. Characterization Experiments

GelMA and GelatinK polymers and their hydrogels are characterized with FT-IR

spectroscopy, SEM imaging, swelling experiments and cell culture experiments.

2.2.4.1. Fourier Transform Infrared - Attenuated Total Reflectance

Spectroscopy (FTIR-ATR) Analysis

GelMA and GelatinK polymers were freeze-dried to remove solvent for ATR
analysis. This analysis was performed to investigate the modification of gelatin.
Spectrums of freeze-dried polymers were taken using FTIR-ATR instrument with
diamond/ZnSe crystal (Perkin Elmer-UATR TWO). The analysis was conducted between
650 - 4000 cm™ wavenumber range with a resolution rate of 4 cm™ and scan number of
20. The obtained data were plotted using graphing software OriginPro (Northampton,
MA).

2.2.4.2. SEM Analysis of Hydrogels

To characterize morphology, hydrogels were frozen at —80 °C and freeze-dried
after synthesis to remove water absorbed within a gel. The dried samples were cut into
fragments, fixed on carbon bands and coated with a thin gold layer under argon gas
(Emitech K550X). The samples were observed by scanning electron microscopy (FEI
Quanta 250 FEG (Oregon, USA)) in varied magnifications. The pore size of the hydrogels
was determined using ImageJ Software (NIH) by averaging data from at least 100 points
on the surface. Figure 2.4(A) shows the SEM image of GeIMA1 5% (w/v) hydrogel and
measuring pore size with ImageJ software using yellow straight line. In Figure 2.4(B)
histogram of measured pore size values are shown. The statistics of this measurement is
seen in Figure 2.4(C). The mean value in the statistics are the average pore size of the

hydrogel.
2.2.4.3. Swelling Measurements

The swelling ratio (SR) of hydrogels were analyzed using freeze-dried gel
samples to investigate water absorption capacity. Hydrogel pieces were freeze-dried after

synthesis and the dry weight of gels was recorded (Wary).
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Figure 2.4 Determination of pore size of hydrogels. a) Pore sizes are measured with
yellow straight line, b) Histogram of pore size distribution of the hydrogel

sample, c) Statistics of the histogram showing mean of pore size.

They were put into distilled water in a storage container. Samples were taken out
after every 24 h, excess water on the surface was absorbed with tissue paper and then
swollen weight of hydrogel sample was measured. The formula to calculate the percent

swelling ratio (% SR) is given in equation 2.1.

Wswollen - Wdry

%SR =
Wdry

x100 (2.1)

%SR is the percent swelling ratio, Wswollen 1s weight of hydrogel after swelling in

water, Wary 1s the dry weight of hydrogel before immersing to water.



2.2.4.4. Cell Viability Experiments

NIH 3T3 mouse fibroblast cells were cultured in high glucose DMEM (GIBCO,
Thermo Fischer Scientific) containing L-glutamine, supplemented with 1%
penicillin/streptomycin and 10% Fetal Bovine Serum (GIBCO, Thermo Fischer
Scientific). The cells were cultured up to ~90% confluency in a humidified environment
(5% COa», 37 °C). The harvested cells were used further for cell viability studies. GeIMA
and GelatinK hydrogels were prepared with the same procedure as mentioned before.
Here, 40 ul polymer solution were dropped into well in a 96 well plate. All concentrations
of polymer solution was dropped with the same amount into a different well. The
hydrogels were prepared with three repetitions. After that, the 96 well plate was put into
UV cabinet for gelation. 10000 cell/well was used in this assay. After, the prepared well
plate was incubated for 24 hours in a humidified environment (5% CO., 37 °C).

In Alamar Blue assay experiments, Alamar blue solution was added to each well
and final concentration of Alamar blue solution was 0.01% in 100 pl. All the
concentrations and the control group were evaluated from 3 samples. After 2-4 h
incubation, analysis was carried out at the wavelength of 570 and 600 nm using by

Multiskan™ GO Microplate Spectrophotometer (Thermo Fischer Scientific).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Synthesis of GelMA and GelatinK Polymers

GelMA and GelatinK polymers were produced by modification of gelatin with
varying amounts of MA and Karenz respectively. The images of lyophilized polymers
are shown in Figure 3.1. Images of freeze-dried GelatinK4 and GelatinK5 are shown in
Figure 3.2. They are film-like hard and brittle materials which are not suitable to analyze
since the handling of these hard samples is difficult. Also, GelatinK4 and GelatinK$5 are

not soluble in water so polymerization could not be carried with these two polymers.

Figure 3.2 Images of GelatinK4 and GelatinK5 after lyophilization process.

22



3.2. FTIR-ATR Characterization of GelMA and GelatinK Polymers

Gelatin was modified with methacrylic anhydride and Karenz. The produced
GelMA and GelatinK polymers were characterized by FTIR spectroscopy. The FTIR
spectrum of gelatin is shown in Figure 3.3. Amide I, amide II and amide III bands appear
at 1633, 1526 and 1236 cm™! respectively. The amide I vibration mode attributes to C=0O
stretching vibration coupled to contributions from the C-N stretch, CCN deformation and
in-plane N-H bending modes '*>. The absorption at amide I vibration is characteristic for
the coil structure of gelatin '**. Amide II band occurs due to the bending vibration of N-
H groups and stretching vibrations of C-N groups. Also, amide III band is seen in case of
loss of a helix structure of gelatin with vibrations of C-N stretching and N-H bending of
amide bond. The signal at 3282 cm™ is responsible for N-H stretching vibration coupled
with hydrogen bonding and O-H stretching of hydrogen bonded hydroxyl groups. The
signal at 3072 cm™! corresponds to C-H stretching while 2938 ¢cm™ corresponds to
asymmetric stretching vibration of =C-H and also NH3*. C=0 bending vibration gives a

signal at 1335 cm™! as seen in Figure 3.3.
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Figure 3.3 FTIR spectra of pure gelatin.
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Figure 3.4 shows the FTIR spectra of pure gelatin and five GeIMA polymers. The
main amide I, amide IT and amide III bands in GelMA polymers are as the same as in pure
gelatin. If the spectra is investigated closely, the specific bands are become clear in
GelMA polymers. C-H stretching of C=C bonds of methacrylate group gives two specific
signals at 943 cm™ and 863 cm™ as seen in Figure 3.5(A). Also, the signal at 1652 cm’!
appears in all GeIMA formulations representing C=C stretching in methacrylate groups
on backbone due to methacrylation of gelatin (Figure 3.5(B)). These three signals are
become more intensive from GeIMA1 to GelMAS, except GeIMA4, since methacrylation
degree increases towards GelMAS polymer as clearly explained in Table 2.1. All in all,
when the spectra of pure gelatin and GeIMA polymers are investigated in detail, it can be
understood that gelatin was modified with methacrylic anhydride with different

modification degrees in GelMA polymers.

100,3 [ T ] T ] T l T I L l Ll [ Ll l Ll ]
98,6 - =}
nor 3
952 |- R (R BTN S BTSN . B

99 —

88 |- -

77 + —

- — GelMA1 4

66 - -

= N 1 i | " 1 i 1 i 1 X 1 N 1 i =

R %Br ]

Q 4 r

e 70F [ GemaA2 .

_:E. 6 ¢ o0,y 1 =
£ 994 -

2 023 | ]

o "t |

=852 T GelMA3 ]

781 F . X . . . . ) .

100,8 - 1 1 1 1 1 1 1 -
98,0 - -]
952 -
924 [ |—— GelMA4 ]

[ N 1 N 1 N 1 N 1 N 1 N 1 N 1 X 7
88 |- -
80 I- GelMAS ]
72 &= [ R AT N TR S ST =

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3.4 FTIR spectra of pure Gelatin and GeIMA polymers.



|

A 1003f [ B 100,3
8l ——" | \ B

: i — _
- 986 [ ’—\ /\
st ; i :
L Gelatin 96,9 F—— -
952 | — 3 : i L ' ] 95,2 l;%l . [ . .
9 F ————T - R : ' ' ‘
I === ] 99 F ]
88 [ ] 88 ﬂ /\_
ed® - . ] ]
[ |—— GelMA1| 77 E
es L : l ] 1 , E g5 [ GelMAT 1
. = " " L L \g 1 1 1 " 1 i
& sfE . ] S g — .y -1 .
2 943 cm” 863 cm’ g © 1652 cm
L 1 = B - 7
o i ] a
e ;: - 1 g nf ]
= = 1 i 1 i 1 n 1 i 1 i 1 " 1+
= 3 = 56 & 1 L 1 " 1 " 1 " E
N w
g CEE | R ] S 994 ]
E 923 - 5 =923} S
— 852 |— GelMA3 =] 852 - %
- [ GelMAg| ] I [ GelMA3]

1684 B— : ' : ; : = 1008 E— e T 1 AN PR
80 f~_~" T ] 980 #,\ .
952 [ .

2| 952 [ 3
g2.4 | ——GelMA ] o L ]
L1 1 | 1 | 1 | ' " L 1 !
e e
B~ T ] % \f\—/\ :
88 - = 88 |
[ [ GelMA5 ]
so | - 80 [ GeiMAs = 4
72 1 Il " 1 1 I 1 72 & I N 1 N 1 L 1 i ]
1050 1000 950 900 850 800 750 1750 1700 1650 1600 1550
Wavenumber (cm™') Wavenumber (cm™)

Figure 3.5 FTIR spectra of pure Gelatin and GeIMA polymers. a) Between 1080-740

cm’!, b) Between 1770-1550 cm™ wavenumbers.
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Moreover, modification of gelatin with Karenz contributes to significant changes
in the spectrum of gelatin. Figure 3.6 demonstrates the spectra of pure gelatin and
GelatinK polymers. As seen in Figure 3.6, the main amide I, amide II and amide III bands
did not change with modification. However, four important bands are present in spectrum
of GelatinK polymers but not in pure gelatin when Figure 3.7 is investigated in detail.
C=0 stretching vibration band of urea and urethane carbonyl groups located at 1718 cm"
! (Figure 3.7 (a)). Another bands at 1166, 953 and 813 cm™! contribute to carbonyl C-O
stretching of carbonyl group, =C-H stretching and C=C stretching respectively (Figure
3.7(b)).
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Figure 3.7 FTIR spectra of pure Gelatin and GelatinK polymers. a) Between 1950-1550
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3.3. Synthesis of Hydrogels

GelMA and GelatinK hydrogels were synthesized in 1% Irgacure solution by
photopolymerization under UV curing. The images of hydrogels can be seen in the Figure
3.8. Figure 3.8 (a) demonstrate GeIMA hydrogels after synthesis, after freeze-drying and
after swelling in water respectively. In Figure 3.8(b) GelatinK hydrogels are shown
Freeze-dried samples are soft and easy to cut for both GeIMA and GelatinK hydrogels.

When hydrogels are immersed in water, they absorb high amount of water.
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Figure 3.8 Hydrogel images of; a) GelMA, b) GelatinK. Images represents hydrogels after

synthesis, after freeze-drying process and after swelling in water respectively.

3.4. SEM Analysis of Hydrogels

SEM images of freeze-dried hydrogels were taken to investigate the morphology
and porosity of surface of the materials. SEM images of GelMA hydrogels are shown in
Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12 and Figure 3.13. As seen in SEM images,
all GelMA hydrogels are porous but pore sizes are different for not only GelMA
formulations but also polymer concentration. The image of whole gel is uniformly porous
like in %5 GelMA2 (Figure 3.10(a)). Pores are not uniform in some hydrogel samples,
this may be a result of freeze-drying process. Also, pore sizes (um) of GeIMA hydrogels
are seen in Figure 3.14. Pore sizes of GeIMA hydrogels decrease as methacrylation degree
of gelatin increases regardless of the polymer concentration. For example, 5% (w/v)
GelMAL1 has almost 124 um pores while GeIMAS has nearly 14 um (Figure 3.14 (a)).
Pore size of GeIMA1 and GeIMAS5 are 95 um and 21 um respectively in 10% (w/v) gels.
Also, as can be seen in Figure 3.15, when polymer concentration enhanced from 5% to
15%, average pore size declined in all polymer formulations. In GelMA4, pore size
decrease from nearly 74 um to 9 um when going from 5% to 15% (w/v) polymer
concentration. Also in GelMA2, 5% gel has nearly 69 um while 15% gel has 13 um pore.
The same tendency to decrease in pore size are seen in all GeIMA formulations.

Pore wall lengths of hydrogels were also calculated. Figure 3.16 shows the pore
wall size distributions of GelMA1 and GeIMA2 hydrogels in 5 and 15% concentrations.
Pore walls in GeIMA1 hydrogel were calculated as 8 and 1.2 pm in 5% and 15%

concentrations Figure 3.16(a, b).
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Figure 3.9 SEM images of GeIMA1 hydrogels in different polymer concentrations. a) 5%
(W/v), b) 7.5% (w/v), ¢) 10% (w/v), d)15% (w/v).
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Figure 3.10 SEM images of GelMA2 hydrogels in different polymer concentrations. a)
5% (W/v), b) 7.5% (w/v), ¢) 10% (w/v), d)15% (w/v).
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Figure 3.11 SEM images of GeIMA3 hydrogels in different polymer concentrations. a)
5% (W/v), b) 7.5% (w/v), c) 10% (w/v), d) 15% (w/v).
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Figure 3.12 SEM images of GeIMA4 hydrogels in different polymer concentrations. a)
5% (W/v), b) 7.5% (w/v), ¢) 10% (w/v), d) 15% (w/v).
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Figure 3.13 SEM images of GelMAS hydrogels in different polymer concentrations. a)
5% (W/v), b) 7.5% (w/v), ¢) 10% (w/v), d) 15% (w/v).
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Figure 3.16 Pore wall lengths (um) of GeIMA hydrogels. a) GeIMA1 5% (w/v), b)
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GelMAZ2 hydrogels have 2.8 and 0.94 pm pore walls in 5% and 15% hydrogels as
shown in Figure 3.16(c, d). It can be said that pore walls of hydrogels may get thinner
when polymer concentration and methacrylation, also crosslinking, degree increases.

SEM images of GelatinK hydrogels are also investigated with freeze-dried
samples. Figure 3.17, Figure 3.18 and Figure 3.19 show the SEM image of GelatinK1,
GelatinK?2 and GelatinK3 respectively. As seen, all hydrogels with different formulations
and polymer concentrations are porous with different pore sizes (um). 5% (w/v) gel in
GelatinK3 has nonhomogeneous morphology as seen in Figure 3.19(a). However, other
hydrogel samples show high porous morphology. The samples were examined from Imm
or 2mm distance firstly to see whole surface of hydrogel as in Figure 3.17(a, b), Figure
3.18(b, d) and Figure 3.19 (a, b, ¢, and d). From this distance, surface of whole sample is
porous with clear pores.

Figure 3.20 and Figure 3.21 demonstrate trend in pore sizes of hydrogel
formulations. As seen, pore size decreases from GelatinK 1 to GelatinK3. For example,

GelatinK1, GelatinK2 and GelatinK3 hydrogels have nearly 144, 124 and 99 pm pore
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size in 7.5% (w/v) gel. The deviations in this trend are possibly due to experimental errors
during synthesis and freeze-drying process of hydrogels. Sometimes, GelatinK polymer
and hydrogels show deteriorations during freeze-drying procedure and this leads to
solubility problem in GelatinK polymer and morphological damages in GelatinK
hydrogels. Furthermore, it can be said that pore size of the hydrogels rise with increasing
polymer concentration (Figure 3.21). For instance, GelatinK2 has almost 55, 124, 88 and
160 um pore sizes in 5, 7.5, 10 and 15% (w/v) gels respectively. 5% and 15% (w/v) gels
of GelatinK1 show almost 68 and 108 um pores.

Pore wall lengths of GelatinK hydrogels were calculated. Figure 3.22 shows the
pore wall size distributions of GelatinK 1 and GelatinK2 hydrogels in 5% and 15% (w/v)
polymer concentrations. GelatinK1 hydrogel has 4.15 pm and 7.86 pm pore walls in 5%
and 15% (w/v) respectively. Whereas, pore walls in GelatinK2 hydrogels are 2.2 pm and
10.35 pm in 5% and 15% (w/v) respectively. According to these measurements, it can be
said that pore wall lengths of GelatinK and GelMA hydrogels may change with not only
modification degree and polymer concentrations. But measurements should be done for

all hydrogel formulations.

3.5. Swelling Properties of Hydrogels

Freeze-dried hydrogel samples were weighted and immersed in distilled water to
reach equilibrium swollen condition. The weight of samples were measured until the
hydrogels reach constant weight. Then percent swelling ratios (%SR) of hydrogels were
calculated using the formula in equation 2.1. %SR is the percent swelling ratio, Wswolten
is weight of hydrogel after swelling in water, Wary is the dry weight of hydrogel before
immersing to water.

Percent swelling ratio of hydrogels prepared with GelMA1, GeIMA2, GelMA3,
GelMA4 and GelMAS with concentrations of 5%, 7.5% 10% and 15% (w/v) GeIMA
polymer are shown in Figure 3.23. As seen, %SR decreases from GelMA1 to GeIMAS in
all GeIMA concentrations due to increasing methacrylation degree. Methacrylation of
gelatin proceeds through NH; and OH groups on gelatin backbone so the increasing MA
on backbone decreases free amino groups. Amino groups are able to capture H™ and
polymer chains gets far from each other absorbing water into the gap between polymer

chains and hydrogel swells in water.
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Figure 3.17 SEM images of GelatinK 1 hydrogels in different polymer concentrations. a)
5% (w/v), b) 7.5% (W/v), ¢) 10% (w/v), d) 15% (w/v).
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Figure 3.18 SEM images of GelatinK2 hydrogels in different polymer concentrations. a)
5% (w/v), b) 7.5% (W/v), ¢) 10% (w/v), d) 15% (w/v).

37



2 OO[[]T]

Ilmm : l _, 40um

I mm

Figure 3.19 SEM images of GelatinK3 hydrogels in different polymer concentrations. a)
5% (W/v), b) 7.5% (w/v), ¢) 10% (w/v), d) 15% (W/v).
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Figure 3.21 Pore sizes (um) of GelatinK 1, GelatinK2 and GelatinK3 hydrogels.
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Figure 3.22 Pore wall length of GelatinK hydrogels. a) GelatinK1 5% (w/v), b) GelatinK 1
15% (w/v), c) GelatinK2 5% (w/v), d) GelatinK2 15% (w/v).

Amino groups are able to capture H" and polymer chains gets far from each other
absorbing water into the gap between polymer chains and hydrogel swells in water. For
example in 5% (w/v) polymer concentration, GeIMA1, GeIMA2, GelMA3, GelMA4 and
GelMAS has nearly 1156, 615, 421, 314 and 336% swelling capacity respectively. This
decreasing trend are also seen in 7.5%, 10% and 15% polymer concentrations.

Figure 3.24 demonstrates percent swelling ratio (%SR) of all GeIMA hydrogel
formulations with varying methacrylation and concentrations in a single graph. As clearly
seen from the graph, methacrylation decreases the swelling ability of GelMA hydrogel
whereas polymer concentration in hydrogel affects swelling ratio positively. When
polymer concentration in %1 Irgacure solution is increased during gelation, equilibrium
swelling ratio of hydrogel will increase regardless of methacrylation degree of gelatin. In
GelMAL, swelling ratio decreases from 1155 to 1041% when polymer concentration
increases from 5% to 15% (w/v). In GelMA2, 5% (w/v) gel has nearly 615% and 15%
gel has nearly 557% swelling ratio. The same trend can be seen in all five GeIMA

concentrations except some deviations in swelling ratio.
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Figure 3.24 Percent swelling ratio of GelMAl, GelMA2, GelMA3, GelIMA4 and

GelMAS hydrogels in water produced with different concentrations of

GelMA polymer.
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Percent swelling ratio of GelatinK hydrogels is shown in Figure 3.25 and Figure
3.26. %SR of hydrogels show a downward pattern from GelatinK3 to GelatinK1. In
GelatinK backbone, number of amino groups rise after modification of gelatin with 2-
isocyanatoethyl methacrylate (Figure 2.2). Since the swelling of hydrogels occurs via
capture of H" by amino groups, swelling ability of GelatinK hydrogels with higher
modification rises from GelatinK1 to GelatinK3. This trend in %SR is reverse of that of
GelMA hydrogels. As an example, GelatinK3 has nearly 1900% while GelatinK2 and
GelatinK1 have nearly 1100 and 900% swelling ratio respectively in 5% (w/v) polymer
concentration (Figure 3.26). In addition, swelling ability of GelatinK hydrogels declines
when polymer concentration increases (Figure 3.26). For instance, GelatinK1 hydrogels
has nearly 918%, 676%, 568% and 461% swelling ratios in 5, 7.5, 10 and 15% (wW/v)
polymer concentrations respectively. GelatinK2 and GelatinK3 hydrogels follow the

same decreasing trend in swelling capacity in response to increasing polymer

concentration.
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Figure 3.25 Percent swelling ratio of GelatinK hydrogels in water produced with different

concentrations of GelatinK polymer. a) 5% (w/v), b) 7.5% (w/v), ¢) 10%
(w/v), d) 15% (w/v).
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Figure 3.26 Percent swelling ratio of GelatinK1, GelatinK2 and GelatinK3 hydrogels in

water produced with different concentrations of GelMA polymer.

For instance, GelatinK1 hydrogels has nearly 918%, 676%, 568% and 461%
swelling ratios in 5, 7.5, 10 and 15% (w/v) polymer concentrations respectively.
GelatinK2 and GelatinK3 hydrogels follow the same decreasing trend in swelling
capacity in response to increasing polymer concentration. The possible reason for this
decrease is that increasing density of polymer backbone in hydrogel can hinder capture
of proton by amino groups. Due to this hindrance, swelling capacity of hydrogels drops

with increasing polymer concentration in the hydrogel.

3.6. Cell Viability Assay

Cell viability experiments were conducted with GeIMA hydrogels to see the
toxicity of hydrogels for NIH 3T3 mouse fibroblast cells. GeIMA hydrogels were freshly
synthesized in well plates with 40 pl polymer solution under 5 min UV curing. Cells were
seeded on hydrogels in well plates with three replicates and 2D control group. Figure 3.27
demonstrates cell viability results after 24 hours incubation of cells on hydrogel. As seen,
cell viability decreases from GelMAIl to GelMAS. For instance, GeIMA1, GeMA2,
GelMA3, GeIMA4 and GelMAS hydrogels have nearly 37, 30, 24, 19 and 28% cell

viabilities respectively.
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Figure 3.27 Cell viability results of GelMA hydrogels after 24h incubation. a) 5% (w/v),
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Also, viability decreases from nearly 37 to 18% in 15% (w/v) gels going from
GelMAL1 to GeIMAS. All hydrogel formulations demonstrate same declining trend in cell
viability except some deviations due to experimental errors like homogeneity problem in
gel or incubation period. Also, biocompatibility of GelatinK hydrogels were examined
with same procedure as in GeIMA hydrogels. Figure 3.28 shows cell viability results after
24 hours incubation of cells on GelatinK hydrogels. For example, in 7.5% (w/v) gels,
GelatinK 1, GelatinK2 and GelatinK3 have 40, 53.3 and 51.9% viabilities respectively.
The GelatinK hydrogels are as biocompatible as GelMA hydrogels according to cell
viability results.

The relatively low cell viabilities on the hydrogels can be due to the low transport
of cell medium and oxygen. The pore size and interconnectivity of pores affect the mass
transport during cell culturing. Also, the modification of gelatin with methacrylic

anhydride and Karenz can lead toxic effect on NIH 3T3 cells.
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CHAPTER 4

CONCLUSION

Hydrogel-based soft-materials provide high biocompatibility and functionality
with their chemical, physical/biophysical properties for tissue engineering applications.
Hydrogels are produced using synthetic, natural or hybrid materials to construct desired
3D scaffold mimicking specific tissue or organ model. Their responsiveness, porous
morphology, mechanical properties and swelling ability make the hydrogels a suitable
candidate for a scaffold. Due to their tunable properties and biocompatibility, gelatin
based hydrogels were selected as scaffold material. However, gelatin should be modified
with proper reagents due to high solubility in aqueous media results mechanically weak
hydrogels. In this study, gelatin was modified with two different reagents which are
methacrylic anhydride (MA) and 2-isocyanatoethyl methacrylate (Karenz) to see
differences between modifications on backbone. Modification degree of gelatin backbone
is changed by increasing MA and Karenz ratio in synthesis procedure. FTIR results show
that gelatin was successfully modified.

Using GelMA and GelatinK polymers, GeIMA and GelatinK hydrogels were
synthesized with photopolymerization reactions in aqueous media to prevent toxicity of
other organic solvent and reagents. Polymerization time is observed as 5 min for GelMA
and 2 min for GelatinK hydrogels and this shows higher reactivity of GelatinK polymer
compared to GeIMA polymer. Hydrogels were freeze dried for morphology analysis and
swelling experiments. SEM analysis proof that all GeIMA and GelatinK hydrogels are
porous with different pore sizes. Pore size distributions are almost same for GeIMA and
GelatinK. Furthermore, swelling measurements explain that GelatinK hydrogels have
more swelling capacity than GelMA hydrogels. This result is possibly due to that
GelatinK backbone has more NH groups on GeIMA backbone so proton gets higher in
GelatinK hydrogels. Furthermore, cell viability results demonstrate biocompatibilities of
both GeIMA and GelatinK hydrogels with relatively high viabilities of NIH 3T3 mouse
fibroblast cells on scaffold.

46



As a conclusion, novel gelatin based hydrogels were designed and characterized
using FTIR, SEM imaging, swelling experiments and cell culture experiments. It can be
said that GelMA and GelatinK hydrogels are possible scaffolds for tissue engineering
applications with high porosity, excellent swelling capacity and biocompatibility. Also,
tunable properties of these hydrogels allow to fabricating varied hydrogel formulations

according to demand on specific tissue an organ models.
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