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FOREWORD

Low back pain is a common health issue around the world. We do not need any citation
to prove it. It is possible to find many walking references around to be convinced. One,
having a spinal disc herniation, is me, indeed. However, this was not the why that |
conducted this study. Because, when | was diagnosed with herniation, | have been
already started to this study. | opted in favor of turning it into an opportunity. | made
use of each orthopedist’s appointment opportunity to learn more about intervertebral
disc (IVD). Moreover, | was the one who even cannot touch any raw meat. But, |
visited many butcher shops to find a real IVD. What | really want to explain is the
lesson | took from my PhD.

| deeply learned that a PhD study is not an only heavy laboratory work or sitting at a
computer for hours. A PhD is an uphill struggle including fighting with many complex
problems. Of course, my back pain, making itself evident during the days and nights
long works, my issue, about not to touch any raw meat, or any of others were not the
fight. Since a scientific research is a costly attempt, today it is barely possible to do a
research without a support. Therefore, one of these real fights was that if the research
Is materially supported. Finding a material support is a long way which have been
traveled over by a supervisor as a lifelong labor. For a PhD candidate, this stands for
getting a slice of the experience cake from the supervisor’s valuable lifelong labor.
Moreover, not only the material support, but also the patience, tolerance and countless
others are the part of this cake. One of the rare examples of the best experience cake
is my supervisor’s and he always generously let us to take slices. Through my
researches, | greedily benefitted from his experiences. Thus, first and foremost | want
to thank my supervisor Prof. Dr. Oguz OKAY. It was always an honor and a source of
pride for me to be a student of him. | appreciate that he never let me alone when |
fallen through the floor and he always supported me, even under hard conditions, to
achieve my dream. Besides my conscious knowledge, |1 am sure that | gained many by
unconsciously. The enthusiasm he has for researches was motivational for me. He
fitted me to the challenging academic life with a solid science ethic discernment rather
than just being an academic survivor and as a role model, he encouraged me about
struggle along even under poor conditions. All explained above were written to present
my gratitude but still not enough to explain. Therefore, | want sincerely thank to him
for every single told or still untold things.

I would like to present my special thanks to Prof. Dr. Giilten GURDAG and Prof. Dr.
Nermin ORAKDOGEN for their tolerance, kindness and support through my thesis
work. | am grateful that they allocated their valuable time for me. | also would like to
specially thank to esteemed Prof. Dr. Mine YURTSEVER and Assoc. Prof. Dr. Deniz
CEYLAN TUNCABOYLU for the inpirational comments and their precious
attandance to my thesis defence. It was my honor to present my work to them.

Walking along this PhD road was not a single journey of my own. It would never come
true without taking the heart of family, friends and colleagues. I always proud that |
have my family. I specially thank to my mother Ummiihan ARGUN and my father



Turhan ARGUN that they always supported me to reach my dreams. | always feel their
priceless existence just next to me. | believe that they are the only example against
thermodynamic in the world with their ability to create infinite happiness and peace
out of nothing. Words always fail to explain my thankfulness and love about them.
Having a sister, but specifically as mine, F. Neslihan ARGUN, would be my greatest
chance | have that she always somehow renders me blissfulness. She will always be
my idol as she ever have been with her mysterious sourced power. I also would like to
present my sincere thanks to my stand-in sister, Aylin GELGEC, who always
supported me by spinning a happier life around us with her kind heart. And, I must say
that, as a powerful woman model, and as just my warmhearted aunt, Sadiye ARGUN
is my driving force to stay tough in my life. I will always be grateful to have her.

As well as my family, my friends are also my source of power to step forward. They
never gave up to tolerate me while | was stealing the time, with work based excuses,
from the times we would be together with friends. They never let me felt alone. Thanks
from heart to my dear friends, whom I met them during my academic life: MSc. Pinar
KARACAN, MSc. Gizem AKAY, Dr. ipek OSKEN, Dr. Volkan CAN, Assoc. Prof.
Dr. Suzan ABDURRAHMANOGLU, Asst. Prof. Dr. Umit GULYUZ, MSc. Gézde
AKTAS EKEN. I always felt me the luckiest people in the world with their valuable
existance in my life. More than their academic titles, they are just as my family in
Istanbul. And I also thank to my friends who are physically far away but always felt
me as we’re closer: Ilkay DONMEZ CAL, Dr. Miinteha Nur SONUC KARABOGA.

I would like to say that it was my pleasure to conduct my researches in Polymer Gels
Research Lab. Through the period, | took part of our research lab, between 2010 to
2018, | gain opportunity to meet with many great people. | owe my several nice
memories to them. Besides, | also have to say that, | am glad to have my joyful time
with my colleagues Dr. Cigdem BILICI, MSc. Tugba CELIKER, MSc. Burak
TAVSANLI, MSc. Berkant YETISKIN, MSc. Esra SU and Sevil MUSLUMOVA.

Special thanks to MSc. Ilgin ISILTAN for her guide during the cell studies of my
thesis. Besides all, she stand by me for all struggles in my personal life too with her
pleasant friendship. I must also thank to Prof. Dr. Arzu KARABAY KORKMAZ that
she let me benefit from her research laboratory.

Thank you all great people in my life who make the world a better place with their
kind-heart.

Thank you for the material support of “The Scientific and Technological Research
Council of Turkey (TUBITAK)” and Istanbul Technical University (ITU).

October 2018 Aslihan ARGUN
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ABBREVIATIONS

SN : Singe Network

DN : Double Network

TN : Triple Network

MTT : (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)

LCSM . Laser Scanning Confocal Microscopy

ECM : Extra Cellular Matrix

NHDF : Normal Human Dermal Fibroblast

FGM : Fibroblast Growth Medium

FBM : Fibroblast Basal Medium

hFGF : Human Fibroblast Growth Factor

HEPES : 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-
Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)

EDTA : Ethylenediaminetetraacetic acid

DMSO : Dimethyl Sulfoxide

DAPI : 4',6-Diamidino-2-Phenylindole, Dihydrochloride

BSA : Bovine Serum Albumin

PBS : Phosphate Buffered Saline

IVD . Intervertebral Disc

VF : Volume Fraction

Csr : Silk-Fibroin Concentration

3D : Three Dimensional

2D : Two Dimensional

ISO . International Standard Organisation

uv - Ultra Violet

CDC : Constituional Dynamic Chemistry

DMA : N,N- Dimethyl Acrylamide

AAC : Acrylic Acid

C18A - Octadecyl Acrylate

Cl7.3M . Stearyl Methacrylate

Cl2m - Lauryl Methacrylate
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IRGACURE : 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone

RS
H2
H3
C1
C2
C3
M1 or M2
MPa
kJ
Co
DSC

: Reaction Solution

: Two-Segmented Hybrid Hydrogel

: Three-Segmented Hybrid Hydrogel

: First Component of any Hybrid Hydrogel

: Second Component of any Hybrid Hydrogel

: Third Component of any Three-Segmented Hybrid Hdrogel
: Mixture Hdrogel (Interfaces of Two-Segmented Hybrid Hdrogel)
: Mega-Pascal

: Kilo-Joule

. Initial, Total Monomer Concentration

. Differential Scanning Calorimetry
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E : Young’s Modulus
Ohom : Nominal Stress
Otrue : True Stress
: Strain
y) : Deformation Ratio
Tm : Melting Temperature
Ttrans : Transition Temperature
Ty : Glass Transition Temperature
G’ : Storage Modulus
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DESIGN OF BIOCOMPATIBLE HYDROGELS WITH REGIONS OF
DIFFERENT CHEMICAL AND MECHANICAL PROPERTIES

SUMMARY

A polymer gel is simply a soft and wet material. There are two critical points to form
a polymer gel. These are: a crosslinked, elastic three dimentional (3D) polymer
network architecture and a fluid, filling the interstitial spaces of network, in which the
polymer network can swell without dissolving. Their elastic crosslinked network
brings them a soft texture, while the entrapped fluid renders this materials wet.
Although polymer gels have wet and soft look, they are capable of bearing large
deformations. Therefore, polymer gels are mostly used materials with their wide-
ranging and tunable properties in such areas like bone-tissue engineering, biomedical
applications, etc.

Within this thesis, two different kinds of gels were investigated from two different
aspects. First, single network (SN), double network (DN) and triple network (TN)
cryogels were investigated in the manner of biocompatibility. Then, in the second part,
multi-segmented hybrid hydrogels were discussed within the framework of their
synthesis, creation aspects and mechanical properties.

Silk, as a biological material, covers a history more than 5000 years. This protein
polymer in the form of fibers spun by silkworms has served as a bridge between
cultures. Today, silk is mainly utilized in textile industry, for its unique properties such
as strength, low heat conductivity, luster and moisture absorbance capacity. Another
interesting applications of silk include: the interior decoration of houses, parachute
clothing, bicycle tires, bed filling, etc. Moreover, most importantly, silk is used in
biomedical fields such as tissue engineering and regenerative medicine with their
various physical characteristics, biocompatibility and ability to support the attachment,
proliferation and differentiation of many types of cells.

Within the scope of this thesis, biocompatibity of Bombyx mori based silk-fibroin
protein was investigated as a pre-made scaffold through the specific form of porous
gels, SN-, DN- and TN- silk-fibroin cryogels. Investigations were carried out on
readily-prepared scaffold samples which of their mechanical and morphological
properties were already identified by our research group. Pre-identified feature-
dependent changes in cell viability was tested quantitatively by MTT assay and
qualitative observations were conducted through layer-by-layer images (3D images,
composite images collected from different depths of scaffold) from Laser Confocal
Scanning Microscopy (LCSM). For all cell-culturing purposes, Normal Human
Dermal Fibroblast (NHDF) cell line was used.

Among the scaffolds, there were two kinds of materials available to clarify the
relationships between cell viability and pore size, surface area and wall thickness. SN
cryogels synthesized by increasing fibroin concentrations represents decreasing pore
size and porosity while wall thickness is increasing. The other set of cryogels, named
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as DN and TN through this thesis, formed by double-networking concept represent
increasing fibroin concentrations by the penetration of new networks into the SN.
However, DN and TN cryogels exhibit no increase in wall thickness with the help of
formed pores inside the bigger pores of single network pores, called as second
generation pores. Moreover, decreasing in pore size occasioned by second generation
pores and increasing fibroin concentration cases were run with increasing surface area.

Besides all, both of two cryogel types have an advantage for biomedical applications
as they have interconnected pores. MTT assay results represented that cryogels with
the porosity (%) ratios between 90 and 75% reveal better cell viability (%) ratios which
are in correlation with literature. Additionally, it was revealed that the cell viability
results are independent from silk-fibroin concetrations (Csg) of cryogels. Pore size
ranges of scaffolds in dermal fibroblast culturing were reported between 5-15um.
Within the range of scaffolds, SN-4 codded cryogel has the bigger pore sizes as 33um
which decrease to 3.4pm for DN-4/29. For both case, MTT say results show good level
of cell viability (far more higher than 50 % for 3rd, 7th and 10th days which are the
evidence for the absence of acute toxicity). LCSM images received from the SN-4 (33
um) and TN4/7/20 (4.3um) cryogels supported the viability results. This good viability
results of TN-4/7/20 is attributed to the extraordinary pore architecture generated by
second generation pores.

As a summary of these results, it was revealed that the DN and TN cryogels can
increase the cell viability and be protected from any loss on mechanical properties as
well. For this reason, these “second generation pores” make DN and TN cryogels a
good candidate for load-bearing pre-made scaffolding approaches.

Within the second part of this thesis, multi-segmented hybrid hydrogels with two or
three individual segments, which of each have chemically and physcially different
properties were investigated from the stand point of designing and mechanical
characterization.

As a general meaning, “hybrid” term corresponds to a thing which combines two
different elements to obtain a new, mixed character. Within hydrogel studies, hybrid
IS a common use to describe the material via their structural components’ character in
a chemical or physical manner. Within a chemical manner, a hybrid hydrogel may be
a combination of a synthetic and a natural, organic and inorganic sources. On the other
hand, in terms of physical manner, a hybrid hydrogel may be a combination of different
components having different physical properties together, such as isotropy and
anisotropy, amorphus and semicrystalline structure, rigidity and flexibility, etc. to
create a new material with a new desired character.

Biological tissues are mainly anisotropic, non-homogenous and multi-phasic natural
constructs in an intermeshed architecture of hard and soft components with an
extremely tough interface. Such important examples are bone, cartilage, ligament,
tendon and intervertebral disc (IVD). Hydrogels are important materials with their
similarity to biological tissues as they are matrices with ability to entrap the water or
aqueous solutions. However, even their common brittle character was overcome by
many techniques improved for decades, these high strength hydrogels reported so far
were mostly isotropic.

Here, for the first time, preparation step of monomer mixtures for the one-step
synthesis of hybrid hydrogels was achieved by stratification method to form an
anisotropic multi-segmented hybrid hydrogel. By taking advantage of stratification, it
was exhibited that, this method is available for a wide range of monomers. Therefore,
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with several combination possibilities of different segments (with required physical
and chemical properties), a multi-segmented hybrid gel formation serves as a puzzle-
like method to use in various desired applications. Additionally, based on the
biocompatibity of the polymers utilized in this study, hybrid hydrogels are potentially
biocompatible.

Within this study, two- and three- segmented hybrid hydrogels were synthesized by
using UV-initiated bulk copolymerization technique as polymerized density-stratified
monomer solutions of hydrophobic (at least one or more) and hydrophilic monomer
mixtures. Hydrophilic monemers were N-dimethyl acrylamide (DMA) or acrylic acid
(AAcC); hydrophobic monomers were octadecyl acrylate (C18A), stearyl methacrylate
(C17.3M) or lauryl methacrylate (C12M). Hydrophobic monomers carrying alkyl side
chains of different lengths lead to the formation of supramolecular, semi-crystalline
hybrid hydrogels. Through this concept, it was possible to adjust the mechanical and
thermal properties of segments and interfaces by varying the combinations of
monomers. By this means, anisotropic biological tissue inspired hybrid hydrogels were
demonstrated, as intermeshed hard and soft components through a strong interface(s),
which never rupture at interface region(s).

According to the investigations, two-segmented hybrids exhibit a high modulus
(0.46—74 MPa) and tensile strength (0.19-3.9 MPa) and sustain 24—30 MPa stresses
at 78—83% compressions which are comparable to the natural IVD. Moreover, it was
seen that it is possible to expose these gels to cyclic deformation without any
irreversible deformation by the help of their semi-crystalline or supramolecular
structure. In case of three-segmented hybrids, obtained results show also a high
modulus (89-118 MPa) and tensile strength (3.6—4.6 MPa) with tensile strain of
50—75%.

Multi-segmented hybrids have the ability to self-heal upon heating above melting
temperatures (Tm) once one or both of their gel components are damaged. It was also
tested by separate examinations that the interface regions, also, have self-healing
ability. Besides the self-healing ability, they exhibit a pseudo triple- or multiple- shape
memory effect as well, arising from the different T belonging to the gel components
of hybrids. For instance, two-segmented hybrid H2-2 (two-segmented hybrid) have
only one semi-crystalline segment because the other segment shows an amorphous
character. Thus, the H2-2 exhibit only dual shape memory. However, H2-1 (two-
segmented hybrid) possesses two semi-crystalline segments which reflect to the whole
body of two-segmented hybrid as a pseudo-triple- shape memory effect. Moreover, in
case of three- segmented hybrids, H3-1 hydrogel comprises of three semi-crystalline
segments which of their two have close Tm values than that of the remaining segment.
Thus, two different T, are obtained resulted in a pseudo-triple- shape memory.
Another hybrid example, three-segmented H3-2 hydrogel, was observed as it has three
semi-crystalline segments, hence three Tm which of these are in far different
temperatures. Stemming from these three different Tm, H3-2 is able to exhibit pseudo-
multiple- shape memory effect.

The synthetic strategy presented here thus enables combination of multiple gel
components in a single, intermeshed material, leading to the preparation of multiple-
shape memory hydrogels with multi-responsivity. Moreover, it is also possible to
decide the place of stretchable and rigid parts in a multi component hybrid structure,
according to the requisite, by using the monomers in different densities and chemical
properties.
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FARKLI KIMYASAL VE MEKANIK OZELLIKTE BOLGELER ICEREN
BiYOUYUMLU HiDROJEL TASARIMLARI

OZET

Jeller canlilarda sikga rastlanan, kolay ve etkin sekilde iyon ve molekiil tasiyabilmeyi
saglayan yapilardir. Bir polimer jel, basit¢ce 1slak ve yumusak malzeme olarak
tanimlanir. Polimer jelleri tanimlayan iki kritik bilesen vardir. Bunlar, sahip olduklar
capraz bag yapisinin bir arada tuttugu ti¢ boyutlu, elastik, polimer agyapi ve igerisinde
¢coziinmedigi ancak sisebildigi, agyapisini ayakta tutan ve c¢okmesini engelleyen
stvidir. Polimer jellerin elastik, ¢apraz bagli agyapisi malzemeye yumusak olma
ozelligini verirken, icinde hapsolan sivi sayesinde jeller islak malzemeler olarak
anilirlar. Her nekadar bu malzemeler 1slak ve yumusak tabiata sahip goriinseler de,
endistride kullanilan cam, metal, seramik gibi malzemelere kiyasla oldukga yiiksek
deformasyonlara dayanabilirler. Cok ¢esitli yapisal mimarilerde ve kimyasal icerik
cesitliliginde sentezlenebilen bu malzemelerin pek ¢ok alanda yaygin olarak
kullanilmalarinin yani sira, biyomedikal uygulamalar ve kemik-doku miihendisligi
gibi alanlarda da oldukca dikkat ¢ekici uygulamalara dahil olmakta ve siiren ¢alismalar
ile gelistirilmektedir.

Bu tez caligsmasi dahilinde, iki farkli jel malzeme farkli yonleri ile incelenmistir.
Bunlardan ilki olan tek agyapili (SN), cift agyapili (DN) ve ¢ agyapili (TN)
kriyojeller, biyo-uyumluluklar1 bakimimdan incelenmistir. ikinci ¢alisma ise; sentez
asamasinin, tasariminin ve termal, mekanik dzelliklerinin incelendigi ¢ok parcali hibrit
hidrojelleri icermektedir.

Ipek, kokleri 5000 yildan fazla bir gegmise dayanan biyolojik malzemedir. Ipek bdcegi
kozalarindan iplik¢ikler seklinde elde edilen ipek proteini, gegmiste kraliyet ailelerinin
giyiminde de tercih edilmeleri ile seckin bir ham madde olarak kiiltiirler arasinda bir
koprii vazifesi gormiistlir. Giiniimiizde de ¢ekme dayanimi, diisiik 1s1 iletkenligi,
pariltist ve nem emme kapasitesi ile yaygin olarak tekstil endiistrisine hizmet
etmektedir. Ipegin diger ilgi cekici uygulama alanlari ise soyle siralanabilir: ev ici
dekorasyon, parasiit kumasi, bisiklet tekerlegi, yatak dolgusu, vb. Ayrica ipek, ¢esitli
fiziksel ozellikleri, biyo-uyumlulugu ve pek ¢ek hiicre tiiriiniin tutunmasi, gelisimi ve
yayilisim1 desteklemesi sayesinde doku miihendisligi ve rejeneratif tip gibi
biyomedikal sahalarda kullanilan en 6nemli malzemelerdendir.

Bu tez ¢alismasinin ilk boliimii kapsaminda, Bombyx mori tiirii ipek boceginden elde
edilen ipek-fibroin proteini kullanilarak sentezlenen SN, DN ve TN ipek-fibroin
kriyojellerinin biyo-uyumluluklar1 6n-yapim hiicre iskelesi olarak incelenmistir.
Arastirmada kullanilan kriyojeller, arastirma grubumuz tarafindan 6nceden mekanik
ve morfolojik dzellikleri belirlenmis malzemelerdir. Onceden belirlenmis mekanik ve
morfolojik karakterleri goz Online alinan bu kriyojellerin kantitatif sonuglart MTT
hiicre canlilig1 tespit testi ile elde edilmistir. Kriyojellere ait kalitatif izlenimler ise
Lazer Taramali Konfokal Mikroskopi (LCSM) teknigi ile edinilmistir. Hiicre
iskelelerindeki hiicre canliligini kanitlayan bu teknikle elde edilen gorintuler hicre

XXiX



iskelesinin ¢esitli derinliklerinden almip tist lste istiflenmesi ile elde edilmis,
kompozit goriintiilerdir. Biitlin hiicre kiiltiirii igeren ¢alismalarda normal insan deri
fibroblast (NHDF) hiicre hatt1 kullanilmistir.

Calismada kullanilan hiicre iskeleleri arasinda hiicre canliligi- ile gbzenek boyutu,
ylizey alani, c¢eper kalinligi iliskisini gozlemleyebilecegimiz iki tiir malzeme
bulunmaktadir. Farkli ipek-fibroin derisimlerinde sentezlenen SN kriyojelleri
serisinde, artan ipek-fibroin derisimine bagli olarak diisen gbozenek boyutu ve
gozeneklilik, ceper kalinliginda ise artis gozlemlenmistir. Diger kriyojel serisi ise,
ipek-fibroin derisimi artig1 ilk agyap1 olan SN’e yeni agyapilarin gémiilmesi ile elde
edilen DN ve TN kriyojel serisidir. Bu seriye dahil kriyojel drneklerinde g6zlemlenen
en onemli 6zellik, ¢eper kalinliginin artmamasidir. Bu 6zellik SN kriyojelin sahip
oldugu biiyiik gozenekler igerisinde, yeni agyapilarin eklenmesiyle meydana gelen,
“ikinci  nesil gdzenekler” olarak adlandirilan, yeni kiicik gozeneklerin
olugmasindandir. Ayrica, ¢eper kalinlig1 artmaksizin olusan bu ikinci nesil gézenekler
sayesinde hiicre tutunmasi i¢in yiizey alani oldukga artmaktadir. Hem SN kriyojellerin,
hem de ikinci nesil g6zeneklere sahip DN ve TN kriyojellerin ortak ve 6nemli 6zelligi
ise, biyomedikal uygulamalarda biiylik 6nem tasiyacak olan igten birbiri ile baglantili
gbzenek yapisina sahip olmalaridir.

MTT hiicre canlilif1 tespit testi sonuglart %90 ve %75 gozeneklilik oranina sahip
kriyojellerde hiicre canliliginin daha iyi oldugunu gostermistir. Bu sonu. literatiir ile
uyumludur. Ayrica sonuglar hiicre canlilig1 oranlarinin kriyojellerin sahip oldugu ipek-
fibroin derisiminden bagimsiz oldugunu gostermistir.

Normal insan deri fibroblast hiicresinin buydtilmesi icin gerekli hicre iskelesinin
gbzenek boyutu literatlirde 5-15um olarak belirtilmesine ragmen, Bu galismada
incelenen SN-4 (33um) ve DN-4/29 (3,4um) kodlu kriyojellerde, 3., 7. ve 10. gunlerde,
%350’nin oldukga tizerinde iyi hiicre canliligi gézlemlenmistir. Degerlerin %50 nin
tizerinde olmasi kriyojellerin akut toksititeye sebep olmadiginin kanitidir. Lazer
Taramali Konfokal Mikroskopi yontemi ile SN-4 (33um) ve TN-4/7/20 (4,3um)
kriyojelleri i¢in alinan kompozit goriintiiler ile de kantitatif hiicre canlilig testi
sonuglart dogrulanmistir. TN-4/7/20 kodlu kriyojelde gozlemlenen iyi seviyedeki
hiicre canliliginin bu malzemenin i¢ yapisinda olusan ikinci nesil gozenekler ile
saglandig1 tespit edilmistir. Gorlintiilerde hiicre ¢ekirdegi ve aktin filamentleri
sirastyla mavi ve kirmizi renklerde net olarak gézlemlenmistir. Bu gézlem de saglikli
bir sonug alindigini kanitlamistir.

SN, DN ve TN ipek- fibroin kriyojelleri ile yapilan calisma sonucunda butun
malzemelerin iyi derecede hiicre canlilig1 gosterdigi, ancak DN ve TN kriyojellerin
yapilarindaki ikinci nesil gézenekler yardimi ile kiigiik gozenek boyutlarina ragmen
beklenenin 6tesinde iyi hiicre canliligi oranlar1 gosterdigi belirlenmistir. Bu sebeple,
SN kriyojellerin yani sira 6zellikle DN ve TN kriyojellerin ikinci nesil gézenekleri ve
iistlin mekanik dayanim o6zellikleri yardimi ile yiik dayanimi gerektiren 6n-yapim
hiicre iskelesi uygulamalarinda kullanilabilecek uygun malzeme adaylar1 oldugu
gorilmistiir.

Bu tez calismasinin ikinci kisminda ise ¢ok segmentli hibrit hidrojeller incelenmistir.
Calisma dahilinde sentezlenip incelenen ¢ok segmentli hibrit hidrojeller, iki ya da {i¢
adet kendi igerisinde farkli fiziksel ve kimyasal 6zelliklere sahip segmentlerin bir
arada oldugu tek bir hibrit hidrojel yapisidir ve bu hidrojeller, mekanik
karakterizasyona tabi tutulmustur.
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Genel anlami ile “hibrit” tabiri iki farkli elamani1 yeni bir karakter elde etmek i¢in
yapisinda birlestiren, yapisinda bulunan elementlerin karisik bir karakterini sergileyen
her hangi bir seydir. Hidrojel ¢alismalarinda genel kullanimina gore ise fiziksel ya da
kimyasal iki bileseni biinyesinde toplayarak, icerigindeki bilesenlerden farkli bir
karakter sergileyen malzemedir. Kimyasal anlamda dogal ve sentetik, kimyasal ve
fiziksel gibi farkli 6zelliklerin hibriti olusturabilir. Fiziksel anlamda ise, malzemeden
beklenen performansin sergilenebilmesi i¢in, izotropi ve anizotropi, amorfluk ve yari-
kristalin yap1 gibi Ozelliklerin bir araya getirilmesinden dogan yeni bir hidrojel
karakteri olabilir.

Biyolojik dokular genellikle anizotropik, homojen olmayan, ¢ok fazli, yumusak ve sert
dokularin oldukc¢a tok bir arayiiz ile birbirine kenetlendigi yapilardir. Bazi 6nemli
ornekleri, intervertebral disk (IVD), kemik, ligament ve tendon olarak siralanabilir.
Hidrojeller de, yapilarinda su ya da viicut sivist gibi sulu-¢ozeltileri hapsedebilme
Ozellikleri ile biyoloji dokulara oldukca benzer 6zellikler gésteren malzemelerdir. Son
zamanlarda, kimyasal ¢apraz bagli geleneksel hidrojellerin sahip oldugu kirilgan yap1
dezavantaji, yapilan pek ¢ok calisma ile asilmaya ¢alisilmis ve oldukga iyi 6rnekleri
rapor edilmistir. Ancak bu hidrojel ¢alismalarinin ¢ogu izotropik karakterli
malzemeleri sunmustur.

Bu calismada ilk defa, anizotropik ¢cok segmentli hidrojeller, segmentleri olusturan
monomer ¢ozeltilerinin yogunluk farki katmanlastirmasi/stratifikasyonu yontemi ile
bir araya getirilmis ve tek basamakli, UV-tetikleyicili kiitle polimerizasyonu metodu
ile sentezlenmistir. Yogunluk farki ile katmanlastirma yontemi yardimi ile g¢ok
segmentli hibrit hidrojel yaklagimi ¢ok ¢esitli monomerler i¢in uygulanabilir, uygun
bir yontem olarak sunulbilmektedir. Bu yontem ile yap-boz pargalar birlestirir gibi,
kimyasal ya da fiziksel olarak istenen 6zellikteki bilesenler bir araya getirilebilir ve
anizotropik ¢ok segmentli hibrit hidrojeller elde edilebilir. Ayrica, bu calismada
kullanilan polimerlerin biyouyumlu olduklar1 bilindigi i¢in, malzemenin olas1 biyo-
uyumlu malzemeler oldugu séylenebilmektedir.

Calisma dahilinde sentezlenen ¢ok segmentli hibrit hidrojellerin segmentleri, bir
hidrofilik ve bir ya da iki hidrofobik monomer icermektedir. Kullanilan hidrofilik
monomerler N-dimetil akrilamid (DMA) veya akrilik asit (AAc)’dir. Hidrofobik
monomerler ise oktadesil akrilat (C18A), stearil metakrilat (C17.3M) ve lauril
metakrilat (C12M)’dir. Farkli uzunlukta alkil yan zincirlerine sahip hidrofobik
monomerler sayesinde hidrojellerde supramolekiiler ve yari-kristalin  yap1
saglanmistir. Yapidaki hidrofilik ve hidrofobik monomerlerin degistirilmesi ya da
derisimlerinin degistirilmesi yoluyla, hidrojellerin termal ve mekanik o6zellikleri
istenilen sekilde ayarlanabilmektedir.

Incelemeler sonucunda elde edilen sonuglara gore, iki segmentli hibrit hidrojeller,
yuksek modul (0,46-74 MPa) ve ¢ekme dayanimi (0,19-3,9 MPa) gostermektedir.
Basma dayanimi testlerinde ise 24-30 MPa yuke %78-83 gerinim ile dayanim
gosterdikleri belirlenmistir. Ug segmentli hibrit hidrojellerinde yiiksek modiil (89-118
MPa) ve %50-75 gerinim orami araliginda 3,6-4,6 MPa ¢ekme dayanimi sergiledigi
bulunmustur. Bu 6zelliklerin IVD’nin mekanik dayanim 6zelliklerini karsilayabilecek
siirlarda oldugu belirlenmistir.

Cok segmentli hidrojellerin bir ya da iki segment zarar gordiigiinde, hidrojellerin
kendilerini erime sicakligi (Te) iizerinde bir sicaklikta onarabildigi goriilmiistiir.
Hidrojellerin arayiiziinii taklit etmesi i¢in ayrica sentezlenen hidrojeller tizerinde
yapilan ¢alismaya gore, arayuzler de kendilerini onarma 0zelligine sahiptirler.
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Kendini onarma 6zelligi yaninda, ¢ok segmentli hibrit hidrojeller ps6do/s6zde ticlii-
ve ¢oklu- sekil hafiza 6zelligi sergilemektedirler. Sekil hafiza yetenegi de bu hibritlerin
segmentlerinde var olan yari-kristalin yapidan kaynaklanmaktadir. Ornegin, iki
segmentli H2-2 olarak kodlanmis hidrojel drnegi: bir segmenti amorf, diger segmenti
yari-kristalin bolge iceren bir hidrojeldir. Yari-kristalin yapidaki segment kendi
Ozelinde ikili-sekil hafiza 6zelligi gostermektedir. Amorf kisim bir Te sicakligi
gostermedigi icin sekil hafiza 6zelligi gostermemektedir (ancak supramolekiiler yapisi
dahilindeki hidrofobik etkilesimler sayesinde kendini onarma 6zelligi gostermektedir).
Dolayist ile H2-2 hidrojeli ikili sekil hafiza 6zelligi gostermektedir. Ancak 6rnegin,
H2-2 hidrojeli her iki segmenti yari-kristalin yapida oldugu i¢in ancak gecici sekiller
bolgesel olarak segmentlerde sergilenip, malzeme biitiinlinde yaygin olmadigi i¢in
ps0dd/sozde Ugli-sekil hafiza 6zelligi gostermektedir. Benzer sekilde {i¢ segmentli
H3-2 hidrojeli yapisindaki her ii¢ yari-kristalin bolgeye sahip segment yardimi ile
ps0dd/sdzde ¢oklu-sekil hafiza 6zelligi sergilemektedir. H3-1 hidrojeli 6rneginde ise,
her ii¢ segment yari-kristalin bolgeye sahiptir. Ancak iki u¢ segmentin Te sicaklig
birbirine ¢ok yakin, orta segmentin Te sicakligi digerlerinde belirgin sekilde farkli
oldugu i¢in bu hidrojel 6rnegi psddd/sozde liclii- sekil hafiza 6zelligi gostermektedir.

Bu calismada sergilenen sentetik yontem ile beklentilere uygun ¢ok segmentli hibrit
hidrojellerin  kendini onarma ve c¢oklu-sekil hafiza gibi istiin 6zelliklerle
sentezlenebildigi gosterilmistir. Yontem segmentlerin gerekli mekanik ve termal
Ozelliklerde ayarlanabilecegi ve istenen dizilimle bir araya getirilebilecegini
gostermistir. Calismada hazirlanan hidrojeller yiiksek yiik dayanimi gerektiren
biyomedikal uygulamalar i¢in uygun birer adaydir.

Calismadan edinilen genel ¢ikarim ise, jel sentezinde kimyasal kompozisyon kadar,
malzeme mimarisini degistiren sentez tasarimlarinin da biiylik 6nem tasidigidir. Ayn
kimyasal kompozisyon ve derisimlerdeki malzemelerin sentezde kullanilacak yeni bir
tasarimla yepyeni ve daha gelismis 6zellikler sergileyebilecegi bu ¢alisma dahilinde
gosterilmistir.
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1. INTRODUCTION

A polymer gel, in the simplest term, is defined as soft and wet material. Their elastic
cross-linked network brings them a soft texture, while the fluid, filling the interstitial
spaces of network and in which the polymer network can swell without dissolving,
renders this materials wet. Although polymer gels have wet and soft look, they are
capable of bearing large deformations which are in contrast with most of the industrial

materials such as ceramics, plastics or metals [1].

Gels are common structures found in living organisms which can sustain its solidity
and allow the transportations of ions and molecules easily and efectively in the
organisms. Therefore, polymer gels are mostly used materials with their wide-ranging
and tunable properties in such areas like bone-tissue engineering, biomedical

applications, etc. [1-5].

Various types of polymer gel classifications would be possible. Some of their well-

known examples given below are made according to:
- the origin of polymer, natural or synthetic gel,
- source of liquid captured in the structure, hydrogel or organogel;

- nature of cross-link (the intermolecular bonds in the polymer gel junctions)
they have, chemical or physical;

- the processes applied for the gel formation, chemotropic gels, ionotropic gels,
chelatotropic gels, solvotropic gels, thermotropic gels, psychrotropic gels,

croyotropic gels, or etc. [2,6].

Within the scope of this thesis, two different gel kinds were investigated which of them
can be identified through the several classification routes mentioned above. Specific

names of these polymer gels are:
- Single network (SN), double network (DN), triple network (TN) cryogels

- Multi-segmented hybrid hydrogels with multiple-shape memory and self
healing abilities.



SN, DN and TN silk-fibroin cryogels are comprising of chemical and physical cross-
links. According to the the processes applied for the gel formation and the origin of
polymer, they can be called as cryotropic, natural gels. In the multi-segmented hybrid
hydrogel case, naming can be made according to the nature of cross-link, origin of
polymer and the source of the liquid captured in the structre. Thus, they can be called
as physically cross-linked, synthetic hydrogels.

1.1 Silk-Fibroin Cryogels

This thesis is divided into two sections. Within the first part of the thesis,
biocompatibility results of single network (SN), double network (DN) and triple
network (TN) silk-fibroin cryogels will be presented. Through this first part, cryogels
were examined as a cell scaffold. Synthesis of these cryogels and their morphological

and mechanical characterization were already studied by our research group [7].

Silk has a unique coverage in history. As a biological material with provenience more
than 5000 years ago, this protein polymer in the form of fibers spun by silkworms has
served as a bridge between cultures, as a natural curiosity, as a scientific wonder and
as an economic engine for developing countries over the millennia. The unique
properties of silk in terms of mechanics, feel and luster have propelled this
longstanding utility of silk, with high volumes of raw silk fiber generated annually

throughout the world today [8].

As natural silk source, hundreds of various silkworm species are exist throughout the
world. Among them, the Bombycoidea family comprises of eight families which of
two, Bombycidae and Saturniidae, has commercial importance. Silks from the source
of Bombycoidea family silkworms are categorized as “mulberry” while the
Saturniidae family silkworm sourced silks are under the “non-mulberry” category.
Commercially available mulberry silk is produced only from Bombyx mori species
which are entirely domesticated and not occur naturally, thus, they need human care
to grow [8].

Silkworms secrate two main protein, fibroin (around 72-81 % of cocoon) and sericin
(around 19-28 % of cocoon), to form silk. Fibroin is secrated from the larvae during
its spinning as two twin strands which are simultaneously glued to each other and

covered with the sericin. This fiber, sericin covered twin fibroin strands, becomes



strong and hard with air exposure. As a hydrophobic glycoprotein, fibroin is water-
insoluble protein and contains large amount of hydrogen bonds. Their highly oriented
crystalline anti-parallel S-sheet structure forms semi-crystallinity by less oriented S-
sheet spacers. Highly oriented /-sheets serves as a source of tougness and strength to

silk fibers, while the less oriented sapacers provide flexibility and elasticity [8].

Today, silk is mainly utilized in textile industry, for its unique properties such as
strength, low heat conductivity, luster and moisture absorbance capacity, as well as the
interior decoration of houses, parachute clothing, bicycle tires, bed filling, etc.
Moreover, most importantly, silk is used in biomedical fields such as tissue

engineering and regenerative medicine [8].

Here in this study, biocompatibity of silk-fibroin protein was investigated through the
specific form of porous gels, SN-, DN- and TN- silk-fibroin cryogels, for their

potential use in biomedical applications such as bone-tissue engineering [8].

1.1.1 Application of silk-fibroin

Silk structure and morphology can be engineered by varying the physical, chemical
and biological parameters to create desired features in material for target tissue. Silk
is recognized by US Food and Drug Administiration for the medical or biomedical
purposes. Their structure is suitable for high temperature sterilization, without any
degredation or change in composition, as well as the chemical treatment, UV and
gamma radiation exposure and 70% ethanol treatment. This studies were conducted
between the years 2003-2005 [8]. However, in 2015, Kaplan and coworkers reported
that low average molecular weight and low concentration silk-fibroin solutions can be
sterilized by autoclaving or filtration without any significant loose of protein, but by
autoclaving they obtained with a reduce in molucular weight distribution of these
solutions. It was also reported by this study that, the degredation of silk-fibroin
sponges cast from this autoclaved solution provide noticeably higher stiffness
compared to the sponges cast from unsterilized or filtered solution. In contrast with
the increasing degredation rate of sponges by means of gamma irradiation, sterilization
of sponges by autoclaving in post-casting state were exhibited decrease in degredation
with increased scaffold stifness. Ethylene oxide treatment significantly decreased cell
proliferation rate on the silk-fibroin scaffolds but it is possible to be aware of this

situation by phosfate buffer solution (PBS) leaching of ethylene oxide treated sponges



prior to cell seeding [9]. Here in this study, two step sterilization was made. First silk-
fibroin scaffolds were sterilized by immersing them in to a 70% ethanol. Then,
scaffolds were processed through PBS leaching prior to the second sterilization step

of UV-irradiation sterilization.

Important silk-fibroin based matrices for use in biomedical applications include: 2D
films and patterned nanostructures, 3D sponges/foams, hydrogels, nonwoven mats,
fibers, spheres and capsules. The methods of production of the matrices are various
[8]. Within this study, 3D sponge like scaffolds, synthesized by a special gelation
procedure of cryogelation with a supporting double-networking concept, was used.

According to the description introduced by National Institutes of Health (USA):

“Tissue engineering/regenerative medicine is an emerging multidisciplinary field
involving biology, medicine, and engineering that is likely to revolutionize the ways
we improve the health and quality of life for millions of people worldwide by restoring,

maintaining, or enhancing tissue and organ function”.

Tissue engineering is a promising alternative for surgical methods like amputation or
organ transplantation. In regenerating a neo-tissue, scaffolds provide a matrix for
supporting the cells to grow. Among the natural polymers, silk has emerged as one of
the foremost biomaterials to be used in tissue engineering. The potential use of silk
based scaffolds for tissue engineering in the past few decades were broadly reported
under three main heading as hard tissue (bone, cartilage, fibro-carilage-meniscus,
intervertebral disc (IVD), hyaline cartilage-trachea, joint surface), soft tissue
(ligaments and tendons, vascular tissue, nervous tissue), organ (skin, liver, eye, breast,

cardiac, bladder, ear) [8].

Due to the intense mechanical strength and extensibility, silk scaffolds could be an
convenient choice in repearing load-bearing tissues such as osteochondral tissue,

ligament, muscle, or IVD [8].

An IVD is a complex multilamellar interbody join that transmits load and preserves
stability and strength through the entire range of spinal motion (flexion, axial
compression, torsional twisting, and lateral bending). Each disc is a biconvex structure
consisting of three different region in the aspects of deveplopmental, histological and
morphological architecture. This seperate regions are the nucleus pulposus (NP) which

is central semifluid, gelatinous mass as a load dissipative core mechanism; annulus



fibrosus (AF) composing of ligamentous peripheral tissue which withstands under
many load cycles of spinal motion by taking the advantage of their anisotropic,
angular-lamellar orientd structure; and two cartilaginous end plates that attach the disc
to the vertebral body [10]. Figure 1.1 demonstrates the architecture of an IVD.

Intervertebral foramen (a)

Normal intervertebral disc Compressed intervertebral disc

Figure 1.1 : Representative demonstrations of (a) an intervertebral disk (IVD) in a
spine (Reprinted from Intervertebral Disc: What is it? What does it do? And how to
keep it healthy, Greg Schroeder, 2016. Retrieved October 1, 2017, from
http://www.wieberphysicaltherapy.com/intervertebral-disc-keep-healthy/. Copyright
2016 by Greg Schroeder. Reprinted with permission.) [11] and (b) its anisotropic
architecture (Reprinted from “Mechanical design criteria for intervertebral disc tissue
engineering.”, by Nerurkar, N. L., et al., 2010, Journal of Biomechanics, 43 (6),
1017-1030. Copyright 2018 by Elsevier Ltd. Reprinted with permission.) [12].

Within the existing scaffolding approaches for VD tissue engineering, using pre-made
scaffolds (cell seeding after scaffold contruction approach), as in this thesis study, is
most common. Several scaffolding studies were carried ot by dominating the materials



(collagen [13], atellocollagen [14,15], alginate [16,17], gelatin [18], chitosan [19],
collagen/ glycosaminoglycan [20], collagen/hyaluronan [21] and poly- L-lactic acid
[22]) by natural sources. On the other hand, a wide range of scaffolding investigation
were conducted (silk [23], polycaprolactone [24] and its derivatives [18], polyglycolic
acid/ polylactic acid [17] and bioglass [25] with a few natural biomaterials such as
collagen/hyaluronan [21]) by dominating the materials from synthetic sources. Within
this study, silk-fibroin natural material was used to construct a pre-made scaffolds by
the additon of synthetic cross-links to support the juctions already exist in fibroin

protein as S-sheet architectures.

Chang et al. prepared porogen leached scaffold from Bombyx mori silk in 2007. With
this study, AF cells (isolated from bovine caudal spines) seeded scaffolds, having
randomly oriented pores in 150-250 um sizes, were investigated They also modified
silk scaffold with RGD peptidesequences which did not significantly enhanced cell
attachment, collagen accumulation, or extra cellular matrix formation compared to
only silk scaffold. They observed that, tey can obtain uniformly distributed tissue
growth in the scaffold. But they also reported that, randomly oriented pores could not

generate cellular orientation as required in AF tissue [8,26].

In 2010, Chang et al. investigated same scaffoling approach in a dynamic culture.
Large pore sized (200, 600, and 1000 um pore size) silk scaffolds have been used in
combination with bovine AF cells. Investigation revealed that 600 um was the most
suitable pore size for uniform tissue formation and highest production of collagen type
I [27]. Although this so-called proper scaffold was maintained a good cell enviroment,
mechanical withstand capability was low because of the hich pore sizes, which is the

main requisity for the load-bearing tissues.

See et al. conducted a study, with knitted silk fabrics wrapped around silicone NP-
substitute. Rabbit bone marrow-derived mesenchymal stem (BMSC) cultured over
poly(N-isopropyl acrylamide) (PNIPAAm) to obtain cell sheet. Then this cell sheet
was allowed to adhere to the knitted scaffold. A multi-layered lamellar architecture
was acquired. At the beginning, BMSC cell sheets pre-dominantly synthesized
collagen type I. However, after 4 weeks culture on the silk assembly, collagen type Il
deposition increased drastically. Cellular orientation and mechanical properties were
not studied [28].



Park et. carried out a scaffold by lyophilization of silk-fibroin and sodium alginate
solution mixture. Sodium alginate was subsequently removed from scaffold, as they
used as a template for lamellar pore geometry. To use in a comparison manner,
carbodiimide/N-hydroxysuccinimide doped silk gel freezedried with water annealing
generated randomly. Porcine AF cells were cultured over these scaffolds. As they
observed, only silk lyophilized solutions resulted in 1020 um pores, addition of
alginate was increased the pore sizes to 150-250 um. Lamellar pores were not
circannual orientated, sothe scaffold could not simulated the orientation of AF cells.
Tensile strength and elongation test made were showed scaffold has similar properties
with the native tissue, with inferior properties for lamellar scaffolds [29,30].

Bhattacharjee et al. invstigated a chondroitin sulfate crosslinked scaffold which was
precisely oriented silk fibers wrapped around silk gel. They cultured human nasal
chondrocytes on the scaffold. Fibrous scaffold (as a multilayered fibrous structure,
where silk filaments are wrapped at different angles in successive layers) simulated
multilamellar structural hierarchy of the AF. As they observed, scaffolds supported
cell attachment and orientation similar to the fiber orientation and ECM produced by
the cells also followed the orientation of the cell alignment. Compressive strength of
the scaffold was similar to the native goat AF tissue [31].

Park et al. conducted a study with a scaffold for whole disk purpose. For culturing,
human articular condrocytes (for NP part) and porcine condrocyte (for AF part) as
used. For NP, cell viability was found 90%. Homogeneous distribution of cells over
lamellar scaffold was obtained but cells could not penetrate into inner layers of the
porous inner. Precise cellular and fiber orientation could not not achieved and

mechanical sufficiency was not studied [29].

Here, within this study a pre-made silk- fibroin scaffolds with a complex
interconnected pore architecture and outstanding mechanical withstand capacity was
investigated by means of biocompatibility through the use of hurman normal dermal

fibroblast cell line cultures.

1.1.2 Scaffolding in tissue engineering

Except the blood cells, usually normal cells in human tissues are tend to reside in solid

matrix as anchored called extracellular matrix (ECM). Several types of ECM are exist



in human tissues which of them generally have multiple components and tissue-

specific composition. The functions of ECM in native tissues are:
- providing structural support for cells to attach, grow and migrate,
- contibuting to the mechanical properties of tissues
- providing bioactive signals for cells to respond their microenvironment
- acting as the reservoirs of growth factors and increase their actions

- providing a proper flexible physical environment to allow remodeling during

the dynamic processes of tissues like wound healing [8].

In atissue engineering process, scaffolds take the place of ECM analogously by means
of supporting cells to have the environment they used to have in the existence of ECM
[32].

Since its emergence in the middle of 1980s, tissue engineering has retain its crucial
role in restoring and replacing the biological substitutes or in regenerating the defective
tissues [32-34]. A tissue engineering process has three main components as scaffold,
cells and growth-stimulating signals. An ideal scaffold, typically made of polymeric
biomaterials, should provide the structural support as a framework for initial cell
attachment and subsequent tissue development [32,33]. Scaffold microstructures
(porosity, pore size, pore shape, interconnectivity, specific surface area) [25] and
mechanical properties [36-38] have also significant effect on cell behaviors such as
adhesion, growth and differentiation and to affect the bioactivity of scaffolds used for
in vivo regeneration applications of various tissues, such as cartilage, skin and
peripheral nerves [38]. Well known scaffolding approaches for tissue engineering can

be collected under four major titles. These are:

1) Decellularized extra cellular matrix (ECM) from allogenic (tissues from same
species but having different gene constitutions) or xenogenic tissues (tissues

from different species) for cell seeding,
2) Cell sheets with self-secreted ECM,
3) Cell encapsulation in self-assembled hydrogel matrix
4) Pre-made porous scaffolds for cell seeding [32].

A schematic summary of these titles can be seen in Figure 1.2.



1) Decellularized ECM 2) Cell sheets with  3) Cell encapsulated in 4) Pre-made porous
secreted ECM self-assambled hydrogel scaffolds
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Figure 1.2 : Schematic diagram of different scaffolding approaches. Adapted from
“Scaffolding in tissue engineering: general approaches and tissue-specific
considerations”, by Chan, B. P. and Leong, K.W., 2008, Eur Spine J, 17: (Suppl 4),
S467-S479. Copyright 2008 by Springer-Verlag. Reprinted with permission [32].

1.1.2.1 Decellularized ECM from allogenic or xenogenic tissues

Scaffolds obtained by using this method are the most nature-simulating scaffolds,
which have been used for many tissues including heart valves [39], vessels [40], nerves
[41], tendon and ligament [42]. This scaffolding approach removes the sources for
immunogenicity upon implantation but preserves the ECM components, which render
these scaffolds immunologically well-tolerated. Besides the excellent biocompatibility
of the natural ECM, decellularized matrix preserves growth factors which is in favor
of further facilitating of the cell growth and remodeling [43]. Nevertheless, this method
may also lead to inhomogeneous distribution of cells or immune reactions after the

implantation because of the possible deficient removal of cellular components [32,44].

1.1.2.2 Cell sheets with self secrated ECM

By using this method, cells secrete their own ECM upon confluence and are harvested
without the use of enzymatic methods. By means of repeating the process, laminating
of multiple single cell layers to form thicker matrix is possible. Cell sheet engineering

approach is excellent for epithelium, endothelium and cell-dense tissues [45,46]



However, issues with rich ECM for load bearing purposes are unlikely to be acquired
by this approach [32, 46].

1.1.2.3 Cell encapsulation by self-assambled hydrogel matrix

Encapsulation is, simply, the entrapping of living cells within a semi-permable
membrane or a homogenous solid mass. [47-49]. Hyrogels having covalent or ionic
cross-links are mostly used biomaterials for the encapsulation. Several types of natural
and synthetic hydrogels can be used with an only limitation of availibity of hydrogel
formation in the existance of living cells. Nevertheless, hydrogel materials suitable for
this approach usually have poor mechanical properties, resulting in limited or no use
of this approach in load bearing functions [32].

1.1.2.4 Pre-made porous scaffolds for cell seeding

Seeding therapeutic cells in pre-made porous scaffolds process is the most commonly
used and well-established scaffolding approach thenceforward the early times of tissue
engineering [50,51]. According to the sources of biomaterials used for fabricating the
porous scaffolds can be divide into two types as natural and synthetic biomaterials.
Natural sources, like silk-fibroin protein, usually have superb biocompatibility so that
cells can attach and grow with excellent cell viability. However, the physical and
mechanical instability of naturally derived scaffolds cause their limited or no use in
load-bearing applications. Another issue is the potential immunogenicity may rise
from the antigenic state of host against the source of biomaterial. Synthetic
biomaterials can be generally categorized into inorganic (bioglasses, etc.) and organic
(synthetic polymers, etc.). Generally synthetic biomaterials are thought as materials
with better controlled physical and mechanical properties which makes them suitable
for both soft and hard tissues. Nevertheless, synthetic biomaterials usually have

biocompatibility issues [32].
This scaffolding approach has a number of advantages some of which are including:
- having wide range of biomaterial choice (from ceramics to hydrogels),

- having relatively precise designs on architecture and microstructure of the
scaffolds which favours especially in their use in load-bearing applications
[32].
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Nevertheless, this approach also has certain disadvantages as the post-fabrication cell-
seeding to porous scaffolds is time-consuming and inefficient because of the limited
penetration ability of cells into the scaffolds. For this reason, agitation, perfusion and
enlarged pore size are needed to enhance cell seeding efficiency which them may cause

lower cell viability and high costs [32].

In this study, “pre-made porous scaffolds for cell seeding” approach was used. Pre-
made scaffolds were silk-fibroin single network (SN), double network (DN) and triple
network (TN) cryogels. They are naturaly derived biomaterials as they were
synthesized by using silk-fibroin protein. Since the source, silk cocoons, are widely
utilized as raw-material in industry and has a sustainable fabrication, this material is
highly cost-effective. In contrast with their equivalents using the silk-fibroin, cryogels
investigated within this study have extraordinary mechanical properties as well as their
well-known biocompatibility state [7,53-57]. These cryogel materials, having
chemical crosslinks besides the physical crosslink points based on the formation of S-
sheets, are recently synthesized by our research group [7], according to a toughening
method called as double-networking concept. This concept was used for the first time
in silk-fibroin cryogels [7]. Cryogels, synthesized by use of this concept, gained futher
improvement in mechanical endurance. Moreover, as a main outcome of use of this
concept, porosity was increased by the formation of second-generation pores which
directly affects the cell viability. By considering all advantages mentioned above, silk-
fibroin SN, DN, TN cryogels have a great potential in bone-tissue engineering

applications.

1.1.3 SN, DN and TN silk-fibroin cryogels as a cell scaffold

Silk-fibroin, derived from Bombyx mori, is a fibrous protein exhibiting extraordinary
material properties such as good biocompatibility, biodegradability, high strength and
toughness, and ease of processability. Silk fibroin has been used for cell culture, wound
dressing, drug delivery, enzyme immobilization and as a scaffold for bone tissue

engineering [7,53-58].

Gelation of aqueous fibroin solutions mainly proceeds via self-assembly of fibroin
molecules induced by hydrophobic associations to form intermolecular f-sheet
crystallites acting as physical cross-link zones [68,69]. In many application areas such

as in bone tissue engineering, silk fibroin gels are required to possess a high
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mechanical strength and a 3D interconnected pore structure to provide a favorable
microenvironment for cell attachment, infiltration, proliferation, and differentiation
[56]. Several techniques have been developed to produce porous fibroin-scaffolds such
as freeze—thawing, porogen leaching, gas foaming, electrospinning, and freeze-drying
[57-67]. An alternative simple route to produce 3D highly porous fibroin networks is
the low-temperature gelation technique, known as cryotropic gelation or cryogelation
[7,53].

By cryogelation technique, polymerization and/or cross-linking reactions are
conducted in apparently frozen reaction solutions. During the freezing of an aqueous
polymer solution containing a chemical cross-linker, the polymer chains and the cross-
linker molecules are expelled from the ice concentrate within the liquid channels
between the ice crystals, so that the cross-linking reactions only proceed in these
unfrozen domains. After cross-linking and after thawing of ice, a macroporous
material is produced whose microstructure is a negative replica of the ice formed. In
contrast to the mechanically weak macroporous gels prepared by a phase separation
technique, cryogels are very tough and withstand very large strains without permanent

deformation or fracture [7,53].

Silk fibroin scaffolds developed by the techniques other than cryogelation, which were
mentioned above, exhibit Young's moduli between 10 kPa and 3 MPa. According to
the cryogelation technique, introduced by our research group [53], macroporous silk
fibroin scaffolds exhibit a very high Young's modulus (50 MPa). Although
macroporous scaffolds in aqueous environments are usually brittle and rupture at a few
tens percent of deformation, those derived from cryogels can completely be squeezed
without any crack development [53]. Therefore, as shown recently, silk fibroin

cryogels are most promising candidates as a scaffold for bone regeneration [7,53].

Recently, an outstanding advancement was reported by our research group in
improving the mechanical and structural properties of the silk-fibroin cryogels by
using double-networking concept [7], which of this concept’s pioneering studies were

conducted as a hydrogel [70,71].

Double network (DN) hydrogels described by Gong and co-workers consist of
interpenetrating brittle and ductile polymer networks containing 60—90% water [72].

For instance, DN hydrogels made from poly(2-acrylamido-2-methylpropanesulfonic
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acid) (PAMPS) polyelectrolyte and linear polyacrylamide (PAAm) exhibit exceptional
compressive strengths of about 20 MPa and fracture energies in the hundreds of J m
[72]. Under large strain, the highly cross-linked, brittle first network (PAMPS) breaks
up to form many cracks while the second ductile network (PAAm) keeps the gel
sample together [72-75]. DN hydrogels are prepared by swelling a highly cross-linked
polyelectrolyte first network hydrogel in a solution of a second monomer and then
polymerizing the second monomer to form a loosely crosslinked (or linear) second
network. Although both networks are sequentially polymerized, some cross-linking
between the two networks is possible due to the incomplete polymerization of the first
network [76]. Based on the pioneering work of Gong and co-workers [72], several
kinds of DN hydrogels were reported in the literature [77-82], including the inverse
DN hydrogels in that a loosely cross-linked polyelectrolyte network is prepared within

the highly cross-linked nonionic network [83,84].

Recently, Okay and co-workers achieved to obtain nonionic PAAm and PDMA
hydrogels with extraordinary mechanical properties by the triple network (TN)
approach (containing 89—92% water and exhibiting high compressive fracture stresses

up to 19 MPa and compressive moduli up to 1.9 MPa) [85].

Utilization of double—networking concept in cryogelation technique was recently by
reported by Zhao et al. Reported DN cryogel was synthetic according to its source and
exhibit pH- and temperature sensitiveness [86]. However, their mechanical strength is
much lower than that of fibroin cryogels. To produce double network (DN) and triple
network (TN) silk fibroin cryogels of high mechanical strength, entreated within this
thesis by means of biocompatibility investigation, the initial single network (SN)
fibroin cryogel scaffolds were first immersed in aqueous fibroin solutions containing
chemical crosslinker and then cryogelation reactions were conducted to produce
fibroin cryogels with a DN structure. By repeating this step, TN cryogels were
generated. Thus, SN and DN fibroin scaffolds were used as precursors for the DN and
TN cryogels, respectively [7]. Figure 1.3 shows the schematic illustration of SN, DN
and TN silk-fibroin cryogel formation. In this cryogels, fibroin network components
interpenetrate and interconnect to each other resulting in the formation of
waterinsoluble SN, DN, and TN cryogels.
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Pore filling

Figure 1.3 : Schematic illustration of the fibroin cryogel formation with single-,
double-and triple-network structures Reprinted from “Cryogelation within cryogels:
Silk fibroin scaffolds with single-, double- and triple-network structures.”, by
Yetiskin, B., Akinci, C. and Okay, O., 2017, Polymer, 128, 47-56. Copyright 2017
by Elsevier Ltd. Reprinted with permission [7].

The main underlying idea in the multiple network silk-fibroin cryogel formation is to
produce cryogels having two generations of pores by carrying out the cryogelation
reactions within the pores of a precursor cryogel, as schematically illustrated in Figure
1.3 [7]. Scaffolds having both large and small pores receive significant interest in
tissue engineering due to the fact that the large pores of tens of micrometers in diameter
are suitable for cell migration while smaller pores with a few micrometers are highly

effective for nutrients and oxygen delivery [87-90].

It was reported that increasing cell viability is mainly occurs due to enhanced nutrient
supply and more efficient metabolic waste removal from the interior regions of
scaffold constructs. Due to the formation of smaller pores, as second generation pores,

in SN cryogels by obtaining a DN, specific surface area increases. Thus, a more
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favourable environment can be acquired in which cells could remain viable and

proliferate to a greater extent [91-94].

In order to obtain a scaffold for tissue engineering, material clustering, pore size,
surface area, wall thickness and homogeneity etc. have critical importance [38]. For
the study which will be exhibited through the first part of the thesis, we have two kinds
of materials to clarify the relationships between cell viability and pore size, surface
area and wall thickness. SN crogels synthesized by increasing fibroin concentrations
represents decreasing pore size and porosity while wall thickness is increasing. The
other set of cryogels, named as DN and TN cryogels represent increasing fibroin
concentrations by the penetration of new networks inside the single network. However,
DN and TN cryogels exhibit no increase in wall thickness with the help of formed
pores inside the bigger pores of single network pores which are called as second
generation pores. Moreover, decreasing in pore size occasioned by second generation
pores and incresing fibroin concentration cases were run with increasing surface area.
Besides all, both of two cryogel type have an advantege for biomedical applications as
they have interconnected pores. It was reported in the literature that, pores of adequate
size allow cells to migrate or adhere to the surface of a material, but interconnecting
pores are necessary to permit cell growth into the scaffold interior [38].

Reported studies mention that, there are limits of acceptable scaffold architecture
(volume fraction (VF:surface area/volume ratio), pore size) that influence in vitro
cellular responses. Additionally, pore size and VF have combined effect on cellular
adhesion, viability, ingrowth, distribution, and the formation of an ECM by specific
cell types. A high VF combined with a proper pore size is required for in vitro cell
attachment, proliferation, and subsequent matrix deposition. It was also reported that
the optimum VF for engineering homogeneous tissues may be greater than 90% or
between 75% and 90% [95].

It was reported that the diameter of cells at issue in a tissue engineering study
determines the minimum pore size required in a scaffold structure, which varies from
one cell type to another. Therefore, pore size should be carefully controlled depending
on the planned application. Studies made about the effect of scaffold pore size on tissue
regeneration demonstrate that the optimum pore sizes are about 5 pm for
neovascularization, 5-15 pum for fibroblast ingrowth, 20 um for hepatocyte ingrowth,

20-125 um for regeneration of adult mammalian skin, 40-110 pum for osteoid ingrowth
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and 100-350 um for regeneration of bone. Fibrovascular tissues require pores sizes
greater than 500 um for rapid vascularization and for the survival of transplanted cells.
It should be noted that, the pore sizes obtained here have been performed for

mentioned cell types up to 50 % porosities. [96, 97]

According to the study conducted in this thesis, combined effect of optimum pore size,
porosity (%) and wall thickness could change these known pore size requisites. In this
stuy, with the help of second generation pores obtained by double-networking method,
the surface area/volume ratio of porous materials is not depend on the density and

average diameter of the pores.

1.2 Hybrid Hydrogels

Within the second part of this thesis, multi-segmented hybrid hydrogels with two or
three individual segments, which of each have chemically and physcially different
properties were investigated from the stand point of designing and mechanical

characterization.

As a novel part, for the first time, preparation step of monomer mixtures for the one-
step synthesis of hybrid hydrogels by UV-initiated bulk polymerization was achieved
by stratification method. Moreover, by this method, segments were integrated in the
course of polymerization as a fused body of two or three individual segments with a
stronger (than that of its individual segments), smooth interface region(s) in a few
millimeters of thickness. Another exceptional properties of these hybrid gels are their
self — healing ability and shape-memory behavior. Every single individual segments
and the interface region(s) have these both extraordinary feature. Even if each of the
segments have their own dual-shape memory behavior, as a combined behavior of
these dual-shape memory segments, these materials have pseudo-triple- and pseudo-
multiple- shape memory behavior in their whole fused body. This is the first time, that
the terms of pseudo-triple- or pseudo-multiple- shape memory are used. By taking
advantage of stratification, it was exhibited that, this method is available for a wide
range of monomers. Therefore, several combination possibilities of different segments
(with required physical and chemical properties) in a multi-segmented hybrid gel
serves as a puzzle-like method to use in various desired applications. Additionally,
according to the monomers used in this study, hybrid hydrogels are potentially

biocompatible. Perspective of the design was established on introducing a brand new
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artificial implant idea for load-bearing purposes like intervertebral disc (IVD), tendon,
ligament, etc. applications. However, investigation on the biocompatibility of hybrid
hydrogels is not a part of this thesis. Exclusively, three dimensional (3D) architectures
of natural load-bearing structures (such as IVD, tendon and ligament) and the effect of
these arhitectures on the mechanical properties were considered to get inspired.
Inferences transfered to the design of hybrid hydrogels.

1.2.1 Hydrogels

Gel is a janus-faced state with its half solid-like and half liquid-like properties which
causes many interesting relaxation behaviors that are not found in either a pure solid
or a pure liquid. This extraordinary feature of gels originates from their elastic, cross-
linked network structure which serves as a matrix for entraping the liquid in the
structure [1,98,99].

Hydrogels are hydrophilic, cross-linked gels with a capacity to absorb large amounts
of water or aqueous solutions, such as body fluids, without dissolving. Since the
material has hydrophilic functional groups attached to the polymer backbone, name of
the material takes the prefix “hydro”, in the meaning of “water” from Latin language.
The reason why these materials called as “gel”, after the prefix of “hydro”, is because
of their resistance against the dissolution by the help of cross-link points. Cross-links
are the juctions wherein the polymer chains get together to form a three-dimensional
(3D) network of polymers. Owing to the network chains connecting to each other, a
hydrogel is by itself a one big molecule on a macroscopic scale with the ability to
entrap water in its structure [1,98,99].

1.2.1.1 Hydrogels according to the cross-link type

In an attempt to understand the interesting mechanical properties of polymer gels, they
should be considered at the molecular level. A dynamic, polymer network structure
consists of several elements, including bridging strands (polymer chain that connects
one cross-link to another), crosslinks (or junctions), dangling ends, and loops. are
regarded as three dimesional (3D) networks of non-covalently bound polymer chains
[100]. Here, “a physically-crosslinked hydrogel” is defined as a dynamic, network
structure formed via reversible self-assembly of polymer chains in a non-covalent

bonding manner or interactions. On the other hand, a chemically-crosslinked hydrogel
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regards as a hydrogel of static network (permanent) with fixed mechanical properties
due to their covolently bonded polymer chains.

The poor mechanical performance of chemically cross-linked hydrogels originates
from their very low resistance to crack propagation due to the lack of an efficient
energy dissipation mechanism in the gel network [101]. As schematically illustrated
in Figure 1.4A, the energy focused around the crack tip cannot be dissipated properly
in conventional, chemically-crosslinked hydrogels which causes the fracture of the
whole material. In order to obtain a highly tough hydrogel, the overall energy
dissipation along the gel sample has to be improved by introducing dissipative
mechanisms at the molecular level as demonstared in Figure 1.4B [101].
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Figure 1.4 : Schematic illustration demonstrates: (A) the localization of applied
energy in a conventional chemically-crosslinked hydrogels which results in a crack
generation and (B) the dissipation of the applied energy in a physically-crosslinked

hydrogel (e.g. hydrophobically modified hydrogel). Reprinted from “Design of high-
toughness polyacrylamide hydrogels by hydrophobic modification.”, by
Abdurrahmanoglu, S., Can, V. and Okay, O., 2009, Polymer, 50, 5449-5455.
Copyright 2009 by Elsevier Ltd. Reprinted with permission [101].

Significant progress has been achieved in recent years, in the design of mechanically
strong and tough hydrogels [102] including: the topological hydrogels (sliding cross-
link agents) [102], double network (DN) hydrogels [73,103,104], nanocomposite (clay
filled) hydrogels [105] and supramolecular polymer network hydrogels [106]. These
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designs of hydrogels were utilized in many mechanical performance-based approaches
to mimic the biological systems.

A concept of chain crosslinking to form tophological hydrogels by using sliding
crosslinking agents was reported by Okumura and Ito [107]. Within this concept,
chemically crosslinked two cyclodextrin molecules were used as a sliding-double ring-
crosslinking agent, to sustain their sliding along the different PEG chains (end-capped
with a bulky group) of hydrogel structure. Results were outstanding with a high degree

of swelling in water and a high stretching ratio without fracture [108].

Double networks (DN) are a subset of interpenetrating networks (IPNs) formed by two
hydrophilic interpenetrated networks, the first polyelectrolyte network acting as a
matrix for the subsequent network was brittle because of the highly crosslinked nature
and the second neutral network was ductile by the help of loosely crosslinked structure
[72]. The pionering study was made by Gong and co-workers. Although both networks
are sequentially polymerized, some cross-linking between the two networks is possible
due to the incomplete polymerization of the first network. Hydrogels containing about
90% water possessed an elastic modulus of 0.3MPa and fracture stress of ~10MPa,
demonstrating both hardness and toughness. [108] Recently, Okay and co-workers
achieved to obtain nonionic PAAm and PDMA hydrogels with extraordinary
mechanical properties by the triple network (TN) approach (containing 89—-92% water
and exhibiting high compressive fracture stresses up to 19 MPa and compressive
moduli up to 1.9 MPa) [85].

Nanocomposite hydrogels are organic—inorganic hybrids. They are based on N-
isopropylacrylamide (NIPAAmM) with hectorite as multifunctional crosslinker [105].
Exfoliated clay platelets are uniformly dispersed in an aqueous solution of NIPAAmM
monomer; polyNIPAAm chains are grafted on the clay surface by one or two ends.
Here, up to 1500% elongation-at-break values were obtained. These hydrogels
possessed extremely high surface hydrophobicities [109].

Hydrophobically modified hydrogels are supramolecular polymer networks. They are
one of the very picture of tough, physically crosslinked hydrogels. As in large
biological systems, which of their hydrophobic interactions play a dominant role in the

formation, synthetic hydrogels can be generated by incorporation of hydrophobic
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sequences within the hydrophilic polymer network chains [106]. Multi-segmented
hybrid hydrogels presented in this thesis are also hydrophobically modified hydrogels.

1.2.1.2 Hydrophobically modified hydrogels

Conventional chemically-cross-linked hydrogels are covalently bonded, permanent
shaped, hydrophilic 3D networks which are very brittle especially at their swollen
state. Althoug they have a static network structure with their permanent crosslink,
limited recovery can be obtained if the applied stress is low enough. Physically-
crosslinked hydrogels are dynamic, reversible 3D networks based on their transient
cross-links formed by interchain associations involving complementary functional
groups that exhibit, for example, electrostatic interactions, hydrophobic interactions,
and hydrogen bonding or produce crystallizing segments [110-116].

Since the physically cross-linked hydrogels possess a transient network structure
rather than a permanent one, they represent relaxation in much longer periods than the
application time of stress. When the stresses are either small, the temperature is
sufficiently low, or the stress application is of short duration (i.e., short time or high
frequency), it is possible to achieve that a physical gel may be mechanically
indistinguishable from a covalent gel, and the network appears to be permanent. The
reversible nature of the physcially cross-linked network structure provides unique
properties, like viscous flow above a critical stress or time which favors the gel to be

injectable and improved mechanical toughness compared with a covalent gel [117].

Garnier et al. synthesized hydrophobically modified polyelectrolyte hydrogels
prepared by a complicated three step procedure [112]: a) introduction of double bonds
onto a poly(acrylic acid) (PAAc) backbone, b) hydrophobic modification of PAAc
with dodecyl amine, and c) crosslinking of double bonds using a dithiol. It was shown
that hydrophobic modification of polyelectrolyte hydrogels provides a drastic increase
in the viscous modulus G’ while the elastic modulus G’ remains almost same [112].
This increase in G’ was generated by the help of energy dissipation mechanism
obtained under the favor of the hydrophobic association formation as temporary

junctions.

Okay and coworkers practiced on a simple, straightforward alternative for the
preparation of such associative poymer materials is the free radical micellar

polymerization technique, as first described by Candau and co-workers [118-125]. In
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this technique, a water-insoluble hydrophobic monomer solubilized within the
micelles is copolymerized with a hydrophilic monomer in aqueous solutions by free-
radical addition polymerization. One limitation of this technique was that large
hydrophobes cannot be solubilized within the micelles due to the very low water
solubility of these monomers [126-128]. By means of the utilization of this technique
in hydrogel synthesis, by Okay and coworkers, it was shown that n-alkyl
(meth)acrylates with an alkyl chain length longer than 16, carbon atoms can be
solubilized in a micellar solution of sodium dodecyl sulfate (SDS) by the addition of
an electrolyte (such as NaCl) in a sufficient amount [106]. Salt leads to micellar growth
which ensures the solubilization of hydrophobes. Copolymerization of acryl amide
(AAmM) with large hydrophobes solubilized within the wormlike SDS micelles
produced physical hydrogels exhibiting unique characteristics such as insolubility in
water, nonergodicity, high elongation ratios at break, and self-healing [106,129-132].
Hydrophobe content of the physical gels having the ability to self-heal was 2 mol %
with respect to the total monomers while the self-healing ability disappeared as the
hydrophobe content is increased [133]. Hydrogels formed via hydrophobic
interactions in aqueous micellar solutions present two faces, depending on which state
they are in. These states are (i) the preparation state, when the gels contain surfactant
micelles, and (ii) the state in equilibrium with pure water, when the free surfactant
micelles have been removed after preparation. With surfactants, the cross-links are
reversible as a result of local solubilization of the hydrophobic associations, so that the
hydrogels are weak. After removal of surfactant, however, direct exposure of the
hydrophobic associations to the aqueous environment increases their lifetimes so that
the hydrogels behave mostly like chemical gels with time-independent dynamic
moduli [132].

Another study conducted by Okay coworkers was hydrophobically modified ionic
hydrogels formed in oppositely charged surfactant solutions exhibit frequency-
dependent dynamic moduli if they are in equilibrium in water after extraction of free
surfactant micelles [134]. This is a result of complex formation between the ionic
polymer and the oppositely charged surfactant, leading to polymer-bound surfactant
counterions in the hydrogels. The mechanical strength of hydrogels were increased by
use of hydrophobic acrylates rather than their methacrylate equivalents. This is due to

the limited flexibility of the methacrylate backbones. Similarly, the length of the alkyl
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side chain of the hydrophobes as well as the type of hydrophilic chains also affect the
mechanical performance of hydrogels formed via hydrophobic interactions. For
instance, replacing polyacrylamide (PAAm) by poly-acrylic acid (PAAc) provides
mechanically stronger hydrogels as they have hydrogen bonding between carboxyl
groups, which stabilize the hydrophobic associations. A similar improvement in
mechanical performance is observed by replacing of PAAm with poly(N,N-
dimethylacrylamide) (PDMA) with the help of additional hydrophobic interactions
between the DMA units. By removing the surfactant micelles, similar changes are also
observed in their mechanical properties. Most importantly, a remarkable decrease in
the stretchability of such hydrogels is observed upon extraction of surfactant micelles.
By tuning the preparation conditions, hydrogels formed via hydrophobic interactions
in micellar solutions exhibit a high stretchability (up to 5000 %), high mechanical
strength (up to 1.7 MPa tensile stress), and complete autonomous self-healing ability.
Thus, hydrogels formed via hydrophobic interactions combine good mechanical
properties with a high self-healing efficiency and are promising materials for new
technologies [132,134,135].

Another interesting study of Okay and coworkers was conducting micellar
copolymerization by using high amounts of hydrophobic monomers. In this study,
supramolecular, semi-crystalline, hydrophobically modified, melt-processable
hydrogels with shape-memory behavior and self-healing ability was achieved. The
water content of hydrogel were between 60—80 wt % and they consist of PAAc chains
containing 20—50 mol % crystallizable n-octadecyl acrylate (C18A) segments together
with surfactant micelles. The key of this approach was that the hydrogels renders melt-
processable are acquired under the favor of the absence of chemical cross-links and
the presence of surfactant micelles. It was shown that, above the melting temperature
(Tm) of the crystalline domains, the hydrogel liquefies and exhibits moldability to a
desired form. Below the Tm and after removing the surfactant from the gel network,
molded hydrogel in any permanent shape exhibit a high compressive strength of 90
MPa and a Young’s modulus of 26 MPa. If the hydrogel was damaged on purpose e.g.
by cutting into two pieces, the extraordinary mechanical properties can completely be
recovered via temperature-induced healing process. The hydrogel also exhibits a

complete shape fixity ratio and a shape recovery ratio of 97 £ 2% [133].
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Okay and coworkers improved their hydrophopically modified hydrogel concept by
exculuding the use of surfactants by taking the advantage of using UV-initiated bulk
polymerization [3]. New approach was allowed to obtain hydrophobically modified
hydrogels with a high hydrophobic monomer content which served for the generation
of semicrystalline domains in the gel structure. The hydrogels consist of linear PDMA
or PAAC chains containing (meth)acrylate units with long alkyl side chains. They have
particularly high fracture energy of 20 + 1 kJ m? and Young’s modulus up to 308 +
16 MPa. The mechanical properties of the hydrogels could be tailored by varying the
degree of crystallinity by choosing suitable comonomer pairs and compositions. The
hydrogels undergo up to 1000 fold change in their elastic moduli by changing the
temperature between below and above the melting temperature of the crystalline
regions. They also exhibit self-healing and shape memory functions triggered by
heating above the melting temperature. Healed hydrogels sustain up to 138 £ 10 MPa
compressive stresses, which are around 87% of the compressive stress of the virgin

gel samples.

Multi-segmented hybrid hydrogels with self healing ability and shape-memory
behaviors, will be represented as a second part of this thesis, are the result of this long

journey on the hydrophobically modified hydrogels.

1.2.1.3 Self-healing ability

The use of synthetic, chemically crosslinked hydrogels in load-bearing applications is
limited because of their brittle character. Therefore, design of hydrogels with good
mechanical properties is crucial. Synthetic hydrogels representing high toughness with
stimuli-responsiveness and self-healing ability are promising for the development of

several new technologies [132].

With reference to the great potential, various approaches have been introduced for
preparing self-healing gels, many of which are based upon the horizon of constitutional
dynamic chemistry (CDC) [136-139]. CDC comprises both dynamic covalent- and
non-covalent chemistry. The core of the CDC is comprised of ‘‘dynamic’’ and
“‘reversible’’ terms. As they possess a dynamic/reversible nature with the reformation

ability of broken bonds, dynamic polymer networks exhibit self-healing [140].

According to the physical and chemical character, self healing gels studied based on

the CDC so far are schematically summarized in Figure 1.5.
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Figure 1.5 : Various strategies used to synthesize physical (upper) and chemical
(down) self-healing gels based on CDC. Reprinted from “Self-healing gels based on
constitutional dynamic chemistry and their potential applications.”, by Wei, Z. et al.,

2014, Chem. Soc. Rev., 43 (23), 8114-8131. Copyright 2014 by Royal Society of

Chemistry. Reprinted with permission [140].

Self-healing polymer materials can be achieved by means of two important features.
Firstly, hydrogels can generate a ‘“‘mobile phase’’ in or around the damaged zones by
taking the advantage of captured solvent in the gel network which fills and bridges the
crack zone to allow gel heal itself [141]. Secondly, self-healing gels are non-
automatically or automatically self-healable depending on whether or not they need
additional external energy, intervention or trigger (e.g., heat, light, pH or catalyst) to

recover their original structures and properties [140].

Physical self-healing hydrogels restored networks via dynamic formation of attractive
non-covalent interactions between molecules, oligomers or polymer chains, including
hydrophobic interactions, host—guest interactions, hydrogen bonds, crystallization,
polymer—nanocomposite interactions and multiple intermolecular interactions.
Chemical self-healing gels restored networks via the dynamic formation of covalent
bonds, including boron-oxygen bonds (phenylboronate ester), sulfur—sulfur bonds
(disulfide), carbon—nitrogen bonds (imine, acylhydrazone), carbon—carbon/carbon—
sulfur bonds (reversible radical reaction) and cyclohexenes (reversible Diels—Alder

cycloaddition). For both physical and chemical self-healing gels, the reversible
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equilibrium of the gel networks can dissociates and recombinates the physical
interactions or chemical bonds. Therefore, for initiating the self-healing process, it is
must that the functional groups of polymer chains should allow physical interactions

or chemical reactions in damaged regions of gels [140].

Hydrophobic interactions are the dominant feature in the formation of self-healing
hydrogels. The polymer chains containing hydrophobic monomer units result in the
hydrophobic associations which yields a network with a transient crosslinks. Okay and
coworkers introduced a micellar polymerization method for hydrogels to construct
self-healing hydrogels which possess hydrophobic interactions among surfactant
micelles as physcial junctions [106,129,130]. In this system, the reversible dissociation
and association of the hydrophobic cross-links endow self-healing ability to the
hydrogels. By this method, self-healing can be achieved by simply getting two pieces
of cut micelle-based hydrogel samples in touch for a few seconds. The healing
efficiency was almost 100% and the self-healed hydrogels can bear the applied strain
up as the original one, with a maximum tensile strain of 3600%. Figure 1.6 exhibits

the mentioned procedure of self healing.

Figure 1.6 : (a, b) Autonomous self-healing of HM PAAmM hydrogels formed using 2
mol% of C17.3M hydrophobe in 7 % SDS + 0.5 M NaCl solution; (a) Co : 5 %.
Reprinted from “Tough and self-healing hydrogels formed via hydrophobic
interactions.”, by Tuncaboylu, D.,C. et al., 2011, Macromolecules, 44, 4997-5005.
Copyright 2011 by American Chemiacl Society. Reprinted with permission [106].
and (b) 10 %. Reprinted from “Dynamics and large strain behavior of self-healing
hydrogels with and without surfactants.”, by Tuncaboylu, D.,C. et al., 2012,
Macromolecules, 45 (4), 1991-2000. Copyright 2012 by American Chemiacl Society.
Reprinted with permission [129]. In (a), one of the hydrogel samples is colored for
clarity.

The surfactant micelles (sodium dodecyl sulfate: SDS) were the key factor of this
approach for sthe self-healing and mechanical properties. As a summary, the healing
efficiency of surfactant-containing hydrogels depends on several factors, including the
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healing time, the polymer and surfactant contents of the hydrogels, and the type and
amount of the hydrophobes. The healing efficiency drasticly decreases with increasing
polymer concentration of the gels. The efficiency also crucially depends on the
comonomer feed composition; efficiency decreases as the amount of hydrophobe in

the feed increases (i.e., as the fraction of dissociable cross-links decreases) [129,132].

Furthermore, Okay and co workers obtained self-healing hydrogels with improved
mechanical strength by replacing the SDS micelles with  mixed
cetyltrimethylammonium bromide (CTAB)-SDS micelles. These hydrogels exhibit a
maximum tensile strain of 5000% due to high solubility and hydrophobicity of the
mixed micelles compared to SDS micelles and provide an ideal candidates for
designing tough self-healable hydrogels for tissue engineering, such as artificial
muscles [131].

Taguchi and coworkers developed a novel liposome based self-healing hydrogel [142].
The gelation obtained by means of hydrophobic interactions between the liposome and
cholesterol (Chol)-end capped polyethylene glycol (PEG) (Chol-PEG-Chol). The
liposome hydrogel possesses three possible binding types of Chol-PEG-Chol to the
liposome. As a “‘bridge’’, two cholesterol end groups of Chol-PEG-Chol penetrate
into the bilayers of two different liposome particles, as a ““loop’’, two cholesterol end
groups of Chol-PEG-Chol penetrate into the bilayers of a single liposome particle, as
““‘dangling’’, only one cholesterol end group of Chol-PEG-Chol penetrates into the
bilayers of the liposome particle while the other end group is exposed to the aqueous
solution. Since the cholesterol groups of Chol-PEG-Chol may dynamically pull out
and penetrate into the bilayers of liposomes, the liposome hydrogel could recover

quickly from sol to the gel state [142].

Another important example of hydrophobically modified hydrogel study was
conducted by Okay and coworkers with no use of surfactant. This study also
constitutes the basis of multi-segmented hybrid hydrogels exhbited in this thesis.
Within the scope of this study, 3D network of PDMA and PAAc chains were used to
generate hydrophobic interactions. The key factor to obtain high strength hydrogels is
the co-existence of crystalline domains and hydrophobic associations acting as strong
and weak physical crosslinks, respectively. PAAc backbone provides a higher
transition temperature and degree of crystallinity as compared to PDMA backbone due

to the hydrogen bonds occur between the carboxyl groups. Stability of crystalline
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domains in the hydrogels was revealed in an increasing order of: DMA/C17.3M <
DMA/ C18A < AAcC/C18A. The hydrogels exhibit self-healing function by heating
trigger above the melting temperature of their crystalline domains. Healed hydrogels
sustain up to 138 £ 10 MPa of compressive stress, which is around 87% of of the virgin

samples [3].

1.2.1.4 Shape-memory behavior

Shape-memory is the ability to relax to ‘‘memorize’> a macroscopic, permanent,
stress-free form in their specific environmental conditions after they exposed to a
manipulation in their form by an external trigger which forces the specific
environmental conditions of shape-memory material to fix a new temporary, dormant
form. Therefore a shape memory material can be defined as materials which have
ability to response as relaxation to an external stimuli icluding: temperature [3],
electricity [143-146], pH [147], magnetic field [148-150], ultra-sound [151], light
[152-154] or etc. This relaxation is associated with elastic deformation stored during

prior manipulation [155].

Osada et al. were mentioned that the isothermal conversiton of chemical energy into
mechanical work underlies the moility of all living organisms [156]. They ground their
idea to Katchalsky and colloborators work [157, 158] as they demonstrated that the
collogen fibers changed dimension reversibly on transition from cyclic helices to
rendom coils when they were immersed cyclically in salt and water and defined this
system under the name of ‘mechanocehmical system’ (chemomechanical system) as

athermodynamic system capable of transforming chemical energy o mechanical work.

Stimuli-responsive systems can be found in nature with numerous examples. For
instance, the Venus flytrap, which has a leaf-shutting mechanism triggered by touching
the hairs on the leaf surface. Figure 1.7 shows this reversible leaf-shutting mechanism

of Venus fytrap as an example of stimuli-responsive system found in nature [159,160].

Figure 1.7 : Reversible leaf-shutting mechanism of Venus fytrap. Reprinted from
“How the Venus flytrap snaps.”, by Forterre, Y., et al. 2005, Nature, 433 (7024),
421-425. Copyright 2005 by Springer Nature. Reprinted with permission [160].
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Such examples in the nature inspires the design of synthetic smart materials which
response to sitimuli, for various possible applications. Within the wide range scope of
stimuli-responsive materials, much focus has been placed on the study and synthesis
of soft stimuli-responsive polymeric materials due to their versatility, unique

mechanical perfonmance and enhanced biocompatibility.

Early in the 1960s, the idea of shape memory effect in polymers has been applied in
commercial use as wire wraps for the purpose of electrical insulation which of them
were polyethylene tubes with ability to shrink through heat trigger [161]. From then
on, several studies conducted in the past decades, focus on the stilimuli-responsiveness
of polymer materials. Shape memory polymers are a class of stimuli-responsive
polymers which of their shape can be programmed to shift reversibly by triggers. This
is the most distinguishing feature of this materials in comparison with other stimuli-
responsive ones [162]. Specifically, a typical shape memory polymer can be
programmed to fix one temporary shape and subsequently recover to its permanent

shape upon stimulation (typically heating), as illustrated in Figure 1.8.
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Figure 1.8 : Schematic illustrations of (a) Dual-shape memory effect; and (b) Triple-
shape memory effect. Reprinted from “Recent progress in shape memory polymer:
New behavior, enabling materials, and mechanistic understanding.”, by Zhao, Q., et
al. 2015, Progress in Polymer Science, 49 (50), 79-120. Copyright 2015 by Elsevier

Ltd. Reprinted with permission [162].
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Here, the temporary shape is usually defined by the applied force during the shape
fixing step (programming step). The shape memory cycle in Figure 1.8(a) involves
two shapes in total as one temporary and one permanent called as dual-shape memory
effect. In a similar manner a triple-shape memory polymer cycle in Figure 1.8(b)
involves three shapes in total as two temporary and one permanent shape. From a
molecular structure standpoint, dual- or triple- shape memory effect is enabled by the
combination of a reversible switching mechanism and a network structure [163]. These
behavior can be obtained in such polymers as a crosslinked (chemically or physically),

amorphous or crystalline polymer [164-168].

On the other hand, there is another significant accomplishment stood out during the
past decade in shape memory polymers as multiple-shape memory polymers.
According to our knowledge, yet there is no shape memory effect reported involving
more than three shapes in total in their shape memory effect cycle as a material having
a one permanent and three or more temporary shapes. Therefore, a mutiple-shape
memory effect corresponds to the material possesses dual- or triple- shape-memory
behavior responding to more than one external stimuli together, like pH and thermal
[147].

Within the scope of this thesis, multiple-shape memory defines a material having more
than three shapes in total in their shape memory effect cycle as one permanent and
three (possibly more than three) permanent shapes. It is important that, a dual-, triple,
or possible multiple- shape memory effect idetify that the memory effect should
include a memory in whole body of material rather than a local.

Here in this study, a multi-segmented hybrid hydrogel refers a material having
segments with distinctly different properties in their physical and chemical features. It
was observed that every single segment of a hybrid hydrogel has their own dual shape
memory effect locally. Since the hybrid material is fused body of this dual-shape
memory segments, in example, two segmented-hybrids have one permanent and two
permanent shapes.Similarly, a three-segmented hybrid hydrogels have one permanent
and three temporary shapes in their shape memory effect cycle. Therefore, from this
point of view, the shape memory behavior belonging to multi- or three- segmented
hybrid hydrogels are termed as “pseudo multiple-*“ and “pseudo triple-* shape memory

behavior, respectively.
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The ability of a thermally-induced shape memory behavior in hydrogels was first
represented in poly(acrylic acid)-based networks with short stearyl side chains [169].
Within this study, the hydrophilic main chain segments allow to swell in water, while
the dangling stearyl units forming a crystalline aggregate structure below Ttrans as
physical cross-links. After the heating above Tirans, the domains formed by stearyl units
became amorphous causing the recovery of the permanent shape and, at the same time,

might allow further swelling.

Hydrogels acts as a matrix which allow rapid diffusion of small molecules that may
serve as triggers for the shape memory effect. Thus, hydrogen bonding [170],
dipole—dipole interactions [171] or ion complexation can be used to fix a temporary
shape as an alternative to crystallizable domains. For example, shape memory
hydrogels having carboxylic acid enable the fixation of a temporary shape in the
presence of Ca?* solution, with shape recovery after addition of a complexing agent
by dissociation of the Ca?*—carboxyl complexes [172].

Shape memory hydrogels may also response to several stimuli when either one type of
temporary cross-link is sensitive to different stimuli (alternative stimulation) or two
types of temporary cross-links are incorporated in the polymer network structure that
respond to independent stimuli (multi-stimuli response). Alternative stimulation was
realized in a system consisting of PVA and boronic acid, where the formed boronate
ester bonds acted as reversible cross-links [173]. These physical cross-links could be
reversibly formed and dissociate by raising or lowering the pH either directly or via a
PAG [174]. In addition, indirect heating by ultrasound treatment could initiate the
shape recovery [151].

Multi-stimuli response was realized in shape memory hydrogels with temporary cross-
links based on ionic/complex binding as well as salt-strengthened hydrophobic

associations.

Most commonly reported shape memory polymers are thermally-triggered. Thermo-
responsive shape memory polymers utilize the inherent thermal transitions of the
polymers to accomplish the shape memory effect. These thermal transitions are either
melting (Tm) or glass transition (Tg) temperatures. As the melting transition occurs
over a much smaller temperature range as compared to a glass transition, melting

transition is favored more as a shape transition temperature [159].
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Recently, Okay and coworkers presented a non-covalent approach and bulk photo-
polymerization method of hydrophilic (N,N-dimethylacrylamide and polyacrylic acid)
and hydrophobic monomers ((meth)acrylate units with long alkyl side chains) to
generate high-strength self-healing hydrogels with shape-memory effect arising from
semi-crystaline domains formed by hydrophobic monomers. As they reported,
hydrogels undergo up to 1000 fold change in their elastic moduli by changing the
temperature between below and above the T, of the crystalline regions. They exhibited
hydrophically modified hydrogels with shape memory functions triggered by heating
above the Tm [3].

Multi-segmented hybrid hydrogels represented in the scope of this thesis are also
hydrophobically modified hydrogels utilizing the T for thermal inducing of shape

memory effect.

1.2.2 Multi-segmented hybrid hydrogels

As a general meaning, “hybrid” term corresponds to a thing which combines two
different elements to obtain a new, mixed character. Within hydrogel studies, hybrid
is a common use to describe the material via their structural components’ character in
a chemical or physical manner. Within a chemical manner, a hybrid hydrogel may be
a combination of a synthetic and a natural, organic and inorganic sources. On the other
hand, in terms of physical manner, a hybrid hydrogel may be a combination of different
components having different physical properties together, such as isotropy and
anisotropy, amorphus and semicrystalline structure, rigidity and flexibility, etc. to

create a new material with a new desired character.

Hydrogels resemble to biological systems in many aspects [175-177]. Many biological
systems are anisotropic structures as combinations of hard and soft segments with
extremely tough interfaces between their components. For instance, connective tissues
such as tendon are joined to bone in a specialized interface known as the enthesis
[178,179]. They serve as more than simple anchors, for in linking soft to hard tissue,
entheses also minimize the risk of damage in the face of high levels of mechanical
loading [180]. In contrast with such kind of biological systems, hydrogels having high
strength reported so far are isotropic materials. In the past few years, to acquire
anisotropy in the gel architecture, pioneering studies of interfacing soft and hard

materials were reported. Hu et al. prepared “modulated hydrogels” by swelling the first
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gel component in the excess of second monomer solution followed by cross-linking
copolymerization [181]. Thus, by this technique, a harder interpenetrated network
hydrogel component could be produced as merged with a softer single network
hydrogel. However, a hydrogel comprising of two dissimilar gel components was for
the first time called as “hybrid gel” by Raghavan et al. [182,183] Figure 1.9 represents
the optical images of hybrid hydrogels synthesized by Ragvahan et al. They prepared
a hybrid gel which of its components preserve the properties of each individual gel
component with smooth and robust interfaces between dissimilar gel zones by bringing
two high-viscosity monomer solutions into contact and then polymerizing the system.
Different than the study conducted by Hu et al., the key of this approach was the

limitation of diffusion between the monomer solutions at the gel/gel interface [182].
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Figure 1.9 : (1) An optical image of hybrid gel. Interface regions is smooth and
hence not visible. (2) Optical images showing mechanical differences between the
zones of hybrid gel. The gel/gel interface is highly robust. Reprinted from “A New

Approach for Creating Polymer Hydrogels with Regions of Distinct Chemical,
Mechanical, and Optical Properties.”, by Banik, S. J., et al. 2012, Macromolecules,

45 (14), 5712—-5717. Copyright 2012 by American Chemical Society. Reprinted with
permission [182].

Another method to create hybrid gel samples was introduced by Leibler et al. as
“gluing” separate gel samples together by using nanoparticles as a binding agent to
glue the dry or swollen hydrogels together [10]. This approach was extended by Yong
et al. through the preparation of multilayered hydrogel sheets where the layers were
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stacked and effectively glued together with chemical cross-links obtained by
performing atom transfer radical polymerization between the successive layers
[185,186]. Figure 1.10 demonstrates the representative optical images of soft-glued

gels.

PBMA PPEO,MA
FRP  ATRP

Figure 1.10 : (a) Ten-layer gel prepared by connecting gel slices together (b) Multi-
layer gels obtained by connecting as a soft glue. (¢) “ATRP” embedded letter made
of and surrounding matrix. Reprinted from “Combining ATRP and FRP Gels: Soft
Gluing of Polymeric Materials for the Fabrication of Stackable Gels.”, by Beziau, A.,
et al. 2017, Polymers, 9 (6), 186-196. Copyright 2017 by MDPI AG, Basel,
Switzerland. Reprinted with permission [186].

In order to fuse dissimilar materials in a body as macroscopic organo/hydrogel hybrids,
another method was used by Deng et al. which originates from the rapid adhesion
between polyethylene glycol hydrogels swollen in water and organogels swollen in
anisole [187]. In this method, acylhydrazone dynamic bonds which are reversible and
enable self-healing function in the hybrid were formed by condensation of the
aldehyde and acylhydrazine groups between the macroscopic gels. However, either the
method was applicable to a limited number of monomers or the tensile strengths of
hybrids and their components were below 0.1 MPa [187]. In the past few years, Yuk
et al. reported a strategy to design tough, optically transparent and electrically
conductive bonding of hydrogels to nonporous solid surfaces which was achieved by
anchoring the network chains of the hydrogels covalently to the silaneated surfaces
[188].

Within this thesis, two- and three- (multi-) segmented hybrid hydrogels obtained by
stratification method which exhibits self-healing and pseudo-triple shape memory
effects. The inspiration of this work came from the water stream in the Istanbul strait
(Bosphorus), a typical narrow sea strait connecting two seas, where more saline
Mediterranean water flows at the bottom layer while the less saline Black Sea water
flows at the top layer in the reverse direction. Similarly, by adjusting the densities of

two monomer solutions, we were able to create layers of monomer solutions with
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interfaces at which the solutions mix completely. Thus, another important point of this
strategy is that the method introduced here is not limited with the monomers used in

this study.
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2. EXPERIMENTAL PART

2.1 Silk Fibroin Cryogels

Cryogels, based on crosslinked silk-fibroin with macropores, were prepared by our
research group [7] and in the scope of this thesis, cryogels were subjected to MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell growth assay to
obtain cell viability results and visualized by confocal laser microscopy.

2.1.1 Materials

2.1.1.1 Materials and devices required for cell culturing

Clonetics™ Dermal Fibroblast Cell Systems (>500.000 cells) coded as CC-2511
Normal Human Dermal Fibroblast (NHDF) cell line was supplied from LONZA in

company with two Kits:
1) CC-3132 FGM™-2 BulletKit™ comprised of:
a) Fibroblast Basal Medium (FBM™)
b) FGM™ SingleQuots™ (consists hFGF-B, Insulin, FBS and GA-1000)
2) CC- 5034 One ReagentPack™ subculture package containing:
a) Trypsin/EDTA
b) HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
c) Trypsin Neutralizing Solution

T75 cell culture flasks (Z707503) were supplied from Sigma-Aldrich. Stericup-GP

sterile vacuum filtration system (filter: 0.2um) provided from Merck-Millipore.

All the procedures conducted with cell culture, which will be explained in following
parts, were run in a microbiologic safety cabinet (Faster BH-EN 2003-Class II).
Centrifugal requisities were compensated by Thermo Electron Corporation IEC CL10.
Cells were counted by using a Fisher Scientific-0267110 hemocytometer and

incubated in a Thermo Scientific 381 incubator.
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2.1.1.2 Materials for cell viability assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell growth
assay kit CT02 was supplied from MILLIPORE while the polystyrene, flat bottom,
sterile, lidded 96 well-plates (CLS3596) were obtained from Corning® Costar®,
Sigma-Aldrich. Sterile-filtered, BioReagent Dimethylsulfoxide (DMSO) was
provided from Riedel-de Haén and phosphate buffer solution (PBS) 1X w/o Ca, Mg
(BE17-516F/12) was supplied from Lonza. Sterile Surgical Blades (22) from Broche

were used to cut the materials to a proper size.

2.1.1.3 Materials for Laser Scanning Confocal Microscopy (LSCM)

Fluorescent dye Rhodamine—Phalloidin (R415) was used to stain actin filaments of
cells in Laser Scanning Confocal Microscopy (LSCM) study while another fluorescent
dye DAPI (62248) (diamidino-2-phenylindole) was used for nuclear counterstain.
Besides these dyes, Formaldehyde (28906), Saponin (8047-15-2) and Bovine Serum
Albumin (BSA) (15561020) were used by supplying from Thermo Fisher Scientific.
LSCM was conducted in p-Slides (chambered coverslip) with 8 wells (80826) which

was provided from Ibidi.

2.1.2 Preperation of silk—fibroin cryogels

Synthesis of cryogels was not a part of this thesis but materials prepared according to
the procedure improved in our research group [7] were subjected to biocompatibility
tests. See reference ““7” for further inquery in the synthesis of single network (SN),
double network (DN) and triple network (TN) cryogels. Investigated cryogel samples

are below:

i) Single-network (SN) cryogels: Obtained by varying the nominal fibroin
concentration, Csr, in the gelation solution as SN-4.2, SN-7, SN-12.5 and
SN-22 wit%.

i) Double-network (DN) and triple-network (TN) cryogels: DN and TN
cryogels are denoted as DN-x/y and TN-x/y/z where X, y, and z are the
fibroin concentration (Csr) in the first, second and third gelation solutions,
respectively, expressed in round numbers. DN-4/7, DN-4/14, DN-4/20,
DN-4/29, TN-4/7/20.
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2.1.3 Sterilization of cryogels

Cryogels, prepared by cutting in final sizes, were immersed in 70 % ethanol solution
and shaked for 24 hours. Cryogel samples in ethanol were moved to a 96 well-plate to
perform further sterilization. Ethanol was washed out of samples by adding distilled
water (3 times) and PBS (3 times), respectively. After removing residual ethanol,
samples are left for illumination under UV light for 30 mins. The sterilization step is

over after these 30 mins.

In order to prepare samples to MTT assay, one more step is applied to cryogels, which
is immersing them into full growth medium for obtaining the swelling equilibrium of
cryogels. This step helps cryogels to be a proper media for cells.

2.1.4 Cell culturing

Cell line was cultured to use in further biocompatibility assays. Cells were passaged
and cryopreserved. Cell passaging is a technique, which keeps cells alive and grows
them under cultured conditions for an extended period of time. The aim of
cryopreservation is to store the cells. Cell line was subcultured and cryopreserved
according to the protocol given from Lonza. T75 cell culture flasks were used for
culturing purposes. Culture flasks were placed into a 37 °C humidified incubator with
5% COa.

Additionally, in order to avoid the loss of cells, cells were subcultured before they
reached 80% confluence. Obtaining a cell culture from cryopreserved cells by
refereshing their full growth medium in every two or three day, generally takes two
weeks. Passaged or cryopreserved cells were successfully reached to their 15",

2.2 Hybrid Hydrogels
2.2.1 Materials

Hybrid gels containg two or three distinct region composed of two or three induvidual
gel components. Gels were obtained by hydrophobic associations of some monomers
in a hydrophilic monomer. N,N-dimethylacrylamide (DMA) (99%, Sigma - Aldrih)
and Acrylic acid (AAc) (99%, Sigma - Aldrih) were used as hydrophilic monomer.
DMA was used as received (99%, Merck). AAc was freed from the inhibitor by
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passing through an inhibitor removal column purchased from Aldrich Chemical Co.

Figure 2.1 shows the hydrophilic monomers used in this study.

H,C o) 0
\\_( HZCQ)J\N/CH:;
I
(a) OH 1) CHz

Figure 2.1 : Hydrophilic monomers, used in synthesis of hybrid hydrogels. (a) N,N-
dimethylacrylamide (DMA), (b) Acrylic acid (AAC).

For each individual gel component different hydophobic monomer was used. Figure

2.2 shows the used hydrophobic monomers. These hydrophobes, lauryl methacrylate

(C12M), stearyl methacrylate (C17.3M) which is a mixture of stearyl and cetyl

methacrylates and octadecyl acrylate (C18A) were also used as received by supplying

from Sigma - Aldrich.

(0] (0] (@)
H-.C H.C
HZC%OCHz(CHz)mCHs . %OCHz(CHz)mCHs . %OCHz(CHz)wCHs

CHa CHs

a) Lauryl Methacrylate (C12M) b) Stearyl Methacrylate (C17.3M)  c¢) Octadecyl Acrylate (C18A)
Figure 2.2 : Hydrophobic monomers used in the synthesis of hybrid hydrogels.

Reaction was carried out by bulk polymerization of hydrophobic and hydrophilic
monomers by using IRGACURE 2959 ( 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone, Sigma - Aldrich) as radical photoinitiator. Molecular formula
of initiator is given in Figure 2.3. Reactions were carried out in plastic pipette and

disposable syringes. Teflon pipe was used as a mold.

0
CHa

HO HO CH
\/\O 3
Figure 2.3 : Radicalic photoinitiator IRGACURE 2959.
2.2.2 Preperation of hybrid hydrogels

A hybrid hydrogel mentioned in the scope of this thesis is a material having two
distinct region of different physical and chemical properties. The monolithic

appearance of hybrid hydrogels with two distict, individual regions are created as a
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fused body by the taking advantage of a strong interface region in between these

regions.

Within this thesis, basicly, two kinds of hybrid hydrogels were sythesized. These types
of hybrid hydrogels were classified according to the number of regions they have.
Therefore, preperation of these two hybrid gels will be explained in this part under two
subtitles as two- segemented hybrid hydrogels (H2) and three-segmented hybrid
hydrogels (H3). Hybrid hydrogels will be expressed by using the H2 and H3
denotations. In this notification, “H” symbolizes “hybrid hydrogel” where the numbers
2 or 3 denote the number of segments these hybrid hydrogels have.

2.2.2.1 Two-segmented hybrid hydrogels

Two segmented hybrid gel samples were obtained in two different shapes and
compositions. Shapes of hybrid gels will be named as flat hybrid hydrogels and
interbedded hybrid hydrogels through this thesis. H2 samples according to their shapes
are shown in Figure 2.4.

Interbedded Flat Shaped
H2-1 H2-1

Figure 2.4 : Optical images of an example interbedded and flat shaped H2.

Hybrid hydrogels differs from each other with their composition will be denoted as
H2-1 and H2-2 hydrogels. H2-1 and H2-2 have a common component “C1” which of
its details will be given within this part. “C” denotes “component” and “1” is the code
of the segment. Except the common segment C1, varying components of H2-1 and
H2-2 will include C2-1 and C2-2, respectively. Figure 2.5 shows the optical images of
H2-1 and H2-2 samples.

Here, preperation of hybrid hydrogels will be explained under two title according to
the shapes and compositions of hybrid gels. Additionally, mixture gels, simulating the
interface regions formed between two segments of hybrid gels, and each segments of
hybrid gels were prepared individually and details will be given under the “preparation

of hybrid hydrogels according to their compositions” part.
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Interface region

Figure 2.5 : Optical images of H2-1 and H2-2 hydrogels.
Preperation of hybrid hydrogels according to their shapes
- Interbedded hybrid hydrogels

Interbedded hybrid hydrogel saples are cylinder in shape with two distinct region,
which of softer one is bedded in a tire-like outer hard cylinder, with a smooth interface
in between these two gel components. The template, with sizes, arranged for to obtain

an interbedded hybrid hydrogel and expected sample’s illustrations are given in Figure
2.6.

Template was made out of a teflon pipe inside and a disposible plastic syringe around,
which is wider in diameter and encircles the area around this teflon mold, to obtain a

tire - like outer space.

Softer, inner
13 mm gel component Harder, outer, tire — like
gel component

E - Interface
s Region
Teflon Mold
Interbedded Hybrid Hydrogel (H2) Interbedded Hybrid Hydrogel
Template

Figure 2.6 : lllustration of interbedded hybrid hydrogel template and expected shape
of final interbedded hybrid hydrogel.

Preperation of interbedded hybrid polymer network with an expected interbedded
shape as shown in Figure 2.6 was summarized with illusturation in Figure 2.7 in 6

steps.
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Figure 2.7 : lllustration of interbedded hybrid hydrogel preparation in 6 steps.

As summarized on illustration, preperation of interbedded hybrid hydrogel can be

explained under six easy steps.

1) Addition of first reaction solution (RS1) to the area around the teflon mold. RS1
was the same, C18A/DMA, for both of two hybrid hydrogels H2-1 and H2-2.

2) UV irradiation of RS1 for 10 min to obtain a partially self-standing, viscous RS1.

3) Removing the teflon pipe mold out of the template to obtain a hollow viscous RS1

structure.

4) Filling of RS2 to the inner space of viscous RS1 area according to the type of hybrid
gel (C2-1 of H2-1: C17.3M/DMA or C2-2 of H2-2: C12M/DMA) desired to acquire.

5) UV irradiation of whole reaction solutions for 24 h.

6) Releasing the interbedded hybrid polymer network from the template. Reaction was
carried out as a bulk polymerization, meaning that no water was included in the after
synthesis structure of polymer network. In order to call these networks as hydrogel,
polymer networks at after synthesis step were submerged in water bath at 50 °C for 2
days to reach a swelling equilibrium. Thus, samples synthesized here at a swelling
equilibrium state called as interbedded hybrid hydrogels.

- Flat shaped hybrid hydrogels

Flat shaped hybrid hydrogel samples are also composed of two distinct region, which
of these follow each other individually in a rectangular shape with smooth transition
area between these two gel components. Template set for flat shape hybrid hydrogel

and preperation steps of synthesis were given in Figure 2.8.
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Template for *RS: Reaction Solutions of

Flat Shaped gel components
Hybrid Hydrogel (H2)
C: Gel Component

14 mm

RS 2 Interface UV, 24h c2

= region  — D
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s

Step 1 Step 2 Step 3 Step 4

Figure 2.8 : Template and the preparation steps of flat-shaped hybrid hydrogels.

Reactions were carried out in a plastic pipette template which is given as an illustration
with sizes in the very left side of Figure 2.8. Different than interbedded hybrid gels,
there is no need to introduce any viscosity difference to prepare flat hybrid gel. For
this purpose, stratification* of reaction solutions were used to combine gel parts in a
fused body of flat hybrid gels. Stratification will be explained below this part.

1) Addition of first reaction solution (RS1). RS1 was the same, C18A/DMA, for both
of two hybrid hydrogels H2-1 and H2-2.

2) Addition of RS2 directly onto the RS1 according to the type of hybrid gel (H2-1:
C17.3M/DMA or H2-2: C12M/DMA\) desired to acquire. This step is performed with

the help of stratification*.
3) UV irradiation of whole reaction solutions for 24 h.

4) Releasing the flat hybrid polymer network from the template and let this polymer
network reach to a swelling equilibrium by submerging it in a water bath at 50 °C for

2 days to call this polymer network as flat shaped hybrid hydrogel.
* Stratification of reaction solutions

Stratification of fluids occurs due to the temperature variations, concentration
differences or the presence of different fluids of different densities. A well-known
example of this behaviour can be observed in the Istanbul strait (Bosphorus), a typical
narrow sea strait connecting two seas, where more saline Mediterranean water flows
at the bottom layer while the less saline Black Sea water flows at the top layer in the

reverse direction.
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Here, preparation of hybrid hydrogels in flat shape with two distinct gel component
achieved with density difference of the reaction solutions (RS). The basis of method
is simply using two solution (at least) with two differrent densities, one of which with
a low density floats on top of another solution of higher density whereas the interface
between layers acts as a barrier to prevent monomers from diffusion between layers.
By stratifying the layers of RS, it is achived to fuse these layers in a single material,
by UV-initiated bulk copolymerization, as two individual component and a mixture of

them in a few millimeters of thickness as a stronger interface region in between.
Preparation of hybrid hydrogels according to their compositions

Preperation of hybrid hydrogels, classified according to their compositions, are given
below in details under the “Hybrid 1 and Hybid 2” subtitle. Interface regions located
between individual components of Hybrid 1 (H2-1) and Hybrid 2 (H2-2) gels were
simulated by preparing mixtures of reaction soltions (RS) and their preparation
methods will be explained in details under the subtitle as “Mixture 1 and Mixture 2”
at this part. Additionally, gels forms distinct zones of hybrid gel samples as C1, C2-1
and C2-2 were synthesized on an individual basis to compare with hybrids and

mixtures.

All gel samples will be explained hereunder were synthesized by UV initiated bulk
copolymerization of reaction solutions. For this purpose, 0.1 wt.% IRGACURE 2959
photoinitiator (with respect to the monomers) was added to each reaction solutions
(RS) . Then, RS are exposed to UV irradiation in a UV reactor, which is equiped with
light sources at 360 nm, for 24h, at room temperature. While the method of
copolymeization was bulk, polymer networks were obtained but a hydrogel. Acquired
polymer networks after UV irradiation were let to reach an equilibrium swelling state

in a water bath at 50 °C for 2 days. Thus, hydrogel samples were obtained.
- Hybrid 1 and Hybrid 2

Hybrid 1 (H2-1) and Hybrid 2 (H2-2) in both shapes, interbedded and flat, were
synthesized with photoinitiated bulk copolymerization method by using two different
reaction solution. Reaction solution 1 (RS1) consists of 70 mol % hydrophilic
monomer N,N-dimethylacylamide (DMA) and 30 mol % hydrophobic monomer
octadecyl acrylate (C18A). Mol % values of monomers were calculated with respect

to total monomer concentration (C,). RS1 solutions were the same solution, which of
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its gel state is named as C1, for H2-1 and H2-2. RS 2 was prepared with the same

calculation at the concentrations and compositions below:
a) RS2 for H2-1: 50 mol % DMA and 50 mol % steryl methacrylate (C17.3M).
b) RS2 for H2-2: 50 mol % DMA and 50 mol % lauryl methacrylate (C12M).

UV-initiated bulk copolymerization of the monomer mixtures were performed by
addition of 0.1 wt.% IRGACURE 2959 photoinitiator (with respect to the monomers).
RS are exposed to UV irradiation in a UV reactor (according to the processes of its
required shape explained in details above) which is equiped with light sources at 360
nm. Hybrid polymer network samples were released to swelling in a water bath at 50

°C up to an equilibrium state, so hybrids can be named as hybrid hydrogel samples.
- Mixture 1 and Mixture 2

Hybrid 1 (H2-1) and Hybrid 2 (H2-2), hydrogel samples, in both shapes, interbedded
and flat, have transition areas between components C1-C21 and C1-C2-2, respectively.
To mimic the properties of the transition areas, mixture gels were prepared by mixing
reaction solutions (RS) RS1 and RS2 of H2-1 or H2-2 gel, before the onset of
copolymerization. The polymerization was then conducted as described above. To
acquire Mixture 1 (M1), RS1 (7ODMA/30C18A) and 50DMA/50C17.3M (RS2 for
H2-1) were completely mixed and solved in each other by using same weight amounts
of these RS1 and RS2, then copolymerized under UV light as carried out for hybrid
gels. By the same way, Mixture 2 (M2) was prepared by mixing RS1 and
50DMA/50C12M (RS2 for H2-2). IRGACURE 2959 was added to RS at a same
concentration (0.1 wt.%), copolymerized by UV irradiation and let to reach a swellig

equilibrium as explained before for hybrids.

- Individual gel samples (C1, C2-1 and C2-2 samples)

Hybrid 1 (H2-1) and Hybrid 2 (H2-2) gel samples are comprised of three different
components in total as C1, C2-1 and C2-2 segments. As explained above, H2-1
comprised of C1 and C2-1 segments and H2-2 comprised of C1 and C2-2 segments.
In order to compare the properties of hybrids with their own segments, C1, C2-1 and
C2-2 segments were synthesized in individual basis by the same UV initiated bulk
polymerization method. Besides the compositions of C1, C2-1 and C2-2, compositions
of Mixture 1 (M1: C1+C2-1) and Mixture 2 (M2: C1+C2-2) are given in Table 2.1.

44



Table 2.1 : Table of all synthesized hydrogels in different compositions.

Sample Name Composition (mol %, respect to Co)
C1 70DMA/30C18A
C2-1 50DMA/50C17.3M
C2-2 70DMA/30C18A
M1 (C1+C2-1) 70DMA/30C18A+50DMA/50C17.3M
M2 (C1+C2-2) 70DMA/30C18A+50DMA/50C12M

H2-1 (C1-C2-2) 70DMA/30C18A - 50DMA/50C17.3M
H2-2 (C1-C2-2) 70DMA/30C18A - 50DMA/50C12M

2.2.2.2 Three-segmented hybrid hydrogels

The preparation of hybrid hydrogels with three distinct gel zones is based on the
density difference of the monomer mixtures, measured using a calibrated glass
pycnometer at 25 °C. The solution with low density floats on top of another solution
of higher density whereas the interface between layers acts as a barrier to prevent

monomers from diffusion between layers.

Two kinds of three segmented hybrid hydrogels, denoted as H3-1 and H3-2, were
synthesized in a rectengular, flat shape. Within this part, hybrid hydrogels differs from
each other with their composition will be denoted as H3-1 and H3-2 hydrogels. H3-1
and H3-2 have a common component “C1” which of its details will be given within
this part. “C” denotes “component” and “1” is the code of the segment. Except the
common segment C1, varying segments of H2-1 and H2-2 will include C2-1, C3-1
and C2-2 and C3-2, respectively. “1” and “2” next to the C2 and C3 segments are
codes exhibiting to which H3 kind (H3-1 or H3-2) they are belonging to. C2-1 is the
middle part of H3-1, while the C1 and C3-1 are the end parts of H3-1. C2-2 is the
middle part of H3-2, while the C1 and C3-2 are the end parts of H3-1.

Hybrid hydrogels were prepared by UV-initiated bulk copolymerization of the
monomer mixtures using 0.1 wt % Irgacure 2959 photoinitiator (with respect to the
monomers). The polymerization reactions were then conducted at 24 + 3 °C for 24 h
under UV light at 360 nm. Figure 2.9 is an illustration of the H3 synthesis prescription.
As in two-segmented flat hybrid hydrogel synthesis, stratification method was used to

obtain three layers of reaction solutions before the onset of polymerization.
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Figure 2.9 : Schematic illustration of three-segmented hybrid hydrogel synthesis
through the stratification of monomer mixtures.

Plastic molds of 100 x 14 x 1.5 mm dimension were used to prepare flat rectangular
shaped hybrids. As can be seen in Figure 2.9, length of middle segment was 20 mm
which is shorter than that of other two parts. Thus, during the tensile tests of three
segmented hybrids, initial sample length between the jaws, in other words grip-to-grip
separation, was fixed to 60 mm consisting of three segments of hybrid which of each
were in 20 mm for providing the equal attendance of segments to the tensile
measurement. Additional 20 mm of two end segments were used to grab the hybrid

sample in jaws.

The molar ratios and the densities (at 25 °C) of monomer mixtures coded as C1, C2
and C3 in blue, red and green colors, respectively, in Figure 2.9, are collected in Table
2.2. To compare the properties of hybrids with their gel components, bulk
polymerizations of C1, C2, and C3 monomer mixtures were also carried out separately

using 0.1 wt % Irgacure 2959, as described above.

Table 2.2 : Table of molar ratios and densities (at 25 °C) of monomer mixtures
which create the components of three segmented hybrids.

H3-1 H3-2
Code Content MolarRatio Density Code Content Molar Ratio Density
(mol %) (g/mL) (mol %) (9/mL)
C1 DMA/C17.3M 70/30 0.895 | C1 DMA/C17.3M 70/30 0.895
C2-1 DMA/CISA 60/40 0888 | C2-2 IE\)AMA/ CI8AI73  eonsis 0887
C3-1 DMA/C17.3M 50/50 0.881 | C3-2 AACc/C18A 60/40 0.880
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To compare the results of H3-1 and H3-2, two segmented hybrids derivated from the
H3-1 and H3-2 were also synthesized and subjected to elongation tests. Two
segmented hybrids derivated from H3-1 and H3-2 as H1 and H2 were shown through

an illustration in Figure 2.10.

Cc3 c3 2 Segmented
Hybrid

(H1)

Cc2 Cc2 Cc2

2 Segmented
Hybrid
(H2) c1 c1
3 Segmented Hybrid
(H3)

Figure 2.10 : Schematic illustration of three- and two-segmented hybrid hydrogels.
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3. CHARACTERIZATION METHODS OF GELS

Within the scope of this thesis, two kinds of gels were chracterized. These gels are

listed below.

1- Silk-Fibroin Cryogels
a) Single Network (SN) Cryogels
b) Double Network (DN) Cryogels
c) Triple Network (TN) Cryogel

2- Hybrid Hydrogels
a) Two-Segmented Hybrid Hydrogels
b) Three-Segmented Hybrid Hydrogels

First kind of gels, silk-fibroin cryogels, were characterized in the point of
biocompatibility view while the second group of gels, Hybrid Hydrogels, were

subjected to mechanical characterization.

3.1 Characterization of Silk Fibroin Cryogels

3.1.1 Determination of proper cell/well amount for MTT asssay

Normal Human Dermal Fibroblast (NHDF) cell line was used for the present to
optimize the cell numbers used for MTT assay in 96 well-plates. For the purpose of
determining proper amount of cell/well, 20.000, 15.000, 10.000 and 7500 cells/well
were examined. This preliminary experiments were applied either in empty wells as
control group or in wells containing cryogel samples. Single network cryogels were
used for this optimisation study. In order to decide on a reliable proper cell
amount/well, MTT assays were conducted. Besides the quantitative results of MTT
assays, qualitative results were considered as well to support the decide. Therefore,
confluency states of cells were followed for 3, 7 and 10 days by using optical
microscope (Olympus CK40-F200).
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3.1.2 Biocompatibility — MTT cell viability test

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction
assay is a homogeneous cell viability assay applied for a 96 well-plate which was
suitable for high throughput screening (HTS). For the set of this experiment, aimed for
cell viability measurements of cryogels, samples were placed in 96 well-plates for
three other days as 3, 7 and 10. As given before in the part 2.1.2.

Investigated cryogel samples were:

i) Single-network (SN) cryogels: Obtained by varying the nominal fibroin
concentration, Csr, in the gelation solution as SN-4.2, SN-7, SN-12.5 and
SN-22 wit%.

i) Double-network (DN) and triple-network (TN) cryogels: DN and TN
cryogels are denoted as DN-x/y and TN-x/y/z where X, y, and z are the
fibroin concentration (Csr) in the first, second and third gelation solutions,
respectively, expressed in round numbers. DN-4/7, DN-4/14, DN-4/20,
DN-4/29, TN-4/7/20.

7500 cells/well was applied according to the preliminary tests of which explained in
details before. For each experiment day, a new well plate was used. Cryogel samples
were placed in wells and cells were seeded. Every other plate had its own control
groups to evaluate relative cell viability. Four control groups existed for each
experiment day’s 96 well-plate. Control groups include only cells in full growth
medium solution while other wells have samples too. Figure 3.1 illustrates a

representative experiment set (e.g. SN cryogels) for these three days.

The MTT substrate was prepared in a physiologically balanced solution (e.g.
Phosphate buffered saline solution), added to cells in culture, at a final concentration
of 0.2 mg/ml, and incubated for 4 hours. Viable cells with active metabolism convert
MTT into a purple colored formazan product. When cells die, they lose the ability to
convert MTT into formazan, thus color formation serves as a useful and convenient
marker of only the viable cells. The formazan product of the MTT tetrazolium
accumulates as an insoluble precipitate inside cells as well as being deposited near the
cell surface and in the culture medium. The formazan must be solubilized by

dimethylsulfoxide (DMSO), prior to recording absorbance readings.

50



d=3,210,2 mm m

R E L R
h=1,5+0,2
2504 mm Y LYLI L
| Cryogel Sample | t E L E R
b
NXNX
% %MNXRN
BRaes
% 2 3 23 %
t EE LR
¥ E LR
®
7500 cell/well
(Cryogel sample + cell
+ full growth Shuue
; NRNNN
medium) 2% 3¢ % 3% %
®

7500 cell/well

(cell + full growth medium)

Figure 3.1 : Representative illustration of MTT assay setup for single network (SN)
cryogels for 3", 7" and 10" day. Red “X” symbols: loaded wells.

Figure 3.2 simply illustrates the application of MTT assay protocol for the SN cryogel
set, on the example of “3™ day MTT assay”, which was specially planned for this
study. Experiments for the 7" and 10" day were also conducted as explained for 3
day. Conditions were optimized according to the MTT assay protocol of the used
brand.

The amount of signal generated is dependent on several parameters including the
concentration of MTT, the length of the incubation period, the number of viable cells
and their metabolic activity. Culture conditions that alter the metabolism of the cells
will likely affect the rate of MTT reduction into formazan. For example, when adherent
cells in culture approach confluence and growth becomes contact inhibited,
metabolism may slow down and the amount of MTT reduction per cell will be lower
[94]. Therefore, number of cells used for these experiments were determined by

preliminary assays by performing in different number of cells.
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The quantity of formazan (presumably directly proportional to the number of viable cells) is measured by

recording changes in absorbance at 570 nm against 630 nm as reference wavelength by using a plate reading
spectrophotometer (Shimadzu UV 1700).

Figure 3.2 : Representative illustration of a running MTT assay at its 3" day. Red
“X” symbols: loaded wells.

3.1.3 Scanning laser confocal microscopy (LCSM)

Cell proliferation studies using the Normal Human Dermal Fibroblast (NHDF) cell
line on fibroin cryogels were conducted by confocal microscopic technique. Briefly,
at prerequisite time points the cell-seeded scaffolds were harvested and washed two
times with PBS (1x, pH 7.4). Cells were fixed for 20 min by incubating in 4%
formaldehyde in PBS (20 mins) followed by further washing (4 times, for 5 mins).
The cells were permeabilized using 0.1% Saponin for 15 min and followed by
preincubation with 0.1% Saponin + 3% bovine serum albumin (BSA) for 1.5 h.
Incubation with Rhodamine—Phalloidin was carried out for 30 min at room
temperature and then followed by washing with PBS (2 times for 5 mins). Finally
stained with DAPI for 2 min. After two more washing with PBS for 5 mins, cryogel
samples were transfered to new empty wells of p-Slide (chambered coverslip) with 8
wells for a reliable monitoring. For cell proliferation, fluorescence images from stained
samples were obtained by using a confocal laser scanning microscope (LCSM Leica,
TCS SP2) equipped with Argon (488 nm) and HeNe (534 nm) lasers. The scaffolds
being large in size (3.2+0.2 mm diameter), smaller areas were individually scanned
and finally combined together by using Adobe Photshop CC 2017 to form a composite

image for analysis.
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3.2 Characterization of Hybrid Hydrogels

Hybrid gels, mixture gels and individual gels were subjected to mechanical tests which
of their methods are explained in details under this part. Pycnometer measurements
used for stratification of reaction solutions were also explained. Additionally,
characterization of gels’ outstanding properties were expressed under the self healing

and shape memory subtitles.

3.2.1 Pycnometer measurements

Stratification of reaction solutions were achieved by intoducing density differences
between the reaction solutions of expected hybrid gels. For this purpose, a calibrated
pycnometer with capacity of 10 mL in volume was used to measure the densities of
reaction solutions. Every measurement was performed at 25°C and repeated for at least

three times.

In order to measure density of reaction solutions (RS), weight of pycnometer was
recorded before every weighing. Then, pycnometer was filled up to overflowing of RS
at 25°C and covers were closed. Gross weight of pycnometer was recorded. By using
gross weight and pycnometer weight, net weight obtained and density was calculated.
This way of density determination was used for segments of both H3 and H2
hydrogels. All resuts were collected acquiered from every sample. Mean values and
standart deviations of densities were calculated. According to these results,

stratification of reaction solutions were carried out.

3.2.2 Swelling measurements

All samples were synthesized by photoinitiated bulk copolymerization method,
meaning that reaction solutions include no water. Thus, samples after synthesis state

are just polymer networks but a hydrogel sample.

The copolymer samples thus obtained were immersed in excess of water at 50 (for H2)
70 (for H3) and 23+2 °C for the first and following days, respectively, by replacing
water every day to extract any soluble species. By this way, samples as polymer
networks turn into hydrogel samples at swelling equilibrium state. After equilibrium
swelling, the amount of water in the gel samples was calculated as H20 % = 102 x (m
—mo)/m, where mo and m are the initial and swollen mass of the gel samples. Then, the

gel samples were freeze-dried and the gel fraction wg, that is, the conversion of
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monomers to the water-insoluble polymer was calculated from the masses of dry polymer

network and from the comonomer feed.

3.2.3 Uniaxial elongation and compression tests
- Tests for two segmented hybrid hydrogels

Uniaxial compression and elongation measurements were performed on swollen
hydrogel samples by using Zwick Roell and Devotrans test machines with 500 N and
10 kN load cells. All the tests were conducted at 23+2 and 37+1 °C. Load and
displacement data were collected during the experiments. The Young’s modulus E was
calculated from the slope of stress—strain curves between 5-15% and 1-3%

deformations for compression and elongation tests, respectively.

For uniaxial compression measurements, cylindrical hydrogel samples of 6+1 or 13+1
mm in diameters and 7+1 mm in length were compressed at a strain rate of 3.8x102 s
!, Before the test, an initial compressive contact to 0.01 + 0.002 N was applied to
ensure a complete contact between the gel and the plates. The stress was presented by
its nominal onom Or true values otrue (= Aonom), Which are the forces per cross-sectional
area of the undeformed and deformed gel specimen respectively, while the
compressive strain is given by 4, the deformation ratio (deformed length/initial length).
The strain is also given by &, the change in the sample length relative to its initial
length, i.e., e = 1- 1 or ¢ = 1 -1 for compression and elongation tests, respectively.
Because the otrue— plots pass through maxima before a macroscopic fracture of the gel
samples, the nominal fracture stress or and the compression ratio /s at failure were
calculated from the maxima in owue—/ plots (Figure 4.16). Uniaxial elongation
measurements were performed on dumbbell-shaped hydrogel samples with the
standard 1SO-37 type 2 (ISO 527-2) [194] under following conditions: Strain rate =

3.8x102 s%; sample length between jaws = 50+3 mm.
- Tests for three-segmented hybrid hydrogels

Uniaxial elongation measurements were performed on swollen hydrogel samples by
using Zwick Roell test machine equiped with 500 N load cells. Since theree-segmented
hybrids (H3) were just ynthesized in flat shaped, no compression test was performed
on H3. All the tests were conducted at 23+2°C. Load and displacement data were
collected during the experiments. The Young’s modulus E was calculated from the

slope of stress—strain curves between 1-3% deformations. The stress was presented
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by its nominal onom values, while the strain is given by &, which is the change in the
sample length relative to its initial length. Uniaxial elongation measurements were
performed on rectangular-shaped hydrogel samples under the following conditions:
strain rate = 3.8 x 1072 s7*; for two segmented hybrids (H1-1, H2-1 and H1-2, H2-2)
and for each individual components of hybrids (C1, C2-1, C3-1 and C2-2, C3-2)
sample length between jaws = 40 + 3 mm, for three segmented hybrid samples (H3-1
and H3-2) =60 £ 3 mm.

3.2.4 Self - healing tests

This test was just conducted for the set of samples explained as two-segmented hybrid
hydrogels. Self-healing behavior of dumbbell-shaped gel specimens was investigated
by first cutting them at both gel zones locating 6 mm away from the interface region.
For cylindrical gel specimens, they were cut in the middle into two equally sized
pieces. The damaged gel samples were then self-healed by keeping the cut surfaces in
contact for 1 h at 80 °C in a water vapor-saturated glass chamber. Thereafter, uniaxial
compression and elongation tests were conducted as described above. The results were

compared with those of the virgin gel samples.

3.2.5 Uniaxial cyclic elongation tests

This test was just conducted for the set of samples explained as two-segmented hybrid
hydrogels. Uniaxial cyclic elongation measurements were performed on swollen
hydrogel samples by using Zwick Roell universal testing machine with 500 N load
cell. All the tests were conducted at 23+2 °C. Load and displacement data were
collected during the experiments as explained above, under the “Uniaxial elongation

and compression tests” subtitle.

Cyclic elongation tests performed at a strain rate of 3.8x102 s*. The stress was
presented by its nominal onom, While the strain is given by 4, the deformation ratio
(deformed length/initial length). The strain is also given by e. Uniaxial cyclic
elongation measurements were performed on dumbbell-shaped hydrogel as in
elongation tests. Sample length between jaws = 50+3 mm. Based on the parameters

given above, cyclic elongation tests were carried out for both of the hybrid gels.

To show the recovery potential of gels, 4 sets of cyclic elongation was performed for
Hybrid 1 (H2-1). For the first 3 of these 4 sets of cyclic elongation, H2-1 sample was
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subjected to A at 1.3 for 20 times per each set of cycle. Then, the last (4") set of cycle
was performed for 7 times by gradually increased 1 values ( rise of 4 per each cycle
was 0.05) between 1.3 and 1.6. After these 4 sets of cycles, comprised of 67 cycles in
total, sample was retaining its structural integrity. For the last time after 67 cycles,
sample was subjected to deformation up to rupture. Result was compared with the
virgion sample. In order to recover deformations, generated by first and follwing sets
of cyclic elongation tests, H2-1 hydrogel was released in a water bath at 50 °C for 1

min and followingly cooled down to room temperature before new set of cycle.

However, for Hybrid 2 (H2-2), 2 sets of cyclic elongation tests were performed which
of each was comprising of 20 cycles at the A value of 4. Result was compared with the
virgin sapmle’s rupture curve. In order to recover deformations, generated by first and
follwing sets of cyclic elongation tests, H2-2 hydrogel was released in a water bath at
232 °C for 1h.

3.2.6 Rheological measurements

Cylindrical gel samples of 12 and 25 mm in diameters and about 1 mm in thickness
were used for the rheological tests. The measurements were carried out between the
parallel plates of the rheometer (Gemini 150 Rheometer system, Bohlin Instruments)
equipped with a Peltier device for temperature control. The upper plate (diameter 20
mm) was set at a distance of 1000 to 1250 um, depending on the swelling degree of

the hydrogels.

During all rheological measurements, a solvent trap was used to minimize evaporation.
Further, the outside of the upper plate was covered with a thin layer of low-viscosity
silicone oil to prevent evaporation of solvent. A frequency o of 6.3 rad-s* and a
deformation amplitude y, = 0.001 (0.1%) were selected to ensure that the oscillatory

deformation is within the linear viscoelastic region.

Thermal behavior of the gels was investigated by first keeping the samples at 80 °C
for complete melting of crystalline domains and then, cooling down to 5 °C, after
keeping for 10 min at 5 °C, heating back to 80 °C. The cooling/heating steps were
carried out at a fixed rate of 1 °C-min™. The changes in the dynamic moduli of gels
were monitored during the course of the cycle as a function of temperature. The gel
samples were also subjected to frequency-sweep tests at yo = 0.001 over the frequency
range 0.06 to 180 rad-s™.
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3.2.7 Differential scanning calorimetry (DSC) measurements

DSC measurements were conducted on a Perkin Elmer Diamond DSC under nitrogen
atmosphere. The gel samples sealed in aluminum pans were scanned between 5 and
80 °C with a heating and cooling rate of 5 °C-min*. From the DSC curves, enthalpy
changes during melting, AHm, were calculated from the peak areas. The degree of
crystallinity, fery, that is, the fraction of polymer units in crystalline domains, was
estimated by fery= xyy AH,,/ AH,,, Where yp,, is the mole fraction of the hydrophobic
monomer in the comonomer feed and AH,, is the melting enthalpy of crystalline
C17.3M and C18A units. AH,, was taken as 71.2 kJ-mol-1 from previous works
studied in our colleaques on the melting behavior of long n-alkyl chains exhibiting a
hexagonal crystal structure [191,192].

3.2.8 Shape memory tests
- Two-segmented hybrid hydrogels

Segments of Hybrid 1 (H2-1) hydrogel, have semicrystalline structures. Individual
segments belonging to H2-1, C1 and C2-1, exhibit dual shape memory seperately by
the advandage of Tm’s at 48 and 35 °C, respectively. Therefore, fused body of C1 and
C2-1 components in a single H2-1 exhibits pseudo-triple-shape-memory effect. Figure
8 demonstrates triple shape-memory capability of a H2-1 gel specimen. C1 zone was
blue-violet colored with crystal violet for clarity. The gel is first heated to 70 °C (above
both Tm’s), and its C1 zone is deformed. When the gel is cooled to 42 °C, i.e., between
the two Tm’s of the gel zones, the first temporary shape is fixed due to the formation
of crystalline domains in C1 zone. In the second step, the still melted C2-1 zone at 42
°C is deformed into the second temporary shape which is then fixed by cooling to 25
°C, i.e., below Tm of C2-1 zone. For the shape recovery, the gel is first heated to 42
°C to recover the first temporary shape while further heating to 70 °C recovers the

permanent shape.

In the present hybrid hydrogel, H2-1, the switching domains are localized in the gel
zones, and thus, although each zone has dual shape-memory function, the whole hybrid
exhibits triple-shape-memory effect, which may be termed as “pseudo triple-shape-
memory” behavior. Shape-memory tests conducted on H2-2 gel revealed existence of
shape-memory function only at C1 zone while the C2-2 zone was unable to fix the

temporary shape due to the absence of crystalline domains.
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- Three-segmented hybrid hydrogels

Segments of H3-1 and H3-2, C1, C2-1, C3-1 and C1, C2-2, C3-2, respectively, have
semicrystalline structures. Each of the individual segments belonging to H3-1 and H3-

2 exhibit dual shape memory seperately.

Therefore, fused body of segments in a single H3-1 and H3-2 exhibits pseudo-triple-
shape-memory or pseudo-multiple-shape-memory effect, respectively. For the clarity,
C2-1 zone of H3-1 was blue-violet colored with crystal violet and the rest, end
segments released non-colored. End segments, non-colored segments, C1 and C3-1
have Tm’s of 37 and 35 °C, respectively, which are so close. Middle segment, clue-
violet colored, C2-1 have Tm at 51 °C which is far different than the rest segment’s

Tm. Therefore, H3-1 exhibited pseudo-triple-shape-memory.

Firstly, the H3-1 gel is heated to 60 °C (above all of the three Tr’s), and all segments
were deformed into their temporary shapes. When the gel is cooled to 25 °C (below
all of the three Tm’s), temporary shapes are fixed. For the shape recovery, the gel is
first heated to 40 °C to recover the first temporary shapes of end segments to their own
permanent shapes, while further heating to 60 °C recovers the whole permanent shape
of H3-1.

In order to follow the shape memory effect in H3-2 specimen,middle segment C2-1
zone released non-colored, while the end segments C1 and C3-2 was colored in red
and, respectively. C1, C2-1 and C3-1 segments of H3-2 gel have Tm values at 37, 46
and 56 °C which are far different than each other. Therefore, H3-2 exhibited pseudo-
multiple-shape-memory.

Firstly, the H3-2 gel is heated to 60 °C (above all of the three Tm’s), and all segments
were deformed into their temporary shapes. When the gel is cooled to 25 °C (below
all of the three Tm’s), temporary shapes are fixed. For the shape recovery, the gel is
first heated to 40 °C to recover the first temporary shape of C1 segment, further heating
to 50 °C recovers the permanent shape of C2-2 segment. As the last step, heated
specimen to the 60 °C recovers the permanent shape of C3-2. Thus, the complete

shape memory in the H3-2 specimen was reached.
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4. RESULTS AND DISCUSSION

4.1 Silk-Fibroin Cryogels

Silk fibroin derived from Bombyx mori has been used by our research group to obtain
silk fibroin based single network (SN), double network (DN) and triple network (TN)
cryogels. As silk fibroin derived from Bombyx mori is a fibrous protein exhibiting
extraordinary material properties such as good biocompatibility, biodegradability,
high strength and toughness, and ease of processability, cryogels based on this protein
promise potential application areas in bone tissue engineering, regenerative medicine,
etc. Gelation of aqueous fibroin solutions mainly takes place through self-assembly of
fibroin molecules induced by hydrophobic associations to form intermolecular 3-sheet
crystallites acting as physical cross-link zones [7]. In this study, 3D interconnected
macroporous, tough cryogel samples, obtained by the low-temperature gelation
technique known as cryotropic gelation or cryogelation- with double network concept,
were investigated within the point of biocompatibiliy view.

As given before, investigated cryogel samples were:

i) Single-network (SN) cryogels: Obtained by varying the nominal fibroin
concentration, Csr, in the gelation solution as SN-4.2, SN-7, SN-12.5 and
SN-22 wit%.

i) Double-network (DN) and triple-network (TN) cryogels: DN and TN
cryogels are denoted as DN-x/y and TN-x/y/z where X, y, and z are the
fibroin concentration (Csg) in the first, second and third gelation solutions,
respectively, expressed in round numbers. DN-4/7, DN-4/14, DN-4/20,
DN-4/29, TN-4/7/20.

Within the scope of this thesis, biocompatibility assays comprising of MTT assay for
cell viability and imaging of proliferating cells by confocal microscopy were
conducted. Following sub-parts of this title will include the determination of proper
cell amount for MTT assay procedure, cell viability capability results of cryogel

samples and proliferation behavior of cells in cryogel architecture in details. Through
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the bicompatibility tests of cryogel samples, Normal Human Dermal Fibroblast
(NHDF) cell line was used.

4.1.1 Determination of cell/well amount

Within the biocompatibility investigation, Normal Human Dermal Fibroblast (NHDF)
cell line was planed to subject to MTT assay for examining the cell viability on cryogel
samples. According to the literature, culture conditions that alter the metabolism of the
cells will likely affect the rate of MTT reduction into formazan. For example, when
adherent cells in culture approach confluence and growth becomes contact inhibited,
metabolism may slow down and the amount of MTT reduction per cell will be lower
[193]. Therefore, optimisation of cell amount for the wells, where the cryogel samples
will be tested in, is having critical importance. A higher amount of cell, than that of
the used well’s capacity to mediate cells until the termination of MTT assay (for
example 10" day), would cause an early cell deaths because of the high rates of
confluences, while the lower amount of cell would cause insufficient signaling among
cell agregates to proliferate and spread on the well surface. Both case would result in
inadequate cell viability results which will not reflect the real viability ratios.
Mismatching in cell amount for the used well surface area would come out as the

material tested are not biocompatible.

Thus, here we examined a scale of cell/well amounts in a concentration of
20.000,15.000, 10.000 and 7500 cells per 200 uL of medium. Amounts were tested for
96 well plate. Application of these amounts were followed by using optical
microscope. Quantitative cell viability results were obtained through the reading of
absorbance (A) values after the MTT application by use of UV-Vis plate reader. Cell
viability was calculated from the A values which are directly proportional to the cell
viability. Control group results were assumed as 100% viable ratio of cells. Optical
microscopy observations and MTT assay results were considered together to reach a
reliable decision on proper cell amount. Figure 2.13 exhibits the trends of change in
cell viability % of SN cryogel samples aaccording to the various cell amounts. Results
of cell viability % (Figure 4.1) are relative ratios to the control groups of each assay’s
own. Samples subjected to this optimisation experiment were belonging to single-

network (SN) cryogel series formed at silk fibroin concentrations between 4.2 and 22
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wt%. Experiments were carried out for three different assay termination times as 3",
7" and 10" days.
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Figure 4.1 : Viable cell percentages are plotted against the cell amounts (in 200 puL
of full growth medium) per well of a 96 well plate. Termination times of MTT assays
are denoted by red, green and blue symbols for 3™, 7" and 10™ days, respectively.
Results of most proper cell amounts are indicated by yellow hoops for each cryogels
of single network (SN) sample series. (a) SN-4, (b) SN-7, (c) SN-12.5, (d) SN-22.
According to the pursuit of optical microscopy, it was seen that, as well as the wells
containing cryogel samples, control wells were full with cells even at 3™ day of MTT
assay for 20.000, 15.000 and 10.000 cells/well. Control group cells have been found
as they are sustaining to die in following days of assay because of the exceeding of
harvesting confluence state (80% confluency) of cell culture.lt was seen that the
attached cell number to the cryogel samples was already high enough for 3™ day of
10.000 cells/well assay and it provided to obtain higher values than 3™ day of MTT
assay with 7500 cells/well. At 7" and 10" day, results of MTT assay were found virtual
for 10.000 cells/well because of the relative drastic increase of dead cells in control
wells than wells with samples. Thus, cell deads served as an increasing virtual viability
for results and general view of results misleadingly show that 10.000 cells/well is
better than 7500 cells/well. In order to avoid from contact inhibition of cells, cell
numbers per well was planned to be choosen as cells would not be in contact inhibition
until 10" day of the assay. In this way, 7500 cells/well was detected as the most proper
amount for these experiments. From that decision on, all MTT assays with fibroblast

cell line were performed by using 7500 cells/well.

4.1.2 Cell viability results by use of MTT assay

Normal Human Dermal Fibroblast (NHDF) cell line was used for investigations. As

explained above, proper cell number was determined as 7500 cells per well and
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experiments performed for this amount of cells. Figure 4.2 represents the results of
cell viability (%) ratios for cryogels, with their specific pore sizes (um) and porosities
(%). Pore size and porosiy results of samples were obtained from the study conducted

by our research group [7] to interpret the effect of cryogel structure in cell viability.
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Figure 4.2 : Change in cell viability results are plotted against the pore size and
porositiy values of (a) Single network (SN) cryogels, (b) SN-4.2, double network
(DN) cryogels and triple network (TN) cryogel. Total silk-fibroin concentrations
(Cse) of DNs and TN are stated on graph for the consideration purposes. (For
example, TN-4/7/20 has total Csr of (4+7+20=33) 33). Control groups denoted as
“0”. Porosity of “0” assumed as 100% and the pore size taken as 85200um (well
diameter).

Investigations made for silk fibroin % concentrations (Csr) at 0 (Control), 4.2, 7, 12.5
and 22 (Figure 4.2, a) and at 0, 4.2, DN-4/7, DN-4/14, DN-4/20, DN-4/29), TN-4/7/20
(Figure 4.2, b) for three different days. Cell viability was calculated according to
absorbance (A) values which are directly proportional to the cell viability. Control
group results were assumed as 100 % viable ratio of cells. As explained before,
different cryogel series as SN and DN, TN series were examined for this study. Both
of these series have been synthesized by our research group at two different date to
beware of mistakes possibly caused by synthesis of cryogels. Therefore, two different
synthesis of SN cryogels and two different synthesis of DN, TN cryogels were
investigated seperately. Moreover, at least two assays were performed for each
synthesis. As a summary, in total, four set of experiments were made for two different

synthesis of SN cryogels and four set of experiments were performed for DN, TN
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cryogels as well. Viabiliy (%) results of assays were merged and ploted against pore
size (um) and poreosity (%) in Figure 4.2, a, b by the help of variance calculation for

each cryogel series.

It is seen that, the cell viability of SN cryogels formed over the whole range of silk
fibroin concentrations is higher than that of the lethal dose of 50 %, stated as LC50 in
toxicology. This means that all SN cryogels do not show any acute toxicity. Another
point seen in Figure 4.2, a and b is that there is no significant dependency of cell
viability (%) on the silk fibroin concentration of cryogels. Moreover, SN cryogels
formed at 7 and 12.5 % fibroin concentrations denoted as SN-7 and SN-12.5,
respectively, exhibit cell viability above 70% indicating that they are “not cytotoxic”
for MTT assays of medical devices as emphasised in the standart called “Biological
evalution of medical devices/ Part 5: Tests for in vitro cytotoxicity” with the code of
ISO 10993-5 [194]. As to Figure 4.2, b, it is seen that the results obtained from DN
and TN cryogel series show absolutely no acute toxicity for all experiment days (3",
7" and 10" of the MTT assay. The ratios of cell viability for all cryogels are above
the lower limit of cytotoxicity level as well as stated in ISO 10993-5 [194] standart for

the MTT assays of medical devices.

Figure 4.3 represents the all cell viability (%) results together, as ploted against the
pore size and porosity (%), in the order of increasing total (Csg). Results on Figure 4.3
indicates that, compared to the SN series, DN and TN cryogels show much better
biocompatibility. The higher biocompatibility of the cryogels with double and triple-
network structures as compared to the SN cryogels is attributed to the increasing
internal surface area of the former cryogels due to the presence of a second generation

of smaller pores.

DN and TN cryogels were prepared by conducting the cryogelation reactions within
the pores of SN and DN cryogels, respectively, providing the formation of two
generations of pores. Increasing internal surface area and porosity of DN and TN
cryogels enable cells to access nutrients much easier and provide them much proper
waste exchange capacity. The pore size and the total porosity of SN cryogels are
between 10-33 um and 95-72%, respectively. Increasing the silk fibroin concentration
during the preparation of SN cryogels, pore walls are becoming thicker whereas pore

sizes are becoming smaller. In contrast, second generation pores of 1pm in diameter
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appear in DN and TN cryogels. For instance, DN-4/20 and SN-22 cryogels have
similar silk fibroin concentrations and similar porosities (80 vs 72%).
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Figure 4.3 : Change in cell viability (%) rates are ploteted against the pore size (um)
and porosity (%) values of SN, DN and TN cryogels. Graph exhibits all the results
shown in Figure 2.14 “a” and “b” together. Viability results are given in the order of
increasing total silk-fibroin concentration (Csg).

Cell viability results of SN-22 for the 3, 7" and 10" day are 61+3.5, 64+5 and 68+6
%, respectively, while DN-4/20 cryogels show 72+4.1, 8045 and 7444 % cell viability
in the same day order. Thus, although both fibroin concentration and the total porosity
are almost the same for these samples, double-networking results in an increase of cell
viability. It was reported that increasing cell viability is mainly due to enhanced
nutrient supply and more efficient metabolic waste removal from the interior regions
of scaffold constructs [91,92,94,195]. Due to the formation of smaller pores in DN
cryogels, specific surface area increases, providing a more favourable environment in

which cells could remain viable and therefore proliferate to a greater extent.

4.1.3 Imaging by Laser Scanning Confocal Microscopy (LSCM)

In order to obtain a scaffold for biomedical applications, material clustering, pore size,
surface area, wall thickness and homogeneity etc. have critical importance. For the

study we explained here, we have two kinds of materials to clarify the relationships
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between cell viability and pore size, surface area and wall thickness. SN crogels
synthesized by increasing fibroin concentrations represents decreasing pore size and
porosity while wall thickness is increasing. The other set of cryogels, named as DN
and TN in this report, are formed by double-networking method as sequential
synthesizing of networks inside a single network cryogel, represents increasing fibroin
concentrations by penetration of new networks inside the single network. However,
DN and TN cryogels exhibit no increase in wall thickness with the help of formed
pores inside the bigger pores of single network pores, called as second generation
pores. Moreover, decreasing in pore size occasioned by second generation pores and
incresing fibroin concentration cases were run with increasing surface area. Besides
all, both of two cryogel type have an advantege for biomedical applications as they
have interconnected pores. It has reported in the literature that, pores of adequate size
allow cells to migrate or adhere to the surface of a material, but interconnecting pores
are necessary to permit cell growth into the scaffold interior [38].

To study cell proliferation, spreading and actin development on cryogel samples,
confocal microscopy was carried out. Figure 4.4 and Figure 4.5 represents the confocal

laser micrographs of NHDF cells cultured on SN-4.2 and TN-4/7/20, repectively.

It can be interpreted from confocal micrograms (Figure 4.4 and 4.5) that, profuse cell
growth was observed in TN-4/7/20 cryogel compared to SN-4.2. These findings are in
relation to MTT assay results. Cells were covered the scaffold surface and cells were
observed to attach on to scaffold walls for support. Cells with nuclei and filaments
were observed throughout the matrix surface suggesting normal growth of fibroblast
cells on these cryogel. Confocal laser micrographs and MTT assay results supported
that porosity plays a significant role in the overall function of cryogels. Reported
studies in the literature mention that, there are limits of acceptable scaffold architecture
(VF, pore size) that influence in vitro cellular responses. Additionally, pore size and
VF (volume fraction) can affect cellular adhesion, viability, ingrowth, distribution, and
the formation of an ECM by specific cell types. A high VF (and thus large surface
area/volume ratio) was necessary for in vitro cell attachment, proliferation, and
subsequent matrix deposition. It was stated in the literature that the optimum VF for
engineering homogeneous tissues may be greater than 90% or between 75% and 90%
and generalized as, if engineering tissues in vitro using any of the cell types studied,

scaffolds with the largest VF (90%) are likely to support greater cellular metabolism
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and infiltration and production of collagens and glycosaminoglycans compared to
scaffolds with 75% VF [95].

Figure 4.4 : Confocal laser micrographs of Normal Human Dermal Fibroblast
(NHDF) cells cultured on SN-4.2 which were stained with Rhodamine—phalloidin for
detecting actin filaments (red) and DAPI for nuclei (blue). Micrograms were
obtained from the 7" day culture.

81.08 um

Figure 4.5 : Confocal laser micrographs of Normal Human Dermal Fibroblast
(NHDF) cells cultured on TN-4/7/20 which were stained with Rhodamine—phalloidin
for detecting actin filaments (red) and DAPI for nuclei (blue). Micrograms were
obtained from the 7*" day culture.

For the set of cryogels we exhibited the results in this report, viability (%) results of
MTT assays represent a corelation with literature. Viability (%) results show that,
cryogels with the porosity (%) ratios between 90 and 75% reveal better results.

Scaffold porosity in particular controls the key processes of nutrient supply to cells,
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metabolite dispersal, local pH stability and cell signaling. The size of the pores can
affect how close the cells are at the initial stages of cultivation (allowing for cell-cell
communication in three dimensions), but also influences the amount of space the cells
have for 3-D organization in the later stages of tissue growth. In addition, a porous
surface is known to improve mechanical interlocking between the implanted scaffolds
and the surrounding natural tissue, providing greater mechanical stability at this critical
interface [38,57].

Former papers in the literature were declared that the surface area/volume ratio of
porous materials depends on the density and average diameter of the pores.
Nevertheless, the diameter of cells in suspension dictates the minimum pore size,
which varies from one cell type to another. Depending on the envisioned applications,
pore size must be carefully controlled. The effect of implant pore size on tissue
regeneration is emphasized by experiments demonstrating optimum pore size of 5 pm
for neovascularization, 5-15 pum for fibroblast ingrowth, close to 20 pum for the
ingrowth of hepatocytes, 20125 um for regeneration of adult mammalian skin, 40—
100 um for osteoid ingrowth and 100-350 pum for regeneration of bone. Fibrovascular
tissues appear to require pores sizes greater than 500 um for rapid vascularization and
for the survival of transplanted cells [96,97]. It was informed that, the pore sizes
obtained here have been performed for mentioned cell types up to 50 % porosities.
However, according to the study we made here shows that, a property obtained by the
combination of optimum pore size, porosity% and wall thickness could change these
known pore size requisites. In this stuy, with the help of double networking method,
the surface area/volume ratio of porous materials is not depend on the density and
average diameter of the pores. In an example, porosity% ratio and pore size seen as
87% and 25um for SN-7 while they were 86% and 9,3um for DN-4/7, repectively. In
contrast with claimed in literature, we succeded to obtain high cell viabilities and cell
attachment on cryogels, having second generation pores, even for very small sizes as
3,4 um (DN-4/29).

Here, we claim that these DN, TN cryogels can increase the cell viability and be
protected from any loss on mechanical properties as well. For this reason, these
“second generation pores” make DN, TN cryogels a good candidate for load bearing

biomedical applications.
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4.2 Hybrid Hydrogels

Hybrid hydrogels mentioned in this thesis are materials with two or three distict zones,
in a fused body, of which have different physical and chemical features. The aim of
the study is achieving to create a multi-segmented hybrid hydrogel with tunable and
switchable segments according to the requisites possibly we can face in its wide range
of application areas.

Within the scope of this part, mechanical and thermal measurement results of hybrid
hydrogels will be discussed. For this purpose, results were collected under two main

title according to the number of zones hybrids include.
These hybrids are:
i) Two-segmented hybrid hydrogels

i) Three-segmented hybrid hydrogels

4.2.1 Two-segmented hybrid hydrogels

The most proper hybrid hydrogels with two segments having different physical and
chemical properties were prepared by considering of several characteristics.
Preliminary experiments reveal three requirements for preparing mechanically strong

hybrid hydrogels with smooth and robust interfaces:

) Since the preperation of hybrid gels in this study based on the simultaneous
synthesis of two individual components in a fused body, reaction solutions

of hybrid hydrogel components have to be suitable for stratification.

i) In order to obtain hybrids with reproducible mechanical properties, the
interface region in hybrids should exhibit a smooth transition from one to

another gel zone (Figure 4.6).

i) Swelling ratios of the gel components of hybrids should not differ
significantly from each other. Otherwise, the mismatch in the swelling

ratios resulted in their rupture in aqueous environment (Figure 4.6).

Examples of feasible and unfeasible hybrid gels in interbedded and flat shapes are
demonstrated in Figure 4.6. Feasible hybrid gels are also exhibit superior behaviors

such as self-healing and shape memory.
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Figure 4.6 : Optical images of feasible and unfeasible hybrid gels in interbedded and
flat shapes.

Two-segmented hybrid hydrogels composed of the following gel components in two
different compositions satisfied these requirements in both of the shapes obtained
within this study as interbedded and flat types. Compositions of hybrid segments

satisfying the requirements are given in Table 4.1.

Table 4.1 : Compositions of hybrid segments.

Hybrid 1 (H2-1) Hybrid 2 (H2-2)
C1: 70 mol % DMA / 30 mol % C18A C1: 70 mol % DMA / 30 mol % C18A
C2-1: 50 mol % DMA / 50 mol % C17.3M C2-2: 50 mol % DMA / 50 mol % C12M

Figure 4.7 shows the optical images of H2-1 and H2-2 gels in both interbedded and
flat shapes.

HYBRID 1 (H2-1) | HYBRID 1 (H2-1) | HYBRID2 (H2-2)

Body Temperature Room Temperature | Room Temperature

HYBRID 2 (H2-2)'(Room Temperature)

Figure 4.7 : Optical images of hybrid gels in interbedded and flat shapes.

As can be seen, inner part of interbedded H2-1 gel (Figure 4.7) is opaque at room
temperature, however, it turns into a transparent look at body temperature. Even if the
C2-1 for H2-1 gel exhibits hard texture at room temperature, it is getting softer at body
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temperature and the appearance turns into transparent. On the other hand, C2-2
segment of H2-2, can be found soft in a wide range of temperature scale encompassing

room and body temperature.

Within this section, facts in determining proper hybrid gels will be clarified and

properties of these hybrid gels will be investigated in details.

4.2.1.1 Stratification Study

Preparation of hybrid hydrogels in a flat shape with two distinct gel zones, based on
the density difference of the monomer mixtures, were achieved in terms of
stratification of reaction solutions (RS). Densities of RS were measured by using a
calibrated glass pycnometer at 25 °C. By stratification method, the RS with a low
density floats on top of another RS of higher density whereas the interface between
layers (transition area) acts as a barrier to prevent monomers from diffusion between
layers. Figure 4.8 shows an example of stratification study performed for RS
components of H2-1 samples.

RS1 RS2 Stratification of reaction solutions

Figure 4.8 : lllustration of stratification study performed for H2-1 samples’ reaction
solutions (RS). (RS 1: monomer mixture of C1, RS 2: monomer mixture of C2-1).

Red and blue RS, shown in Figure 4.8 as the initial step, were denoted as RS1 and RS2
with the densities of 0.894+0.021 and 0.881+0.002, respectively. Pipettes were poured
with two different RS as shown in initial step up to half level of their heights. At the
addion step, the plastic pipettes with red RS1 and blue RS 2 were subsequently poured
with vice versa colored solutions as blue RS2 and red RS1, respectively; thus, whether
the stratification succeeded or not can be made apparent. By using solution-dyed RS,
as in Figure 4.8, it was proved that, according to densities measured by pycnometer,
stratification of RS is possible even for the little differences in desities. In addition, it
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was seen that the transition area (interface region) occurs apparent in just a few
millimeters in thickness. It was demonstrated with yellow dashed lines and these lines
are named as “1” and “2” in Figure 4.8. Yellow dashed line, stretch across the pictures
at the top level of pipettes (Figure 4.8, 2), shows the coequal heights of pipette. The
secant line above the half heights of pipettes (Figure 4.8, 1) demonstrate that there is
no change in the location of transition area by any jumble for a successfully stratified
RS combination. A successfully stratified solution combination has to be as seen on
“a” of 6" photo in Figure 4.8. It was clear that, the vice versa combination of these
solutions causes jumble of solutions (“b” of 6™ photo in Figure 4.8), resulting in not to

obtain a stratified combination of RS.

In order to obtain right combination for stratification of RS, densities of three sets of
RS comprising of dimethylacrylamide (DMA) and one of three different hydrophobic
monomers (octadecy acrylate (C18A), stearyl methacrylate (C17.3) or lauryl
methacrylate (C12M)) in various concentrations were measured. Densities of RS are
collected in Table 4.2. Molar ratios of monomers in RS given in table are calculated
with respect to total initial monomer concentration (Co). Mean and standart deviation

(SD) values are given in the Table 4.2. SDs can be found in brackets.

Table 4.2 : Densities of reaction solutions belonging to hybrid segments.

RS Composition Density
(mol % - with respect to Co) at 25 °C (g/mL)
50 DMA - 50 C18A 0.881 (0,003)
Set 1 (DMA / C18A)
70 DMA — 30 C18A 0.894 (0,021)
50 DMA - 50 C17.3M 0.881 (0,002)
Set 2 (DMA / C17.3M) 70 DMA - 30 C17.3M 0.895
80 DMA - 20 C17.3M 0.912
50 DMA - 50 C12M 0.889 (0,001)
Set 3 (DMA/ C12M) 70 DMA - 30 C12M 0.907
80 DMA - 20 C12M 0.921

Stratification with solution-dyed RS were examined for various combinations. Photos
of all resulting views are shown together in Figure 4.9. Red solutions symbolize RS
containing 30 (upper box of Figure 4.9) or 50 (lower box of Figure 4.9) mol % C18A.
Blue solutions denote RS with C17.3M or C12M in concentrations of 50, 30 and 20
mol %, in the order of left to right in Figure 4.9. Every single photo in Figure 4.9
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contains two filled pipettes with two different colors of solutions. Left sides of every
single photos show the addition order of C18A and followingly C17.3M or C12M

while the right sides performed as vice versa.

o 8 =« o8

0 e W0 s 20
. — (! —
C17.3M ( BLUE solutions ) mol % =

50 . S 0 e B 20
) ! ; 1 (0 I
C17.3M ( BLUE solutions ) mol % = | C12M ( BLUE solutions ) mol % =

C18A ( RED solutions ) = 50 mol %

Figure 4.9 : Hllustration of stratification study performed for solution-dyed reaction
solutions.

Obtaining an optimum hybrid gel was achieved by following the stratification method.
However, apart from stratification, properties like swelling rate, rigidity, etc. were
considered as well. Ticked up RS combinations on photos were selected to synthesize
hybrid gels in the light of the stratification and other properties which of them will be

mentioned under following parts.

4.2.1.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) traces of waterswollen hybrid hydrogel
samples reveal melting and crystallization transitions by changing the temperature.
Figure 4.10 shows the sampling method for DSC measurements of hybrid gels.

Obtained intersections were labeled as 1 to 6 and colored in various colors in Figure
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4.10 to define the plots of Figure 4.11 and Figure 4.12. DSC measurements were also
performed for individual gel samples of each component and their mixture to compare

with transition area of hybrid gels.

Interface
Region

123456

Figure 4.10 : Sampling method on an optical image of Hybrid 1 (H2-1) gel as an
example for DSC measurements of hybrid gel samples.

Numbered intersections include a range of samples in hybrids from soft component,
transition area to soft component. Figure 4.11 shows the DSC measurement results of
Hybrid 1 gel (Figure 4.11, (a)) and their comparison with individual gel samples and
the mixture of them (M 1/Mixture 1) (Figure 4.11, (b)), having same composition with

the components of Hybrid 1 gel and its transition area.
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Figure 4.11 : DSC results of Hybrid 1 (H2-1) gel. DSC results obtained from (a) H2-
1 gel sample, (b) Individual C1, C2-1 and Mixture 1 (denoted as M1) gel (C1+C2-1)
samples.

DSC measurements reveal that as the locations of sample change, from C2-1 (labeled
as 1 in Figure 4.10) to C1 (labeled as 6 in Figure 4.10), Tm values were gradually
increased from 35 to 48 °C. DSC results of individual components C1, C2-1 and their
mixture M1which mimics the interface region of Hybrid 1 (H2-1) gel given in Figure
4.11. C1 gel component, consisting of DMA and C18A, is a semicrystalline hydrogel
with a melting temperature (Tm) of 48 °C. The C2-1 component, comprasing of DMA
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and C17.3M, has a lower Ty, of 35 °C, due to the limitation of side alkyl chain
alignment which originates from the methyl group on the backbone of C17.3M units
[3]. See Table 4.3 for the complete list of T, values for Hybrid 1.

In contrast, C2-2 component, consisting of DMA and C12M, is in amorphous state due
to the shorter alkyl chain length of C12M units [130]. Figure 4.12 shows the DSC
measurements conducted for Hybrid 2 (H2-2) gel (Figure 4.12, (a)) and their
comparison with individual gel samples having same composition with the
components of H2-2 (Figure 4.12, (b)).

(a) H2-2 (b)

,I\ 1: C2.2 C2-2 (C17.3M) /]\ 1: 22 C2-2(C17.3M)
2
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Temperature / °C Temperature/ °C

Figure 4.12 : DSC results of Hybrid 2 (H2-2) gel. DSC results obtained from (a) H2-
2 gel sample, (b) Individual C1, C2-1 and Mixture 2 (denoted as M2) gel (C1+C2-2)
samples.

Figure 4.12, (a) shows that the melting peak appearing at 48 °C in C1 zone first
broadens and then gradually disappears as the sample position approaches to the
amorphous C2-2 zone of H2-2, indicating complete mixing of the gel components at
the interface. By using the DSC measurements, results collected in Table 4.3 were

calculated.

Table 4.3 : Thermal mechanical properties of hybrid segments and mixture gels.

—— Composition (mol %) T Tery fery

DMA CI18A  C17.3M ciom (GO (O (%)

c1 70 30 - - 48 41 12
c2-1 50 - 50 - 35 23 12
C2-2 50 - 50 - - 0
C1+C2-1 (M1) 60 15 25 - 46 36 16
C1+C2-2 (M2) 60 15 - 25 - - 0
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Shape memory experiment of H2-1 was carried out by using the Tn results obtained
from DSC.

4.2.1.3 Shape memory

Tm results obtained from the DSC measurement were used to examine shape memory
behavior of Hybrid 1 (H2-1) and Hybrid 2 (H2-2). Relative to C18A and C17.3M,
C12M monomer has shorter alkyl chain with 12 C length.

DSC results represent that, C2-2 segment in H2-2 gel, composed of C12M monomer,
has no crystalline domain. Therefore, C2-2 segment was flexible at room temperature.
Its known that, shape memory behavior arise from the existence of high cystalline
domains in the gel network, so that no shape memory behavior observed on C2-2
segment as it has been foreseen with the help of DSC results. H2-2 gel has C1 and C2-
2 segments. C1 segment has dual-shape memory ability due to the semicrystalline
structure originated from the C18A while the C2-2 segment has no shape memory
ability. Thus, shape memory test was not performed on H2-2 hydrogel.

In contrast with H2-2 hydrogel, H2-1 hydrogel, having C1 (includes C18A) and C2-1
(includes C17.2M) segments, has dual shape memory ability in both of its segments.
It means that, fused body of C1 and C2-1 segments in a single H2-1 hydrogel has
capability to have two temporary shapes arising from its individual segments. Whole,
single, fused body of H2-1 hydrogel has also a permanent shape. In total, an H2-1
hydrogel can have three shapes. Therefore, H2-1 hydrogel has triple-shape memory.
As explained, in order to call a material that it has triple-shape memory ability, material
should exhibit two temporary and a permanent shape in a whole body of material
[196]. Different from a material having conventional triple-shape memory ability, H2-
1 hydrogel has its two temporary shapes by taking the advantage of its individual
segments’ own temporary shapes. Since these two different temporary shapes are local
on the segments but a spreading shape on a whole material, shape memory ability of
H2-1 is specifically called as “pseudo-triple shape memory”. Figure 4.13 shows the
pseudo-triple shape memory ability of H2-1 hydrogel.

[Pl

Images in Figure 4.13 are labeled from “a” to “e” to ease the follow of procedure. The
image labeled as (a) is the permanent shape of H2-1 where the C1 zone was colored in
blue for clarity.
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Figure 4.13 : Images demonstrating pseudo triple-shape-memory behavior of H2-1
hydrogels. Permanent shape (a), temporary shapes 1 and 2 (b, ¢), and successive
shape recoveries at 42 and 70 °C (d, e).

The gel is first heated to 70 °C (above both Tm’s), and its C1 zone is deformed. Then
the gel is cooled to 42 °C (which is a temprature between the two Tm’s of the gel
zones) for forming the temporary shape 1. Shape is fixed due to the formation of
crystalline domains in C1 zone (Figure 4.13, b). In the second step, the still melted C2-
1 zone at 42 °C is deformed into the temporary shape 2 which is then fixed by cooling
to 25 °C (a temperature below Tm of C2-1 zone) (Figure 4.13, c). In order to recover
the shape, the gel is first heated to 42 °C for testing the recovery of the temporary
shape 1 (Figure 4.13, d). Followingly, further heating to 70 °C recovers the permanent
shape (Figure 4.13, e).

For the H2-1 hydrogel, hydrophobic associations and crystalline domains acts as
netpoints and switching segments, respectively, which are responsible for the shape
memory effect. At temperatures above Tm, hydrophobic associations formed by
melting of alkyl crystals determine the permanent shape of the hydrogel. In this state,
the hydrogel can easily be deformed under loading to assign temporary shapes to its
gel zones. Upon cooling below Tm, side alkyl chains forming crystalline domains fix
the temporary shapes of the hydrogel. Shape memory tests conducted on H2-1 revealed

the existence of pseudo- triple shape-memory function.

4.2.1.4 Uniaxial compression and elongation

Uniaxial elongation tests of flat shaped hybrid hydrogels and uniaxial compression
tests of interbedded shaped hybrid hydrogels at room and body temperature were

performed. Results will be demonstrated and discussed under this part.
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- Uniaxial elongation tests

The Hybrid 1 (H2-1) gel is composed of two individual segments as C1 and C2-1. In
between the segments of H2-1, there is an interface region in a few millimeters of
thickness. Hybrid 2 (H2-2) gel is also comprised of two individual segments as C1 and
C2-2 with an interface region of a few millimeters of thickness. Flat shaped hybrid
hydrogels were subjected to elongation tests. Figure 4.14 shows the tensile test results
and optical images of H2-1 and H2-2.
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Figure 4.14 : Uniaxal test results and optical images of H2-1 and H2-2 at room
temperature. White arrows on optical images indicate the interface region. (a) Stress
(onom)-strain (¢ %) curves of H2-1, C1, C2-1 and M1 (b) Stress (onom)-strain (¢ %)
curves of H2-2, C1, C2-2 and M2.

All tests shown in Figure 4.14 were conducted at room temperature. Besides the hybrid
specimens (H2-1 and H2-2), their individual segments C1, C2-1 and C2-2 were also
tested separately. Mixtures of reaction solutions belonging to the segments of hybrids,
which mimic the interface regions, were separately synthesized (M1 of H2-1 and M2

of H2-2) and subjected to elongation tests to compare the results.
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Measurements repeated for many times revealed that, H2-1 and H2-2 gel never break
at the interface region and the tensile mechanical properties of hybrids represent the
average of those of their components (Figure 4.14, a, b). H2-1 hybrid has a Young’s
modulus of 79 + 9 MPa and tensile strength of 3.9 £ 0.2 MPa while H2-2 hybrid
exhibits a lower modulus and tensile strength (Table 4.4) but a higher stretch at break
(457% vs 113%) due to the contribution of its highly stretchable C2-2 component.

As seen on the optical images in Figure 4.14, the interface regions indicated by white
arrows remain intact under stress for both of the hybrid samples. The intactness of the
interface region of hybrids at their fracture reveals higher mechanical strength of the
interface as compared to one or both of their individual segments. The Young’s
modulus and tensile strength of M1 are 92 + 2 and 8.2 + 0.9 MPa, respectively, which
are much higher than those of the gel components. This is due to the higher degree of
crystallinity of the mixture gel as compared to the gel components (16% vs 12%, Table
4.3) as well as due to the formation of more ordered crystalline domains in the presence
of mixed hydrophobes leading to increased strength of hydrogels [197]. This explains
why the interface of H2-1 is stronger than both of its C1 and C2-1 segments.

Several tests showed that H2-1 always breaks at the necking zone of C2-1 region, as
illustrated in the optical images on Figure 4.14 (a), likely because C2-1 segment yields
and weakens before yielding of the C1 segment due to the relatively small Young’s
Modulus (E) value.

Figure 4.14, (b) show tensile stress—strain curves and mechanical parameters of the
interface of H2-2 together with its C1 and C2-2 components. Both the modulus and
strength of the interface are higher than the C2-2, suggesting that C2-2 segment of the

hybrid would rupture under stress while the interface remains robust.

The optical images shown in Figure 4.14, (b) indeed demonstrate that the rupture of
the hybrid occurs at its C2-2 segment. Young’s modulus (E) (Figure 4.15, a, b),
nominal stress (onom) (Figure 4.15, ¢, d) and strain % (¢ %) (Figure 4.15, e, f) results
of hybrids, H2-1 and H2-2, and their components, C1, C2-1 and C2-2, are shown in
the graphs.
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Figure 4.15 : Tensile mechanical properties of hybrids, H2-1 and H2-2, and their
components, C1, C2-1 and C2-2, mixtures mimicking the interface regions, M1 and
M2 are given. Graphs on left side demonstrates the results of H2-1 and related gels’

results, while the graps on right side show H2-2 and related results. (a, b) Young’s

modulus (E), (c, d) strain % (& %) (e, f) nominal stress (onom).

- Uniaxial compression tests

Interbedded shaped hybrid hydrogels were subjected to compression tests. Tests were
conducted at room and body temperature. Besides the hybrid specimens (H2-1 and

H2-2), their individual segments C1, C2-1 and C2-2 were also tested separately.

For the mentioned hybrid gels, gel specimen can sustain its structural integrity even
after the complete compression. Thus, an actual fracture deformation ratio (1) and

nominal stress (onom) Values require further evaluation by using the true stress (otrue)-
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deformation ratio (1) curves of raw data. (¢=1-1 and otrue = 4 X onom) Results
demonstrated in this part will be given as corrected by using this method. An example
of this correction is exhibited in Figure 4.16, (a). Figure 4.16, (b) shows the

compression test results of H2-2.
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Figure 4.16 : (a) An example of compressive correction method applied on C2-2
sample. Dashed line shows the true stress (otwue)-deformation ratio (1) curve. A
denotes deformation ratio at break and ¢ = 1- A. atrue Can be read on right axis, while
the onom IS 0N the left side. (b) Compressive anom — Strain % (¢ %) curves of H2-2 and
its components (C1 and C2-2) at 24 + 1 °C.

H2-2 has two segments as C1 and C2-2. In contrast with C1 segment, having highly
semicrystalline structure, but, as evidenced by DSC results, C2-2 with C12
hydrophobic monomer has no crystalline domain which results in C2-2 a soft texture
both at room and body temperature. Therefore, H2-2 and its components C1 and C2-2

were tested only at room temperature (Figure 4.16, (b)).

On the other hand, segments belonging to H2-1 gel, C1 and C2-1, have crystalline
domains which affect the texture difference at room and body temperature. Since the
Tm of C2-1 segment is around the body temperature, compression tests performed at
both room and body temperature. Besides the texture, opacity difference was observed
in C2-1 segment. Figure 4.17 demonstrates compressive stress—strain curves of H2-1
and their gel components at room and body temperature. Additionally, optical images

of H2-1 samples at room and body temperature were also given in the graphs.
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Figure 4.17 : Compressive onom (MPa) — strain % (e %) curves of H2-1 and its
components (C1 and C2-1) at (a) room temperature (24 + 1 °C) and (b) body
temperature (37 £ 1 °C).

The general trend is that the hybrids (H2-1 and H2-2) exhibit lower compressive
strength as compared to their gel components (Table 4.4). This is attributed to the
easier appearance of microcracks in the hybrid due to the pressure of the hard shell on
the soft core. The Young’s modulus and compressive strength of H2-1 gels are 47 + 6
and 30 = 4 MPa while those of H2-2 samples are 32 + 5 and 24 + 3 MPa, respectively.
Figure 4.17, (a) also shows that the initial mechanical properties of H2-1 gel and its
components are similar; i.e., their moduli are between 47 and 62 MPa. The inset to
Figure 4.17, (b) presents stress—strain curves of C1, C2-1, and H2-1 gels measured at
37 °C which is between the melting temperatures of the C1 and C2-1 zones. Because
the crystalline domains in C2-1 zone melts at 37 °C, as also seen from opaque-to-
transparent transition in C2-1 segment (see optical images of interbedded hybrid gels
niched in graphs), the modulus of this zone decreases from 62 + 7 to 0.34 + 0.04 MPa,
thus producing at the body temperature a hybrid hydrogel consisting of a soft core
surrounded by a hard tire-like shell.

4.2.1.5 Self healing

Self-healing behavior in flat shaped hybrids was investigated by cutting them at both
gel zones locating 6 mm away from the interface region. For interbedded gel
specimens, they were cut in the middle into two equally sized pieces. The damaged
gel samples were then self-healed by keeping the cut surfaces in contact for 1 h at 80

°C in a water vapor-saturated glass chamber. Thereafter, uniaxial compression and
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elongation tests were conducted. The results were compared with the virgin gel
samples. Figure 4.18 shows the tensile test results of healed hybrid samples.
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Figure 4.18 : Stress (MPa)—strain (%) curves of virgin (solid curves) and healed (a)
H2-1 and (b) H2-2 gel samples (dashed curves) obtained from tensile tests.

Self healing behavior of hybrid samples (H2-1 and H2-2) were examined by elongation
test. Optical images of healing examination for H2-1 and H2-2 gels are given in Figure
4.19.

— Cut zone
Interface

—

Healed H2-1 (two cuts) Healed H2-1 (cut at C2-1) Healed H2-2 (two cuts)

Figure 4.19 : (a) Images of a H2-1 gel specimen before and after cutting and after
repairing. (b) Images of a H2-2 gel specimen after repairing. Yellow arrows indicate
the cut regions while red arrow is the interface region.

82



Healing ability of both hybrids were tested by two cuts. Cutting at both gel zones of
H2-1 gel specimen followed by healing at 80 °C significantly reduces the ultimate
mechanical properties, and the sample broke at the cut region before the yield point.
However, when cut is created only at C2-1 zone, the healed sample again shows
yielding behavior, and the healing efficiency with respect to fracture stress and strain
becomes 73 + 7 and 62 + 5%, respectively.

Moreover, the fracture always occurred at C2-1 segment of the hybrid but at a different
location than the cut region (Figure 4.19, a). The H2-2 gel exhibited above 80%
healing efficiencies independent of the location of the cuts, and the fracture always
occurred at the C2-2 segment but at a different location (Figure 4.19, b).

Compression tests were also conducted by cutting interbedded hybrid gel specimens
in the middle into two equally sized pieces and then bringing the cut surfaces together,
as described above. Figure 4.20 shows the stress-strain curves for comparing the
compression results of virgin H2-1 and H2-2 gels with their healed states.
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Figure 4.20 : Stress (MPa) —strain (%) curves of virgin (solid curves) and healed (a)
H2-1 gel samples (at room and body temprerature) and (b) H2-2 gel sample (at room
tempretature) (dashed curves) obtained from compression tests.

As seen in Figure 4.20, complete healing could be obtained on both H2-1 and H2-2
hydrogels. All results of compression and elongation tests were collected in Table 4.4.

Standard deviations are given in brackets.
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Table 4.4 : Tensile and compressive mechanical properties of gels.

Elongation Results
Code | DMA | C18A C17.3M | E (MPa) E% Af ot (MPa) Ay oy (MPa)
H2-1 (C1/C2-1) virgin 74(9) 113 (35) 21(02) 39(02) | 112(0.03) | 47(0.7)
H2-1 healing-one cut at C2-1 78 (7) 3(0.5) 2(0.2) 2(0.3)
H2-1 healing- two cuts 79 (6) 102 (22) 1(0.01) 3.2(0.1) 1.1(0.01) | 4.7(0.1)
C1 70 30 - 54 (4) 793) 18(0.03) | 48(0.6) | 1.23(0.04) | 58(0.1)
C2-1 50 - 50 88 (9) 287 (35) 39(03) 4(02) | 113(0.03) | 4.4(06)
M1 60 15 25 92 (12) 14(31) | 1.14(003) | 82(1)
M1 (C1+C2-1) healing 85 (5) 8(0.9) 1.1(0.01) 6.2 (0.4)
Code | DMA | C18A | Ci2M E (MPa) &% Af ot (MPa) Ay 6y (MPa)
H2-2 (C1/C2-2) virgin 0.46 (0.03) | 457 (73) 56(0.7) | 0.19(0.02)
H2-2 (C1/C2-2) two cuts 0.43 (0.03) | 431(60) 5.3 (.6) 0.17 (0.03)
C1 70 30 - 54 (4) 79(3) 18(0.03) | 48(0.6) | 1.23(0.04) | 58(0.1)
C2-2 50 - 50 0.15(0.02) | 1137(67) | 124(0.7) | 0.13(0.02)
M2 60 15 25 0.49 (0.03) | 1227 (160) | 13.3(16) | 0.65(0.13)
M2 (C1+C2-2) healing 0.44 (0.07) | 893 (122) 10 (1.2) 53(0.1)
(*) Healing Results Compression Results
2411 °C 37°C
Code | E(MPa) &% Af of (MPa) | E (MPa) &% At ot (MPa)
H2-1 47(6) 76 (6) 0.24 (0.6) 30 (4) 15(0.5) 84 (2) 016 (0.02) | 27(4)
H2-1 *50 (2) *79 (1) *0.21(0.01) | *31(5) *19 (4.5) *85 (1) | *0.15(0.01) | *26 (1)
C1 54 (7) 80 (5) 0.2 (0.05) 59 (15) 27 (4) 84(2) 0.16 (0.02) | 50 (11)
C2-1 62 (7) 85 (1) 0.15 (0.01) 56 (8) 034(0.04) | 93(04) | 0.07(0.004) | 30(3)
M1 102 (3) 82(0.4) 0.18(0.004) | 71(11) 61(6) 85(2) 0.15(0.02) | 60 (10)
24+1 °C
Code E (MPa) E% Af ot (MPa)
H2-1 32 (5) 80 (5) 0.2 (0.05) 59 (15)
H2-1 *19 (1.5) *84 (1) *0.16 (0.01) *24 (1)
C1 54 (7) 80 (5) 0.2 (0.05) 59 (15)
C2-1 0.27 (0.03) 93 (1) 0.07 (0.01) 24 (3)

4.2.1.6 Rheology

Presence of crystalline domains in both C1 and C2-1 segments of H2-1 hydrogels
resulted in drastic changes in their mechanical properties depending on the
temperature. This feature is presented in Figure 4.21, a where the storage (G ) and loss

moduli (G ) data are plotted against temperature.
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Figure 4.21 : (a) Storage modulus G' (MPa) of H2-1 (upper panel) and H2-2 (bottom
panel) and their gel components during heating from 5 to 80 °C at a rate of 5 °C
min~'. @ = 6.3 rad s and yo = 0.1%. (b, c) Frequency dependences of G’ (filled
symbols) and the loss modulus G"(MPa) (open symbols) of H2-1 (b) and H2-2

hybrids (c) and their components. Temperature = 37 °C (b) and 25 °C (¢). yo = 0.1%.

The storage moduli G’ of hybrids, H2-1 and H2-2, during heating from 5 to 80 °C at a

heating rate of 5 °C min~!are shown in Figure 4.21, a. G’ of the C1 component is 10

MPa at 5 °C, while it rapidly decreases at around its Tm, 48 °C, and finally becomes

0.06 MPa at 80 °C. More than 2 orders of magnitude decrease in the modulus of the

C1 upon heating is totally reversible with a thermal hysteresis due to the lower

recrystallization temperature, as also reported before for semicrystalline hydrogels

[198,199]. A similar change in G’ is observable for the C2-1 component except that

the drastic decrease in G’ occurs at its T, of 35 °C. In contrast, G' of the C2-2

component only slightly decreases with temperature due to the absence of crystalline
domains. The results also show that the modulus—temperature curves of hybrid
hydrogels locate between those of their components, indicating that they both
contribute to their overall viscoelastic response. Frequency sweep tests conducted on
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C1, C2-1, and H2-1 gels at 25 °C (Figure 4.22, a), i.e., below their Tm’s, show similar
viscoelastic spectra with the spectra at 37 °C (Figure 4.22, b).
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Figure 4.22 : Frequency dependences of G’ (MPa) (filled symbols) and G” (MPa)
(open symbols) of C1, C2-1, and H2-1 hydrogels at (a) 25 °C and (b) 37 °C. yo =
0.1%.

G'is independent of frequency, and it is much larger than the loss modulus G"” at 25
°C (Figure 4.22, a), as typical for strong gels. However, at 37 °C, i.e., between the Tr’s
of C1 and C2-1 gels, C1 gel is still a strong gel with a weak frequency dependence
while C2-1 becomes a weak gel with a G" approaching to G’ at high frequencies
(Figure 4.22, b). Similar viscoelastic spectra but at 25 °C were obtained on H2-2

hybrids composed of semicrystalline C1 and amorphous C2-2 segments (Figure 4.21,
C).

As a preliminary experiment, another rheological measurement was performed to
understand the synthesis stage of a proper hybrid gel. Polymerization times of
individual segments belonging to hybrids were investigated. Viscosity (#) changes,
during the polymerization, against the reaction time were plotted in Figure 4.23.
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Figure 4.23 : Viscosity (n/Pa.s) changes of C1, C2-1, C2-2 segments of H2-1 and
H2-2 during the course of polymerization s plotte againt reaction time. Results were
collected at 25 °C.

Synthesis method of this hybrid gels were UV-initiated bulk polymerization. To follow
the polymerization depending on time, rheometer was externally equiped with two UV
lamp which were also used for the UV reactor and the temperature of plate was fixed
at 25 °C. As seen on Figure 4.23, during the polymerization, viscosity of reaction
solution belonging to C1 was increased much more rapidly as compared to that of the
other solutions, and reaction solution of C1 turned to a gel after 10 min, while both of
the reaction solutions belonging to C2-1 and C2-2 formed gels after more than 1 h.
This difference in the gelation times between the layered solutions also prevented their

mixing during the course of polymerization.

4.2.1.7 Cyclic elongation

Because of the supramolecular nature, hybrid hydrogels have the ability to self-heal
on both of their gel zones. Cyclic mechanical tests are a mean to detect the self-healing
ability of cross-linked materials via monitoring the reversible nature of their cross-
links. The cyclic tests were carried out by stretching H2-1 gel specimens at a strain
rate of 3.8 x 1072 571 up to a maximum strain emax and then unloading at the same rate
up to zero strain, followed by repeating these loading and unloading steps at the same

strain rate. Figure 4.24 shows the cyclic elongation test resuls of H2-1.
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Figure 4.24 : Stress (MPa)—strain (%) (a—c) 3 sets of successive 20 tensile cycles
separated by the thermal treatment for a H2-1 gel specimen. emax = 30%. (d)
Stress—strain curve of H2-1 after subjecting 60 tensile cycles is shown by dashed
line. For comparison, stress—strain curve of a H2-1 gel sample is also shown by the
solid curve.

Figure 4.24, a shows 20 successive tensile cycles composed of loading (upward
curves) and unloading steps (downward curves) up to emax 0f 30%. It is seen that the
neck region shown during the first loading step disappears in the following loadings,
indicating a significant damage in the gel. Indeed, the hysteresis energy Unys which is
proportional to the number of bonds broken during a mechanical cycle is 0.92 MJ m™3
for the first cycle while it reduces to 0.45 MJ m2 in the second cycle. Unys further
gradually decreases with increasing cycle number and becomes 0.24 MJ m™3 after 20"
cycle, revealing that around 70% of intermolecular bonds in the gel specimen are
broken. The damaged gel specimen was then taken out of the tensile tester and
immersed in a water bath at 50 °C for 1 min followed by bringing to the test
temperature of 24 °C. The sample was again subjected to 20 successive tensile cycles.
This procedure was repeated twice, and the results are shown in Figures 4.24 b, c. It is
seen that heating the gel above T of the gel components and subsequent cooling to
24 °C recover the neck region so that similar hysteresis energies could be obtained.
For instance, Unys energies for the first cycles in Figures 4.24, b and c are 0.86 and 0.90
MJ m~3, respectively, revealing that 93—98% bonds broken could be recovered by
heating at 50 °C for 1 min. The damaged gel sample after subjecting to 60 tensile
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cycles was again repaired by the thermal treatment as described above and then
stretched up to the fracture point. The solid and dashed curves in Figure 4.24, d present
stress—strain curves of the repaired sample and the virgin one, respectively. The
repaired sample fractures at a stretch ratio of 97% under around 3.4 MPa stress, which
are close to that of the virgin sample (113 + 35% at 3.9 £ 0.2 MPa), revealing thermally
induced self-healing ability of H2-1 hybrid hydrogels.

Besides the H2-1 ydrogel, H2-2 hydrogel was also subjected to cyclic elongation test.
Figure 4.25 demonstrates the results of cylic elongation test of H2-2 hydrogel.
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Figure 4.25 : Uniaxial cyclic elongation test of H2-2 gel at room temperature. (a) 20
successive cycles at strain ratio of 300%, (b) 20 more successive cycles in same
strain ratio, after a waiting time of 1h in a water bath at 25 °C.

Elongation test results of H2-2 and its segments C1 and C2-2 hydrogels demonstrated
that C2-2 segment has a lower Young’s modulus and fracture strength than that of C1
segment (Figure 4.25, Table 4.4). Additionally, drastically higher Young’s modulus
and fracture stress of C1 was attributed to its semicrytalline structure at room
temperature and evidenced by DSC measurements. Since there is a distict texture
difference between the segments of H2-2, H2-1 hydrogel, subjected to first set of 20
successive elongation cyles, was waited in a water bath for 1h to recover itself. In other
words, no further heating-cooling was required for the reason that there was no change
in C1 segment. It was in Figure 4.25 that, after the first of 20 cycles (Figure 4.25, a)
and following recovery time, there was already no residual deformation left behind
(Figure 4.25, b).
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4.2.2 Three-segmented hybrid hydrogels

It was introduced in the two-segmented hybrid hydrohel study that there were three
requirements for preparing mechanical strong hybrid hydrogels with smooth and

robust interfaces:

) Since the preperation of hybrid gels in this study based on the simultaneous
synthesis of two individual components in a fused body, reaction solutions

of hybrid hydrogel components have to be suitable for stratification.

i) Swelling ratios of the gel components of hybrids should not differ
significantly from each other. Otherwise, the mismatch in the swelling

ratios resulted in their rupture in aqueous environment.

iii) In order to obtain hybrids with reproducible mechanical properties, the
interface region in hybrids should exhibit a smooth transition from one to

another gel zone.

Here, in this study, preliminary experiments of three segmented hybrids reveal one

more additional requirement that

iv) The monomer mixture with the higher density should be the solution with
the shorter or the similar reaction time than that of the monomer solution
of lower density’s reaction time. Otherwise, the monomer mixture with
lower density reacts to form polymer and begin to immerse in the monomer
mixture of higher density, thus result in the formation of non-smooth

transition in the interface region.

For the first Three Segmented Hybrid (H3-1), components are: component 1 (C1)
component 2 (C2-1) and component 3 (C3-1). For the second Three Segmented Hybrid
(H3-2), components are: component 1 (C1) component 2 (C2-2) and component 3 (C3-
2). Molar ratios of segments belonging to H3-1 and H3-2 are given in Table 4.5 .

4.2.2.1 Stratification Study

Preparation of hybrid hydrogels in a flat shape with three-distinct gel zones based on
the density difference of the monomer mixtures, were achieved in terms of
stratification of reaction solutions (RS) as also acquired in two-segmented hybrid
hydrogel study. Stratification is performed by taking the advantage of densitiy
difference. Densities of RS were measured by using a calibrated glass pycnometer at
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25 °C. By stratification method, the RS with a low density floats on top of another RS
of higher density whereas the interface between layers (transition area) acts as a barrier

to prevent monomers from diffusion between layers.

Within this three-segmented hybrid hydrogel study, through deriving the benefit of
two segmented hybrid hydrogel experience, it was aimed to improve a concept of
multi-segmented hybrid hydrogel with multiple-shape memory effect. Different from
two segmented hybrid hydrogel, the use of hydrophilic monomer was varied in the
compositons of segments. Compositions of reaction solutions and their densities were
given in Table 4.5 with the Tm values of the three-segmented hybrid hydrogel’s

segments.

Table 4.5 : Compositions (mol %) and densities (g/mL) of reaction solutions with
Tm (°C) values of their gel states.

Composition (mol % i
e P ( 0) Density (g/mL) Tn (°C)
DMA AAc CI18A C17.3M (at 25 °C)

H3-1

C1 70 - - 30 0.895 37
C2-1 60 - 40 - 0.888 51
C3-1 50 - - 50 0.881 35
H3-2

C1l 70 - - 30 0.895 37
C2-2 60 - 15 25 0.887 46
C3-2 - 60 40 - 0.880 56

Here, beside the DMA, AAc was used to obtain new combinations for new segments.
Since the molecular weight (MW) of AAc (72.06 /mol) is lower than the DMA’s MW
(99.13 g/mol), in the same hydrophobic monomer content, it was achieved to obtain a
segment with lower density and significantly higher Tm which is directly related to the
shape memory characteristics of gel sample. For instance, C2-1 segment coprised of
DMA and C18A was used in the synthesis of H3-1 which of this segment was in the
same molar ratio with the C3-2 segment of H3-2 with an only difference in hydrophilic
monomer as AAc. By just switching the hydrophilic monomer in the rection solution
from DMA into AAc, the density is apperantly decreased from 0.888 to 0.880 which
is a significant difference for this stratification method. Moreover, the Tn, value was
51 °C for DMA/C18A combination while this value incrased in 56 °C for AAc/C18A
combination in the same molar ratio (Table 4.5). Therefore, through the method
improved in this study, it is possible to decide the place of stretchable and rigid parts

with different T values in a multi component hybrid structure, according to the
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requisite, by using the monomers in different densities and chemical properties. By
means of the concept studied here as multi-segmented hybrid hydrogels with nultiple-
shape memory effect, it is possible to obtain multi-segmented hybrid hydrogels for
spesific requisites with segments of accuretly determined places like a puzzle which
of these segments would have exact Tm values, stretchabiliy, toughness, healing

ability, etc. in a wide range of monomer scale.

4.2.2.2 Differential scanning calorimetry (DSC)

Thermal properties of these hybrids were also investigated. It was known from the
several studies made by our research group, that semi-crystalline hydrogels acquired
by use of hydrophobic monomers with long n-alkyl chains have a great potential to
exhibit self-healing and thermally induced shape-memory behaviors [3,198]. For the
investigation of shape-memory behavior, hybrids were subjected to differential
scanning calorimetry (DSC) measurements. Sampling was made from the segments of
H3-1 and H3-2 hydrogels. Figure 4.26 shows the DSC results of individual gel
components belonging to H3-1 and H3-2 hybrid gels.

H3-1 (a) H3-2 (b)
1« 35 °C T 56 °C
C3-1
3 g C3-2
o 51 °C 1
5 = 46 °C
: :
= =
s ﬁ
20 30 40 50 60 70
Temperature / °C Temperature / °C

Figure 4.26 : DSC scans conducted on the individual components of (a) H3-1 and
(b) H3-2 hybrids.
DSC results of H3-1 segments are presented in Figure 4.26, (a). Tm values were
obtained as 37, 51 and 35 °C for individual C1, C2-1 and C3-1 segments of the H3-1,
respectively. Similar measurements were also conducted on individual segments of
H3-2 hybrid gel specimen. Figure 4.26, (b) shows that the melting peak appearing at
37 °Cin C1 zone and increases to 46 and 56 °C for the C2-2 and C3-2, respectively.
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From the DSC curves, enthalpy changes during melting, AHm, were calculated from
the peak areas. The degree of crystallinity, fcry, that is, the fraction of polymer units in
crystalline domains, was estimated by fecry = XumAHm/AHm®, where xupwm is the mole
fraction of the hydrophobic monomer in the comonomer feed and AHm® is the melting
enthalpy of crystalline C17.3M or C18A units. AHm° was taken as 71.2 k] mol™! from
previous works on the melting behavior of long n-alkyl chains exhibiting a hexagonal
crystal structure [200, 203]. Thermal properties belonging to H3-1 and H3-2 are
collected in Table 4.6.

Table 4.6 : Composition, water content and thermal properties of gels.

Composition (mol %) H,O Tm Tey fory
Code - o o N
DMA AAC C18A C17.3M (%) (°C) (°C) (%)
H3-1
Cc1 70 - - 30 36 37 26 8
C2-1 60 - 40 - 21 51 42 19
C3-1 50 2 - 50 10 35 23 12
H3-2
C1l 70 - - 30 36 37 26 8
C2-2 60 - 15 25 18 46 36 16
C3-2 g 60 40 4 5 56 43 29

DSC measurements reveal that the C2-1 and C3-2 gel components consisting of same
mol % of DMA and AAc, respectively, and C18A at same mol % are semicrystalline
hydrogel with a melting temperature of 51 °C for C2-1 of H3-1 and 56 °C for C3-2 of
H3-2 (Table 4.6). Even though the hydrophobic monomer mol % ratios are the same
for both of these different segments, a marked difference in between the Trm values as
5 °C was observed. This is because the poly-acrylamide (PAAc) backbone produces a
higher transition temperature and degree of crystallinity as compared to poly-
dimethylacrylamide (PDMA) backbone. It was attributed to the cooperative hydrogen
bonding between the carboxyl groups of AAc units stabilizing the alkyl crystals in the
former research of our research group [3]. The results reveal that the stability of
crystalline domains in the hydrogels increases in the following order: DMA/C17.3M
< DMA/C18A < AAC/C18A.

The C1 and C3-1 components composed of DMA and C17.3M has lower melting
temperature values than that of the components with C18A, 37 and 35 °C, due to the
methyl group on the backbone of C17.3M units limiting the alignment of side alkyl
chains [132].
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C2-2 segment of H2-2 hydrogel is differ from other segments with its hydrophobic
monomer mixture content. This segment comprises of two hydrophobic monomers of
C17.3M and C18A. C17.3M/C18A ratio of this segment is 25/15 (mol %). Even if the
C17.3M content is higher than that of the C18A content, higher Tm value of 46 °C
was observed. It means that, the Tm value of this mixture component is dominated by
crystalline domains of C18A. It was attributed to the higher stability of C18A
crystalline domains than that of the C17.3M’s.

4.2.2.3 Uniaxial elongation

For the first three-segmented hybrid (H3-1), components are: component 1 (C1)
component 2 (C2-1) and component 3 (C3-1). For the second Three Segmented Hybrid
(H3-2), components are: component 1 (C1) component 2 (C2-2) and component 3 (C3-
2). Molar ratios of segments belonging to H3-1 and H3-2 are given in Table 4.7. C1 is
the same for both of three segmented hybrids. Figure 4.27 shows the elongation results
of H3-1 (a) and H3-2 (b) hybrid gels and their individual segments C1, C2 and C3.
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Figure 4.27 : Tensile stress (onom)(MPa) -strain (%) (¢ %) curves of three segmented
hybrids (H3-1 and H3-2, solid lines). To compare the three segmented hybrid
samples, their own individual components’ (dashed lines) elongation results were
also added to the graphs. (a) H3-1 and its components C1, C2-1 and C2-1 (b) H3-2
and its components C1, C2-2 and C3-2.

The solid curves in Figures 3 a, b show tensile stress—strain % curves of H3-1 and H3-
2 hybrids, respectively, where the nominal stress onom is plotted against the strain %, &
%. The dashed curves in the figures are stress— strain curves of hybrids’ individual gel

components. Here there is two kinds of three segmented hybrids which of both have
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the same segment as the weakest and softest component (C1). The difference between
these two hybrids is that, one of them has two stretchable and one rigid segment (H3-
1, Figure 4.27, (a)) and the other has two rigid and one stretchable segment (H3-2,
Figure 4.27, (b)). Hybrid of two rigid parts with a stretchable, low Young’s modulus
part (H3-2) exhibits a mechanical behavior closer to the stretchable, low Young’s
modulus segment (C1). However, hybrid of two stretchable, low modulus part with
one rigid, high modulus part (H3-1) represents higher modulus and tensile strength but
lower stretchability. Since the stress applied on materials to elongate them always
concentrate on the weakest part, both of the hybrids deform in the C1 part for the first
place. Thus, although hybrid has rigid segments, it represents stretchability; higher
tensile strength than that of the weakest part is seen due to the combined mechanical
durability effect of all parts up to the total fracture of material. As for the Young’s
modulus, hence the applied stress concentrates in the weakest part, result is obtained
as lower than that of the most rigid segment. In accordance with the case mentioned
above about the concentration of applied stress in the weakest part, results revealed
that the tensile mechanical properties of hybrids represent the medial mechanical
durability of those of their components. H3-1 hybrid, with two stretchable and one
rigid segment, has a Young’s modulus of 118 + 2 MPa and tensile strength of 4.6 +
0.2 MPa while H3-2 hybrid, with two rigid and one stretchable segment, exhibits a
lower modulus and tensile strength but relatively higher stretch at break (50% vs 75%).
Mechanical measurement results of three-segmented hybrid hydrogels were collected
in Table 4.7.

Table 4.7 : Compositions and tensile mechanical properties of gels.

Composition (mol %)

Code E (MPa) (%) O nom(n) (MPa)
DMA AAc C18A C17.3M
C1 70 30 42 (2) 354 (45) 2.5(0.2)
c2-1 60 40 122 (5) 8 (1) 7.1(0.5)
Cc3-1 50 50 74 (9) 287 (35) 4(0.2)
H1-1 C1/C2-1 55 (2) 319 (13) 4.2 (0.1)
H2-1 C2-1/C3-1 88 (9) 178 (23) 4.3 (0.1)
H3-1 C1/C2-1/C3-1 118 (2) 50 (3) 4.6 (0.2)
C1 70 30 42 (2) 354 (45) 2.5(0.2)
C2-2 60 15 25 92 (12) 14 (3) 8.2 (1)
C3-2 60 40 144 (14) 4(0.6) 6 (1)
H1-2 C1/C2-2 60 (1) 300 (45) 3(0.4)
H2-2 C2-1/C3-2 131 (14) 4 (0.5) 5.6 (1)
H3-2 C1/C2-2/C3-2 89 (4) 75 (10) 3.6 (0.3)

The important point is that the hybrid gel specimens subjected to tensile tests never

break at their interface regions. The interface regions remain intact under stress, and
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the fracture occurs at C1 segments of hybrid hydrogels. This is due to the higher degree
of crystallinity of the interface regions as a mixture of intermeshing individual gel
components as compared to the individual gel components separately as well as due
to the formation of more ordered crystalline domains in the presence of mixed
hydrophobes leading to increased strength of hydrogels [186]. Figure 4.28 shows the
comparison of elongation test results of three segmented hybrids (H3-1 and H3-2) with
individual components and two segmented hybrids. Two segmented hybrids are
denoted as H1-1, H2-1 and H1-2, H2-2, respectively, in Figure 4.28.
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Figure 4.28 : Elongation test results comparison of H3-1 and H3-2 with two
segmented hybrids and individual gel segments by their (a) Young’s modulus E
(MPa), (b) percent of strain &t % and (c) fracture stress onom(r) (MPa).

By the consideration of results given together in Figure 4.28, as a general trend, either
two or three segmented hybrids were represented Young’s modulus E, percent of strain
ef % and fracture stress onom( values in between the highest and lowest mechanical
durability values of their individual gel components. Hybrids always break in the

weakest segment and never rupture at the interface region.

4.2.2.4 Shape memory

According to the results acquired by DSC measurements, shape memory behavior tests
were conducted. Figure 4.29 demonstrates pseudo triple shape-memory capability of
H3-1 gel specimen. Although hybrid has three segments with three different T,
material demonstrates pseudo triple shape-memory behavior due to the close Trm values
of C1 and C3-1 segment (37 and 35 °C).
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Figure 4.29 : Images demonstrating pseudo-triple shape memory behavior of H3-1

hybrid hydrogel. Permanent shape (1), temporary shape (2), shape recoveries of C1

and C3-1 segments at 40 °C (3), and following shape recovery of C2-1 segment to
reach total shape recovery at 60 °C (4).

Figure 4.29 exhibiting the pseudo-triple shape memory behavior of H3-1 hybrid which
of its images were labeled as 1, 2, 3 and 4 to follow the procedure. The image labeled
by (1) is its permanent shape where the C2-1 zone was blue-violet colored with crystal
violet for clarity. The gel is first heated to 60 °C (above the Tm of all segments), and
the whole material was deformed to its temporary shape (Figure 4.29, (2)). When the
gel is cooled to 25 °C, which is well below the Tw’s of all the gel zones, the temporary
shape is fixed due to the formation of crystalline domains. For the shape recovery, the
gel is first heated to 40 °C to recover the C1 and C3-1 segments to its permanent shape;
further heating to 60 °C recovers the total permanent shape (images 3 and 4). For the
present supramolecular hydrogels, hydrophobic associations and crystalline domains
act as net points and switching segments, respectively, responsible for the shape-
memory effect. At temperatures above Tm, hydrophobic associations formed by
melting of alkyl crystals determine the permanent shape of the hydrogel. In this state,
the hydrogel can easily be deformed under loading to assign temporary shapes to its
gel zones. Upon cooling below Tm, side alkyl chains forming crystalline domains fix
the temporary shapes of the hydrogel. In typical triple-shape-memory hydrogels, there
are two separated crystallizable hydrophobic domains (switching domains) with
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different Tm’s distributed homogeneously over the whole gel sample [196]. However,
in the present hybrid hydrogel, the switching domains are localized in the gel zones,
and thus, although each zone has dual shape-memory function, the whole hybrid
exhibits triple or multiple shape-memory effect, which may be termed as “pseudo-
triple- or multiple- shape memory” behavior. Shape-memory tests conducted on H3-2
hybrids and exhibited in Figure 4.30 revealed the existence of pseudo-multiple shape
memory function through the distinct differences in Tm (37, 46 and 56 °C) of hybrid’s

individual segments.
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Figure 4.30 : Images demonstrating pseudo multiple-shape-memory behavior of H3-
2 hybrid hydrogel. Permanent shape (1), temporary shape (2), successive shape
recoveries of C1 (3), C2-2 (4) and C3-2 (5) segments at 40, 50 and 60 °C,
respectively.

Figure 4.30 representing the pseudo multiple shape memory behavior of H3-2 hybrid.
The image labeled by (1) is its permanent shape where the C1 zone was red and C3-2
zone was blue colored for the clarity. The gel is first heated to 60 °C (above the Tm of
all segments), and the whole material was deformed to its temporary shape (Figure
4.30, (2)). When the gel is cooled to 25 °C, which is well below the Tm’s of all the gel
zones, the temporary shape is fixed due to the formation of crystalline domains. For
the shape recovery, the gel is first heated to 40 °C to recover the C1 segment’s
permanent shape (image 3); further successive heating to 50 and 60 °C recovers the

total permanent shape (images 4 and 5). Different from H3-1, H3-2 hybrid gel sample
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has three different Trm values which are quite different than each other (37, 46 and 56
°C). Thus, pseudo multiple shape memory behavior can be observed.
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5. CONCLUSIONS

Gels, as crosslinked polymer materials, with their capacity of being created in various
architectures and chemical compositions to form a versatile and proper in-use material
for wide range of applications, attracts much interests. Within this thesis, two different

kinds of gels were investigated from two different aspects.

First, single network (SN), double network (DN) and triple network (TN) silk-fibroin
based cryogels were investigated in the manner of biocompatibility. Within the second
part, multi-segmented hybrid hydrogels were discussed within the framework of their

synthesis, creation aspects and mechanical properties.

As a general implication, it was revealed by this thesis that, as well as the critical
importance of chemical composition and their reflections on the macro-structure of gel
materials, design ideas to reach a new horizon are also crucial. For instance, silk-
fibroin SN cryogels are the materials with their known biocompatibilities based on
their source as silk-fibroin protein. However, they recently improved by the addition
of second generation pores via double-networking concept. The raw-material, silk-
fibroin, was the same, but the materials, DN and TN cryogels, have a new architecture.
Normally, by increasing silk-fibroin concentration, pore sizes of SN cryogels are
getting smaller and corresponding decrease in porosity (%) ratios is seen. In case of
DN, TN cryogels, when they compared with their SN silk fibroin concentration
equivalents, the porosity ratios, which served as a better environment for cells to have
rapid vascularization by means of oxygen and waste exchange without loss in
mechanical endurance, were found higher. Therefore, by just altering the design idea,
without any change in source and its concentration, more advanced (e.g.
biocompatibility) properties can be obtained. Another example of this situation is
observed on multi-segmented hybrid hydrogels. Each segment of multi-segmented
hybrid hydrogels, by themselves, were outstanding materials with their features such
as self healing ability and shape memory behavior. However, when they fused in a

single body via a brand new design idea of stratification, they turned into a new
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material with an extraordinary hybrid character. With this new hybrid character, these

hybrids may serve as a novel material to use in more complex applications.

These means that, rather than an only alteration in the pure chemistry of materials, the
design concept variation of materials, by itself, can be a driving force to achieve new
Improvements on a material, in case of the comparison between two materials in same
chemical composition. Detailed, case-spesific implications presented in this thesis are

given here under this part.

Silk-based scaffolds are significant group of biomaterials with their various physical
characteristics, biocompatibility, and ability to support the attachment, proliferation
and differentiation of many types of cells. In order to obtain a scaffold for biomedical
applications, proper features such as material clustering, pore size, surface area, wall

thickness and homogeneity are crucial.

Within the framework of this thesis, single network (SN), double network (DN) and
triple network (TN) silk-fibroin cryogels were investigated in terms of the
biocompatibility as pre-made scaffolds. Investigations were carried out on readily-
prepared scaffold samples where of their mechanical and morphological properties
were already identified by our research group. Pre-identified feature-dependent
changes in cell viability was tested quantitatively by MTT assay and qualitative
observations were conducted through layer-by-layer images (3D images, composite
images collected from different depths of scaffold) from Laser Confocal Scanning
Microscopy (LCSM). For all cell-culturing purposes, Normal Human Dermal
Fibroblast (NHDF) cell line was used.

Among the scaffolds, there were two kinds of materials available to clarify the
relationships between cell viability and pore size, surface area and wall thickness. SN
cryogels synthesized by increasing fibroin concentrations represents decreasing pore
size and porosity while wall thickness is increasing. The other set of cryogels, named
as DN and TN through this thesis, formed by double-networking concept represent
increasing fibroin concentrations by the penetration of new networks into the SN.
However, DN and TN cryogels exhibit no increase in wall thickness with the help of
formed pores inside the bigger pores of single network pores, called as second
generation pores. Moreover, decreasing in pore size occasioned by second generation

pores and increasing fibroin concentration cases were run with increasing surface area.
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Besides all, both of two cryogel type have an advantage for biomedical applications as
they have interconnected pores.

MTT assay results represented that cryogels with the porosity (%) ratios between 90
and 75% reveal better cell viability (%) ratios which are in correlation with literature.
Additionally, it was revealed that the cell viability results are independent from silk-
fibroin concetrations (Csr) of cryogels.

Pore size ranges of scaffolds in dermal fibroblast culturing were reported between 5-
15um. Within the range of scaffolds, SN-4 codded cryogel has the bigger pore sizes
as 33um which decrease to 3.4um for DN-4/29. For both case, MTT say results show
good level of cell viability (far more higher than 50 % for 3", 7" and 10™" days which
are the evidence for the absence of acute toxicity). LCSM images received from the
SN-4 (33 um) and TN4/7/20 (4.3um) cryogels supported the viability results. This
good viability results of TN-4/7/20 is attributed to the extraordinary pore architecture
generated by second generation pores.

As a summary of the first part of the thesis results, DN and TN cryogels can increase
the cell viability and be protected from any loss on mechanical properties as well. For
this reason, these “second generation pores” make DN, TN cryogels a good candidate

for load-bearing pre-made scaffolding approaches.

Biological tissues are mainly anisotropic, non-homogenous and multi-phasic natural
constructs in an intermeshed architecture of hard and soft components with an
extremely tough interface. Such important examples are bone, cartilage, ligament,
tendon and intervertebral disc (IVD). Hydrogels are important materials with their
similarity to biological tissues as they are matrices with ability to entrap the water or
aqueus solutions. However, even their common brittle character was overcome by
many techniques improved for decades, these high strength hydrogels reported so far

were mostly isotropic.

Within this thesis, two- and three- segmented hybrid hydrogels were synthesized by
using UV-initiated bulk copolymerization technique as polymerized density-stratified
monomer solutions of hydrophobic (at least one or more hydrophobic monomers of
C18A, C17.3M or C12M) and hydrophilic (DMA or AAc) monomer mixtures.
Hydrophobic monomers carrying alkyl side chains of different lengths lead to the

formation of supramolecular, semicrystalline hybrid hydrogels.
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Through this concept, it was possible to adjust the mechanical and thermal properties
of segments and interfaces by varying the combinations of monomers. By this means,
anisotropic biological tissue inspired hybrid hydrogels were demonstrated, as
intermeshed hard and soft components through a strong interface(s), which never

rupture at interface region(s).

According to the investigations, two-segmented hybrids exhibit a high modulus
(0.46—74 MPa) and tensile strength (0.19-3.9 MPa) and sustain 24—30 MPa stresses
at 78—83% compressions which are comparable to the natural 1VVD. In case of three
segmented hybrids, obtained results show also a high modulus (89-118 MPa) and
tensile strength (3.6—4.6 MPa) with tensile strain of 50-75%.

Multi-segmented hybrids have the ability to self-heal upon heating above melting
temperatures (Tm) once one or both of their gel components are damaged. It was also
tested by separate examinations that the interface regions, also, have self healing
ability. Besides the self healing ability, they exhibit a pseudo triple- or multiple- shape
memory effect as well, arising from Tm belonging to the gel components of hybrids.
For instance, two-segmented hybrid H2-2 (two-segmented hybrid) have only one
semicristalline segment because the other segment shows an amorphous character.
Thus, the H2-2 exhibit only dual shape memory. However, H2-1 (two-segmented
hybrid) possesses two semicrystalline segments which reflect to the whole body of
two-segmented hybrid as a pseudo-triple- shape memory effect. More over, in case of
three- segmented hybrids, H3-1 hydrogel comprises of three semicrystalline segments
which of their two have close Tm values than that of the remaining segment. Thus, two
different Tr, are obtained resulted in a pseudo-triple- shape memory. Another hybrid
example, three-segmented H3-2 hydrogel, was observed as it has three semicristalline
segments, hence three Tm which of these are in far different temperatures. Stemming
from these three different Tm, H3-2 is able to exhibit pseudo-multiple- shape memory
effect.

The synthetic strategy presented here, thus enables combination of multiple gel
components in a single, intermeshed material, leading to the preparation of multiple-
shape memory hydrogels with multi-responsivity. Moreover, it is also possible to
decide the place of stretchable and rigid parts in a multi component hybrid structure,
according to the requisite, by using the monomers in different densities and chemical

properties.
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