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Figure 3.12 : (A, B): 6yom vs. € plots for DN (solid curves) and TN hydrogels (dashed
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and y are wz; and w3z ratios, respectively.  (C-F): opue vs. € (C,D) and
Orrue VS. Abiax plots derived from the curves given in A and B, respectively.
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Figure 4.5 : (a): The storage modulus G’ and loss factor tan 6 measured at 6.3 rad-s™!
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MECHANICALLY STRONG HYALURONIC ACID-BASED HYDROGELS

SUMMARY

Hyaluronan, or hyaluronic acid (HA), is a naturally occurring carbohydrate polymer
consists of disaccharide repeating units of -1,4-D-glucuronic acid - B-1,3-N-acetyl-
D-glucosamine. HA is the main component of the extracellular matrix (ECM), and it
plays an essential role in the wound-healing processes. HA has become an important
building block for creating new biomaterials with utility in tissue engineering and
regenerative medicine. Although HA is an attractive biomaterial for soft tissue
regeneration due to its distinctive biological functions and lubricating properties, it has
limited application areas because of its rapid degradation and poor biomechanical
properties. To overcome this drawback, native HA was physically or chemically cross-
linked, or alternatively, methacrylate groups were incorporated into HA to generate
HA macromers, which are then polymerized to form hydrogels. The resulting
hydrogels exhibit poor mechanical properties for use in stress-bearing applications,
although the cross-linking of HA decreases its degradation rate and solubility in
aqueous media. The lack of mechanical strength in HA hydrogels is primarily due to
the lack of viscoelastic dissipation in the chemically cross-linked HA network,
resulting in low-stress fracture of the hydrogels. Several techniques including double-
network gels (DN), incorporation of additional macromolecules such as silk fibroin
(SF), and cryogelation have been developed to enhance the mechanical properties of
HA hydrogels.

Double-network (DN) technique allows for the development of high-strength
hydrogels via two-step sequential free radical polymerization. DN hydrogels are
prepared by swelling a brittle and highly cross-linked first network hydrogel in a
second monomer solution. After reaching equilibrium, the second monomer is
polymerized to form a ductile and loosely cross-linked second network. In general, the
mass ratio of second-network to the first-network is very high, and two networks are
strongly entangled with each other. Poly(N,N-dimethylacrylamide) (PDMA) is a
biocompatible polymer with associative properties and widely used to produce
hydrogels. PDMA hydrogels can easily be prepared by free-radical copolymerization
of N,N-dimethylacrylamide (DMA) in bulk or in aqueous solution in the presence of
a cross-linker. Recently, a novel triple-network (TN) approach has been developed for
preparing mechanically robust nonionic polyacrylamide (PAAm)/PDMA/PDMA
hydrogels in our research group. A great variety of hydrogels exhibiting different
mechanical properties have been fabricated by tuning the mass ratio of the consecutive
networks. The TN approach relies on a second monomer translational entropy loss
upon polymerization with the first network.

Silk fibroin (SF) derived from Bombyx mori cocoons is a biopolymer that offers
several features comprising biocompatibility, controlled biodegradability, and unique
mechanical properties. The primary structure of SF includes repetitive blocks of high
molecular weight hydrophobic and low molecular weight hydrophilic chains.
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Structural arrangements in the hydrophobic blocks form B-sheet structure, which is
responsible for its high strength, whereas hydrophilic blocks provide water solubility
and toughness. Hydrogels derived from SF are attractive soft materials in biomedical
applications; however, they exhibit poor mechanical properties limiting their load-
bearing applications.

In order to fabricate macroporous hydrogels of high toughness and fast responsiveness,
there is a facile and versatile technique called cryogelation. During this process, the
solvent, mainly water, is used as a porogen in order to form a highly interconnected
porous structure. Thus, the cross-linking reactions take place below the freezing point
of the reaction medium. As water freezes, frozen solvent crystals and unfrozen liquid
system containing concentrated monomer or polymer solution form. After
cryogelation, a polymer network with a porous structure is obtained.

The aim of this thesis is to produce HA hydrogels exhibiting extraordinary mechanical
performances. Firstly, sequential polymerization reactions were conducted to produce
HA/PDMA double- and HA/PDMA/PDMA triple-network hydrogels starting from
native and methacrylated HA (GMHA). Next, one-pot synthesis of HA hydrogels was
introduced to shorten the reaction time and to reduce the amount of reagents used. For
this purpose, DMA or methacrylic acid (MAAc), and DMA and SF were incorporated
separately into a reaction solution containing GMHA and then polymerized to produce
HA hydrogels. Lastly, to produce robust macroporous HA hydrogels, the cryogelation
technique was conducted at sub-zero temperatures starting from GMHA in the
presence of DMA monomer.

The thesis presented here resulted in five publications, mainly based on fabricating
mechanically strong HA hydrogels. Within each following section, the mechanical
properties of HA hydrogels and cryogels were investigated in detail and their internal
structures were clarified by various techniques.

In the first part of the thesis, HA hydrogels were prepared by utilizing a two-step
process. Primarily, HA was chemically cross-linked in aqueous solutions using
ethylene glycol diglycidyl ether (EDGE) under different experimental conditions.
EGDE cross-linked HA hydrogels containing 97-99% water were fragile and ruptured
when compressed to 25-51% strain under 0.02-0.15 MPa stresses. By applying the
double-network (DN) approach in the second step, high strength DN hydrogels
containing 84-94% water were generated. Shortly, single-network brittle HA
hydrogels were first swollen in aqueous N,N-dimethylacrylamide (DMA) solutions
containing a small amount of BAAm cross-linker, and then photopolymerized to form
a loosely cross-linked poly(N,N-dimethylacrylamide) (PDMA) second network.
Adjusting the first and second network components ratio resulted in hydrogels
exhibiting a compressive modulus of 0.9 MPa that sustain 19.4 MPa compressive
stresses. Cyclic mechanical tests show irreversible stress-strain curves with a large
hysteresis, indicating that the elastically effective cross-links of HA first-network are
irreversibly destroyed under load by dissipating energy.

In the second part of the thesis, triple-network (TN) hydrogels based on GMHA and
DMA were prepared by sequential free radical photopolymerizations. Multifunctional
GMHA macromers, used as the first network component, were prepared with various
metacrylation degrees and characterized by H-NMR technique. DN hydrogels were
prepared by swelling SN hydrogels in DMA solutions containing a small amount of
BAAm cross-linker, following by photopolymerization. This leads to the formation of
GMHA/PDMA hydrogels with a compressive modulus and fracture stress of up to 0.4
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MPa and 12 MPa, respectively. Due to the reduction of the second monomer's
translational entropy after photopolymerization, an additional monomer solution could
be introduced to DN hydrogels to obtain GMHA/PDMA/PDMA TN hydrogels that
sustain compressive stresses above 20 MPa. Cyclic mechanical tests showed that,
although TN hydrogels internally fracture even under small strain, the ductile
components hinder macroscopic crack propagation by keeping the macroscopic gel
samples together.

In the third part of this study, a simple one-pot synthesis of HA hydrogels via free-
radical copolymerization of GMHA and DMA in aqueous solutions were introduced.
It was found that GMHA acts as a multifunctional cross-linker during its
copolymerization with DMA leading to the formation of interpenetrated and
interconnected polymer networks. The effective functionality of GMHA increases
with its degree of methacrylation as well as with the DMA concentration. The
viscoelastic and mechanical properties of HA hydrogels could be tuned by varying the
degree of methacrylation of GMHA and DMA concentration. A significant
improvement in the mechanical performance of the hydrogels was observed when
DMA is replaced with methacrylic acid monomer. By adjusting the synthesis
parameters, hydrogels with a Young’s modulus of around 200 kPa could be prepared
that sustain up to 20 MPa stresses at 96% compression.

In the fourth part, mechanically robust and stretchable SF/HA hydrogels were prepared
from GMHA and SF in aqueous solutions in the presence of a radical initiator. DMA
monomer was also included in the reaction solution as a spacer to connect GMHA’s
through their pendant vinyl groups. After incorporating SF into the gel network,
Young’s modulus and fracture stress of the as-prepared hydrogels increased markedly
from 5 to 54 kPa and from 0.6 to 4.9 MPa, respectively. Additionally, and most
importantly they sustain up to 400% stretch ratio under a stress of 80 kPa. The presence
of SF significantly enhances the mechanical strength of HA hydrogels due to its f3-
sheet domains, which was confirmed by XRD measurements, acting as physical cross-
links. The damage in the SF network under large strain leads to a significant energy
dissipation, which is responsible for the improved mechanical properties of SF/HA
hydrogels.

In the last part of this study, the preparation of HA cryogels via free-radical
copolymerization of methacrylated HA and DMA in aqueous solutions was presented.
By adjusting both the methacrylation degree of HA and DMA concentration, we were
able to produce cryogels exhibiting Young's modulus up to around 350 kPa and
compressive fracture stress of above 3 MPa. HA cryogels have an interconnected pore
structure with pores of >90 um in diameter and exhibit a high porosity (>97%), as
observed by scanning electron microscopy (SEM) and micro-computed tomography
analysis (u-CT). HA cryogels are squeezable, and no crack propagation occurred when
compressed up to 99% strain. They also exhibit a very fast swelling-deswelling
behavior in good and poor solvents, respectively. Increasing the degree of
methacrylation of HA or DMA concentration reduces the swelling ratio, porosity and
pore size of the cryogels. Moreover, the fracture stress of dried cryogels increases with
increasing DMA concentration, whereas in their swollen states, an opposite behavior
was observed. This unusual behavior could be explained with the water content of the
cryogels under large strain conditions.
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YUKSEK MEKANIK DAYANIMLI HYALURONIK ASIiT HIDROJELLERI

OZET

Hyaliironan veya hyaliironik asit (HA), B-1,4-D-glukuronik asit- -1,3-N-asetil-D-
glukozamin disakkarit tekrarlayan birimlerinden olusan dogal bir karbonhidrat
polimeridir. HA, hiicre dis1 matrisin (ECM) ana bilesenidir ve yara iyilesme siirecinde
onemli bir rol oynamaktadir. HA, doku miihendisligi ve rejeneratif tipta kullanilmak
iizere yeni biyomalzemeler olusturmak i¢in dnemli bir yapi tasi haline gelmistir. Ayirt
edici biyolojik fonksiyonlar1 ve kayganlastiric1 6zellikleri sayesinde yumusak doku
rejenerasyonu icin c¢ekici bir biyomateryal olmasina ragmen, hizli bozunmasi ve zay1f
biyomekanik o6zellikleri nedeniyle smirli uygulama alanma sahiptir. Bu
dezavantajlarin iistesinden gelmek amaciyla HA fiziksel veya kimyasal olarak ¢apraz
baglanabilmekte veya ¢ok fonksiyonlu makromerler olusturmak amaciyla metakrilat
gruplart ile modifiye edilerek hidrojel olusumu i¢in ¢apraz baglanmaktadir. Bu
yontemler HA'nin sulu ortamda bozunma hizini1 ve ¢dziiniirliiglinii azaltsa bile, yilik
dayanimi gerektiren uygulamalarda kullanimi i¢in zayif mekanik Ozellikler
sergilemektedir. Mekaniksel mukavemet eksikligi, temel olarak kimyasal olarak
capraz bagli HA agindaki enerji dagilim mekanizmasi olmamasindan kaynaklanmakta
ve sonug olarak hidrojellerin diisiik yiik altinda parcalanmalarina neden olmaktadir.
Hidrojellerin mekanik o6zelliklerini gelistirmek i¢in c¢ift-agyapili jeller (DN), ipek
fibroin (SF) gibi ek makromolekiillerin dahil edilmesi ve kriyojelasyon gibi ¢esitli
teknikler gelistirilmistir.

Cift-agyapili jel sentez teknigi, iki agamali sirali serbest radikal polimerizasyonu
yoluyla yiiksek mukavemetli hidrojellerin gelistirilmesine olanak saglamaktadir. Ilk
olarak, yiiksek oranda ¢apraz baglanmis birinci ag yapi ikinci bir monomer ¢o6zeltisi
icinde sisirilmektedir. Dengeye ulastiktan sonra, ikinci monomer, gevsek bir sekilde
capraz bagl ikinci bir ag olusturmak i¢in polimerlestirilmektedir. Genel olarak, ikinci
agm birinci aga kiitle oran1 ¢ok yiiksek olmakta ve iki ag birbirleriyle giiclii bir
etkilesim halinde bulunmaktadir. N, N-dimetilakrilamid’in (DMA) serbest radikal
kopolimerizasyonu ile elde edilen Poli(N, N-dimetilakrilamid) (PDMA), asosiyatif
ozelliklere sahip biyo-uyumlu bir polimerdir ve hidrojel sentezlerinde yaygin olarak
kullanilmaktadir. Arastirma grubumuz tarafindan yakin zamanda mekanik olarak
kuvvetli iyonik olmayan poliakrilamid (PAAm)/PDMA/PDMA hidrojelleri
hazirlanarak yeni bir tig-agyapil1 (TN) sentez yaklagimi gelistirilmistir. Ardigik aglarin
kiitle oranlarmin ayarlanmasiyla yliksek mekanik ozellikler sergileyen cok cesitli
hidrojeller olusturulmustur. TN yaklagimiyla, DN monomerinin polimere doniistimii
ile jel i¢indeki entropi azalmasi sonucu jel disindaki ¢ozeltiden DN hidrojeline daha
fazla monomer ¢ozeltisinin girmesi saglanmustir..

Bombyx mori ipek boceginin kozalarindan iiretilen ipek fibroin (SF), biyouyumluluk,
kontrollii biyolojik bozunabilirlik ve essiz mekanik ozellikler sunan bir
biyopolimerdir. SF'nin birincil yapisi, yliksek molekiil agirlikli hidrofobik ve diisiik
molekiil agirlikli hidrofilik zincirlerin tekrarlayan bloklarini icermektedir. Hidrofobik
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bloklardaki yapisal diizenlemeler, yiiksek mukavemet saglayan B-tabaka yapisini
olustururken, hidrofilik bloklar ise suda ¢dziiniirliik ve tokluk saglamaktadir. Ipek
fibroin ile iiretilen hidrojeller, biyomedikal uygulamalarda ilgi ¢ekici malzemeler
olmasina ragmen yiikk daymimi gerektiren uygulamalarda zayif mekanik ozellik
gostermektedirler.

Yiiksek tokluk ve hizli yanit verme 6zelligine sahip makrog6zenekli hidrojelleri elde
etmek amaciyla kriyojelasyon adi verilen basit ve ¢ok yonli bir teknik
kullanilmaktadir. Bu islem sirasinda, yiiksek oranda birbirine bagli gdzenekli bir yap1
olusturmak amaciyla porojen olarak 6zellikle su ve diger ¢oziiciiler kullanilmaktadir.
Polimerizasyon ve c¢apraz baglanma reaksiyonlari, reaksiyon ortaminin donma
noktasimin altinda gerceklesmektedir. Su donarken, donmus ¢oziicli kristalleri ve
donmamis mikrobdlgeler igeren bir sistem olusmakta, kriyojelasyondan sonra
gbzenekli bir yapiya sahip polimer ag1 elde edilmektedir.

Bu tez caligmasinda, olaganiistii mekanik performans gosteren HA hidrojelleri
iiretmek amaclanmistir. i1k olarak, sirasiyla dogal ve metakrile edilmis HA (GMHA)
kullanilarak; HA/PDMA c¢ift- ve HA/PDMA/PDMA {iglii-agyapili hidrojeller ardisik
polimerizasyon reaksiyonlar1 kullanilarak elde edilmistir. Tkinci asamada, reaksiyon
stiresi ve kullanilan reaktif miktarini azaltmak amaciyla HA hidrojelleri tek basamakta
(one-pot) sentezlenmistir. DMA veya metakrilik asit (MAAc), ve DMA ve SF olmak
tizere iki ayr1 reaksiyon sistemi GMHA ile ayn1 anda polimerize edilmistir. Son olarak,
makrogozenekli malzemeler tiretmek amaciyla DMA varliginda GMHA'dan
baslayarak kriyojellesme reaksiyonlar1 gerceklestirilmistir.

Burada sunulan tez, mekaniksel dayanima sahip HA hidrojellerinin farkli yontemlerle
iiretilmesine dayanan ve tez ¢alismalar1 sirasinda yayimlanan bes makaleden
olusmaktadir. Her bir boliimde hidrojellerin mekanik 6zellikleri incelenerek i¢ yapilari
cesitli tekniklerle aydinlatilmigtir.

Tezin ilk bolimiinde HA hidrojelleri iki agamali ardisik polimerizayon teknigi
uygulanarak hazirlanmistir. Oncelikle HA, farkli deneysel kosullar altinda etilen glikol
diglisidil eter (EDGE) kullanilarak sulu ¢ozeltilerde kimyasal olarak ¢apraz
baglanmistir. % 97-99 su iceren EGDE capraz bagli HA hidrojelleri oldukga kirilgan
olup 0.02-0.15 MPa gerilim degerlerinde ve %?25-51 gerinim araliginda
pargalanmaktadr. Tkinci adimda DN yaklasimi uygulanarak, %84-94 su iceren yiiksek
dayanimli DN hidrojeller iiretilmistir. Kisaca, kirilgan ve tek agyapili HA hidrojelleri
az miktarda BAAm c¢apraz baglayici igeren sulu DMA ¢dzeltilerinde sisirilmis ve
fotopolimerize edilmistir. Bu sekilde diisiik ¢apraz bagli bir PDMA ikinci agyap1
olusturulmustur. Birinci ve ikinci agyapilarin bilesen oraninin ayarlanmasi ile 0.9 MPa
modiile sahip ve 19.4 MPa sikistirma gerilimine dayanabilen hidrojeller
sentezlenmistir. Cevrimsel mekanik testler sonucunda jellerin yiiksek tersinmez
histeresis enerjisine sahip olmasi birinci agyapimnin elastik olarak etkili ¢apraz
baglantilarimin yiik altinda enerji dagitarak tersinmez bir sekilde pargalandigini
gostermektedir.

Tezin ikinci boliimiinde, ardisik serbest radikal fotopolimerizasyonlari ile GMHA ve
DMA esasli ii¢-agyapili (TN) hidrojeller elde edilmistir. Tek-agyapili jel sentezinde
kullanilan ¢ok fonksiyonlu GMHA makromeri farkli metakrilasyon derecelerinde
hazirlanarak '"H-NMR teknigi ile karakterize edilmistir. Cift-agyapili (DN) hidrojeller,
SN jellerinin az miktarda BAAm capraz baglayicisi igeren DMA ¢ozeltisinde 6nce
sisirilmeleri ve ardindan fotopolimerizasyonu sonucunda elde edilmistir. Bu sekilde
0.4 MPa modiile sahip 12 MPa par¢alanma gerilimine dayanan GMHA/DMA
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hidrojelleri elde edilmistir. Ikinci agyapidaki monomerin polimere doniismesi
sonucunda jel icindeki entropi azalmakta ve ek bir monomer ¢ozeltisinin DN
hidrojeline girmesine olanak vermektedir. Bu sayede 20 MPa'nin iizerinde pargalanma
gerilimine dayanan GMHA/PDMA/PDMA TN hidrojelleri elde edilmistir. Cevrimsel
mekanik testler sonucunda, tok agyapili ikincil ve iiglinciil bilesenlerin makroskopik
parcalanmay1 engelledigi belirlenmistir.

Calismanin iiclincli boliimiinde, HA hidrojelleri sulu ¢ozelti igerisinde GMHA ve
DMA'nin serbest radikal kopolimerizasyonu ile tek basamakta sentezlenmistir.
GMHA'nin, DMA ile kopolimerizasyonu sirasinda ¢ok islevli bir ¢apraz baglayici
olarak hareket ettigi ve bunun i¢ ige ge¢mis ve birbirine bagli polimer agyapilarin
olusumunu sagladigi anlasilmistir. GMHA'nin etkin capraz bag islevselligi; gerek
onun metakrilasyon derecesi ve gerekse DMA konsantrasyonu ile artmaktadir.
GMHA 'nin metakrilasyon derecesi ve DMA derisimi degistirilerek HA hidrojellerinin
viskoelastik ve mekanik 6zellikleri ayarlanabilmektedir. DMA yerine metakrilik asit
(MAACc) kullanildiginda ise mekanik 6zelliklerde dnemli bir gelisme gozlenmistir.
Sentez parametreleri ayarlanarak, Young modiilii yaklasik 200 kPa olan ve %96
sikistirmada 20 MPa parcalanma gerilimine kadar dayanabilen hidrojeller basariyla
sentezlenmistir.

Dordiincii boliimde, bir radikal baglatic1 varliginda sulu ¢ozelti igerisinde GMHA ve
SF esasli, mekanik olarak kuvvetli ve ¢ekilebilir SF/HA hidrojelleri hazirlanmistir.
DMA monomeri GMHAdaki vinil gruplar iizerinden birbirine baglanmasi i¢in bir
ayrict grup (spacer) olarak reaksiyon ¢dzeltisine ayrica eklenmistir. ipek fibroin’in
(SF) jel agina dahil edilmesinden sonra hidrojellerin Young modiil ve pargalanma
gerilim degerleri, sirastyla 5'den 54 kPa'ya ve 0.6'dan 4.9 MPa'ya artmistir. Ek olarak,
80 kPa'lik bir gerilim altinda %400 uzama oranina kadar ¢ekilebilen hidrojeller elde
edilmistir. Fiziksel ¢apraz bag olarak iglev goren p-tabakalarin, HA hidrojellerinin
mekanik 6zelliklerini 6nemli bir dl¢iide iyilestirdigi gdzlenmistir. Ayrica B-tabakalarin
varligi X-1gmn1 kirinim Slglimleriyle dogrulanmustir. Yiiksek gerinim altinda ipek
fibroin ag yapisi igerisinde olusan hasar 6nemli bir enerji dagilimi saglamaktadir ve
bu durum HA/SF hidrojellerinin istiin mekanik 6zelliklerinin nedeni olarak
goriilmektedir.

Calismanin son boliimiinde, goriiniir olarak donmus GMHA ve DMA sulu
cozeltilerinde uygulanan serbest radikal kopolimerizasyonu ile HA kriyojellerinin
hazirlanis1 sunulmustur. Metakrilasyon derecesi ve DMA derisimleri ayarlanarak
Young modiilii 350 kPa’a ulasan, 3 MPa ve {lizerindeki gerilim degerlerine kadar
dayanabilen kriyojeller iiretilmistir. HA kriyojellerinin taramali elektron mikroskobu
ve bilgisayarli mikro tomografi analizleri sonucunda birbirine bagl %97’in iizerinde
gozeneklilige sahip oldugu ve goézenek acikliklarimin 90 pm den biiyiik oldugu
belirlenmistir. Kriyojel 6rnekleri herhangi bir par¢alanma olmadan %97 nin iizerinde
bir deformasyona kadar sikistirilabilmektedir. Ayn1 zamanda, sirasiyla iyi ve kotii
coziiciilerde ¢ok hizli bir sisme-biiziilme davranisi sergilemektedirler. Metakrilasyon
derecesinin ve DMA derisiminin arttirllmasiyla, kriyojellerin sisme orani,
gbzenekliligi ve gbozenek boyutunun azaldigr belirlenmistir. Ayrica, kuru durumdaki
kriyojellerin kirilma gerilimi, artan DMA derisimi ile artarken, sismis durumlarinda
ise tam tersi bir davranis gozlemlenmektedir. Bu olagandist davranis, biiyiik gerinim
altinda kriyojel icindeki serbest halde bulunan suyun plastiklestirici etkisi olarak
aciklanmistir.
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1. INTRODUCTION

Hydrogels are insoluble three-dimensional hydrophilic polymer networks that swell in
aqueous solutions without dissolving. As a result of their soft, flexible nature and high
water content, hydrogels have been widely investigated for biomedical applications
such as drug delivery systems, wound dressings, cancer research, pharmaceuticals,
tissue engineering, and regenerative medicine. Hydrogels for biomedical applications
mainly consist of synthetic polymers such as, poly(ethylene glycol) (PEG), poly(lactic
acid) (PLA), poly(vinyl alcohol) (PVA) or natural biopolymers, such as alginate,
chitosan, collagen, silk fibroin (SF) or hyaluronic acid (HA). Biocompatible,
biofunctional, biodegradable, non-immunogenic, and versatile hydrogels are essential
for medical applications. Hyaluronic acid (HA) is one of the most used biopolymers
in this field. It is a naturally occurring carbohydrate polymer that consists of alternating
disaccharide repeating units of [-1,4-D-glucuronic acid - [-1,3-N-acetyl-D-
glucosamine. Despite its simple chemical structure, HA plays extraordinary
physiological and biological roles in the human body. Because of its hydrodynamic
characteristics such as viscosity and water retention ability, hyaluronan plays a major
role in biomechanical integrity of extracellular matrix and tissue homeostasis.
Viscoelasticity and lubrication became acquainted through hyaluronan’s high
molecular weight and its capacity to absorb high amounts of water. HA also plays an
important role in intracellular functions such as adhesion, differentiation, metastasis,
migration, proliferation, and tumor progression. These extraordinary properties make
HA an ideal candidate for the preparation of hydrogel scaffolds. However, poor
biomechanical properties and rapid enzymatic degradation limit the broadening of HA
application to biomedical fields and emphasise the need for some property
improvement. HA has hydroxyl- (-OH) and carboxyl- (-COOH) functional groups,
available for cross-linking. To overcome the mechanical property limitations, HA
hydrogels have been prepared using crosslinkers such as divinyl sulfone,
formaldehyde, glutaraldehyde, or they are chemical modified prior to the cross-linking
by incorporating functional groups to HA, such as methacrylation by glycidyl

methacrylate, thiol-functionalization, and Michael-addition. However, these hydrogels



are generally still brittle in nature, limiting their uses in biomedical applications
requiring high mechanical properties because of the lack of an effective energy

dissipation in covalently cross-linked HA network.

Several techniques for toughening of gels have been proposed to overcome these
drawbacks, including double network gels, topological gels, sliding-ring hydrogels,
nanocomposite hydrogels, cryogels, and supramolecular polymer network hydrogels.
The double-network (DN) technique is a special class of interpenetrating polymer
networks (IPN) and it allows for the development of high-strength hydrogels via a two-
step sequential free radical polymerization. DN technique was firstly reported by Gong
and co-workers in 2003 and has been intensively researched. DN hydrogels prepared
from a highly cross-linked poly(2-acrylamido-2-methylpropane sulfonic acid)
(PAMPS) polyelectrolyte first network and linear or loosely cross-linked
polyacrylamide (PAAm) second network exhibit exceptional compressive strengths of
about 20 MPa and fracture energies of up to 300 J m 2. Poly(N,N-dimethylacrylamide)
(PDMA) is a biocompatible polymer with associative properties and widely used to
produce hydrogels. PDMA hydrogels are generally prepared by free-radical
copolymerization of N,N-dimethylacrylamide (DMA) in bulk or in aqueous solutions
in the presence of a cross-linker. Recently in our research group, a novel triple-network
(TN) approach has been developed for preparing mechanically robust nonionic
PAAmM/PDMA/PDMA hydrogels exhibiting high compressive fracture stresses up to
19 MPa and compressive moduli up to 1.9 MPa. The TN approach relies on a second

monomer translational entropy loss upon polymerization with the first network.

In addition to sequential polymerization, various macromolecules such as silk fibroin
(SF) have been incorporated by one-pot synthesis to obtain mechanically robust
hydrogels. SF, derived from Bombyx mori cocoons, is a biopolymer that offers several
features comprising biocompatibility, controlled biodegradability, and unique
mechanical properties. The primary structure of SF includes repetitive blocks of high
molecular weight hydrophobic and low molecular weight hydrophilic chains.
Structural arrangements in the hydrophobic blocks form B-sheet structure, which is
responsible for its high strength, whereas hydrophilic blocks provide water solubility
and toughness. Hydrogels derived from SF are attractive soft materials in biomedical
applications; however, they exhibit poor mechanical properties, limiting their load-

bearing applications. SF/HA scaffolds, hydrogels, patches, and films have been



prepared in the past years using several techniques including ultrasonication, cross-
linking using enzymes, or chemical cross-linking agents such as genipin and
carbodiimides. The resulting composites exhibit, however, poor mechanical properties

and have no stretchability limiting their applications.

Cryogelation is an environmental friendly method to produce hydrogels with a high
macroporosity. This technique comprises an apparently frozen aqueous solution below
its freezing temperature, in which the polymerization and cross-linking reactions of a
monomer-cross-linker or linear polymer-cross-linker pair take place in the unfrozen
reaction domains. As water freezes, linear polymers or monomers rejected from the
ice phase make up a highly dense solution phase, which is called cryoconcentration.
After the reaction system is in thermally equilibrium with the external cooling bath, it
consists of unfrozen solution phases containing a high concentration of polymer and
cross-linker that are interconnected by ice crystals forming a template for the porous
structure. As the cryoconcentration effect usually predominates over the reduced
cross-linking reaction rates at a low temperature, cross-linked polymerization can be
achieved even at very low temperatures. After cryogelation following by thawing the
ice crystals, a polymer network with a 3D structure containing um-sized pores are

obtained.

1.1 Purpose of The Thesis

The aim of this thesis is to produce HA hydrogels exhibiting extraordinary mechanical
performances. The main purpose of using HA for the production of functional
materials is due to its distinct properties that are suitable for preparation of advanced
biocompatible materials. Firstly, sequential polymerization reactions were conducted
to produce HA/PDMA double and HA/PDMA/PDMA triple-network hydrogels,
starting from native and methacrylated HA (GMHA), respectively. Next, one-pot
synthesis of HA hydrogels was introduced to shorten the reaction time and to reduce
the amount of reactants used. For this purpose, DMA or MAAc, and DMA and SF
were incorporated separately into a reaction solution containing GMHA and then
polymerized to produce HA hydrogels. Lastly, to produce robust macroporous HA
hydrogels, the cryogelation technique was conducted at sub-zero temperatures starting

from GMHA in the presence of DMA.



The thesis presented here resulted in five publications, mainly based on fabricating
mechanically strong HA hydrogels. Within each following section, the mechanical
properties of HA hydrogels were investigated in detail, and their internal structures

were clarified by various techniques.

In the first part of the thesis, we used pure native HA for the preparation of
mechanically strong double-network HA hydrogels. HA hydrogels were prepared in
aqueous HA solutions in the presence of EGDE cross-linker under various conditions.
Since the hydroxyl groups on HA molecules react with the EGDE, intermolecular
cross-links form during gelation resulting in the formation of a three-dimensional HA
network. The cross-linking reactions of HA with EGDE cross-linker in alkaline
solutions was monitored by rheometry using oscillatory deformation tests. HA
hydrogels formed were subjected to rheological and mechanical measurements to
evaluate their viscoelastic and mechanical properties as a function of the cross-linker
content. By applying DN approach, it became possible to generate HA/PDMA
hydrogels containing 84-94% water. The hydrogels sustain 0.8-19.4 MPa compressive

stresses and exhibit compressive moduli up to 0.9 MPa.

In the second part of the thesis, TN hydrogels were prepared consisting of a highly
cross-linked first HA network and loosely cross-linked PDMA second and third
networks. Because the equilibrium degree of swelling and the elasticity of the first
network significantly affect the mechanical strength of the resulting DN and TN
hydrogels, we first investigated the properties of the first network (or, single network)
hydrogels derived from methacrylated HA macromers of various methacrylation
degrees. By tuning the methacrylation degree, we were able to generate DN hydrogels
exhibiting a fracture stress of around 10 MPa. Swelling these double networks in DMA
solutions following polymerization of DMA in the gel phase further increased the ratio
of ductile-to-brittle components and thus produces HA/PDMA/PDMA TN hydrogels

capable of sustaining above 20 MPa of compressive stress.

In the third part of this study, one-pot synthesis of single-network HA hydrogels via
free-radical copolymerization of GMHA and DMA in aqueous solutions was
described. GMHA at various levels of methacrylation between 4 and 25% was
prepared by methacrylation of native HA using glycidyl methacrylate. GMHA acts as
a multifunctional cross-linker during its copolymerization with DMA leading to the

formation of interpenetrated and interconnected polymer network hydrogels. The



effective functionality of GMHA increases with its degree of methacrylation as well
as with the DMA concentration. The viscoelastic and mechanical properties of the
hydrogels could be tuned by varying the degree of methacrylation of GMHA and DMA
concentration. A significant improvement in the mechanical performance of the
hydrogels was observed when DMA is replaced with methacrylic acid (MAAc)
monomer. By adjusting the synthesis parameters, hydrogels with a Young’s modulus
of around 200 kPa could be prepared that sustain up to 20 MPa stresses at 96%

compression.

In the fourth part, a novel strategy for the preparation of mechanically robust SF/HA
hydrogels with a high stretchability (up to around 400%) was introduced. GMHA of
various methacrylation degrees between 4 and 25% and SF isolated from Bombyx
mori cocoons were the starting materials of the composite hydrogels. Due to the
presence of pendant vinyl groups on GMHA molecules, they act both as a macromer
and multifunctional chemical cross-linker during the radical polymerization in
aqueous solutions. By conducting polymerization of GMHA in the presence of SF at
an elevated temperature, we intend to induce B-sheet domains between SF molecules
and hence, to produce additional cross-links of physical nature. DMA monomer was
also included into the reaction system as a spacer to connect GMHA’s through their
pendant vinyl groups. The presence of SF significantly enhances the mechanical
strength and toughness of GMHA hydrogels by creating an energy dissipation
mechanism under load. Further, a wide range of tunable mechanical and swelling

properties could be achieved by varying the methacrylation degree of GMHA.

In the last part of the thesis, a new cryogelation approach for the fabrication of
macroporous HA cryogels with a wide variety of properties, flow-dependent
viscoelasticity (poroelasticity), complete squeezability, and a high mechanical strength
was presented. HA cryogels were synthesized from aqueous solutions of
methacrylated HA of varying methacrylation degree at -18 °C by free-radical
mechanism using a redox initiator system. A small amount of DMA was also included
in the reaction system as a spacer. HA cryogels in swollen state sustain up to 2.6 + 0.2
MPa compressive stress. HA cryogels confined between parallel plates also exhibit
reversible strain-dependent apparent gel-to-sol transition behavior due to the flowing-
out and flowing-in water through the pores, similar to water squeezing out of a sponge.

HA cryogels are squeezable and no crack propagation occurred when compressed up



to 99% strain. They also exhibit a very fast swelling-deswelling behavior in good and

poor solvents, respectively.



2. PREPARATION AND FRACTURE PROCESS OF HIGH STRENGTH
HYALURONIC ACID HYDROGELS CROSS-LINKED BY ETHYLENE
GLYCOL DIGLYCIDYL ETHER!

Hyaluronic acid (HA) is a natural anionic polyelectrolyte consisting of disaccharide
repeat units of $-1,4-D-glucuronic acid - $-1,3-N-acetyl-D-glucosamine [1]. HA is the
main component of extracellular matrix, and it plays an important role in wound-
healing processes [2]. Because of the distinctive biological functions and lubricating
properties, HA is an effective biomaterial for soft tissue regeneration [3—6]. However,
rapid in vivo degradation and poor biomechanical performance of pure native HA limit
its clinical applications. To generate a less degradable HA with improved mechanical
properties, HA was chemically cross-linked to form HA hydrogels [7,8]. The
functional groups in HA as potential cross-link points are the one carboxyl group and
four hydroxyl groups on its repeat unit, which can be cross-linked via ester and ether

linkages, respectively (Figure 2.1).
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Figure 2.1 : Cross-linking of hyaluronic acid (HA) using ethylene glycol diglycidyl
ether (EGDE).

! This chapter is based on the paper “Tavsanli, B. and Okay, O. (2016). Preparation and fracture process
of high strength hyaluronic acid hydrogels cross-linked by ethylene glycol diglycidyl ether. Reactive
and Functional Polymers, 109, 42-51.”



Cross-linking of HA has been reported using several cross-linkers [9—15], including
divinyl sulfone (DVS), glutaraldehyde (GTA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), ethylene glycol diglycidyl ether (EGDE), butanediol diglycidyl
ether (BDDE) and poly(ethylene glycol) diglycidyl ether (PEGDE). Although the
cross-linking of HA reduces its degradation rate and solubility in aqueous media, the
resulting hydrogels exhibit poor mechanical properties to be used in stress-bearing
applications. The lack of mechanical strength in HA hydrogels is mainly due to the
absence of a viscoelastic dissipation in the chemically cross-linked HA network
leading to the fracture of the hydrogels under low stresses [16,17]. Recently, high-
toughness HA hydrogels with a macroporous structure have been prepared using
cryogelation of aqueous HA solutions at subzero temperatures in the presence of
EGDE cross-linker [18,19]. Due to the cryoconcentration of the reactants in the
unfrozen micro-domains of the cryogelation system [20], HA cryogels are very tough
and can completely be squeezed without any crack propagation. However, the
toughness of HA cryogels is due to water flowing out of their macropores under stress

and, they are very soft materials exhibiting an elastic modulus of below 2 kPa [18].

An alternative two-step approach to produce HA hydrogels is the chemical
modification of HA prior to the cross-linking reactions to incorporate additional
functional groups. The widely used strategy is to introduce photopolymerizable
methacrylate groups on HA molecules using glycidyl methacrylate, which are
subsequently photopolymerized to form HA-based hydrogels [21-23]. Another
strategy is the synthesis of thiol-functionalized HA which spontaneously forms
intermolecular disulfide bonds upon exposure to air [24,25]. To increase the rate of
cross-linking, Michael-type addition reaction was also employed by the addition of
poly(ethylene glycol) diacrylate cross-linker [24]. However, the hydrogels derived
from the chemically modified HA also exhibit poor mechanical properties [26,27]. To
achieve a high mechanical strength, they can be reinforced with other macromolecules
[28-30], or energy dissipation mechanisms can be created to slow crack propagation
within the gel network [31,32]. By using the double-network (DN) concept [33-37],
Weng et al. prepared mechanically strong HA hydrogels consisting of a highly cross-
linked methacrylated HA (GMHA) first-network and a lightly cross-linked ductile
poly(N,N-dimethylacrylamide) (PDMA) second-network [31]. DN hydrogels exhibit

a compressive modulus of 0.5 MPa and a fracture stress of 5.2 MPa. A similar



procedure was recently applied by Tavsanli et al. for the synthesis of triple-network
hydrogels [32]. The hydrogels consisting of GMHA/PDMA/PDMA interconnected
interpenetrated network components exhibit compressive fracture stresses up to 20

MPa.

However, the chemical modification procedures of HA summarized above to prepare
DN hydrogels involve macromonomer synthesis and purification steps with many
chemicals including dihydrazides, trimethylamine and phase transfer catalysts.
Alternatively, a simple way to produce DN hydrogels is to use native HA to create the
first-network hydrogels instead of GMHA. Moreover, because GMHA is more
hydrophobic than HA due to its methacrylate groups, one may expect that the single-
network HA hydrogels will exhibit a higher degree of swelling in aqueous solutions
as compared to GMHA hydrogels. This means that a larger amount of the second
ductile PDMA network component could be introduced in HA hydrogels during
double networking leading to better mechanical properties [33]. This is the main

motivation of this study.

Here, we use pure native HA for the preparation of mechanically strong double-
network HA hydrogels. To our knowledge, such hydrogels have not been reported
before. HA hydrogels were prepared in aqueous HA solutions in the presence of EGDE
cross-linker under various experimental conditions. EGDE contains epoxide groups
on both ends and, has been widely used for cross-linking of biopolymers carrying
hydroxyl, amino, and sulthydryl groups [38—40]. Since the hydroxyl groups on HA
molecules react with the EGDE [18,19], intermolecular cross-links form during
gelation, resulting in the formation of a three-dimensional HA network (Figure 2.1).
We monitored the cross-linking reactions of HA with EGDE cross-linker in alkaline
solutions by rheometry using oscillatory deformation tests. HA hydrogels formed were
subjected to rheological and mechanical measurements to evaluate their viscoelastic
and mechanical properties as a function of the cross-linker content. By applying DN
approach, we were able to generate HA/PDMA hydrogels containing 84-94% water.
The hydrogels sustain 0.8-19.4 MPa compressive stresses and exhibit compressive
moduli up to 0.9 MPa. These values are much larger than those reported before for DN
hydrogels derived from GMHA macromers [31,32]. Thus, HA hydrogels described
here are promising materials for stress-bearing biomedical applications. As will be

discussed below, high mechanical strength of the present hydrogels is due to the



internal fracture of HA network by dissipating energy as well as due to the larger
swelling capacity of the first-network hydrogels based on HA as compared to GMHA,

increasing the ratio of the second-to-first network components in DN hydrogels.

2.1 Experimental Part

2.1.1 Materials

Hyaluronic acid sodium salt (HA) from Streptococcus equi was obtained from Sigma-
Aldrich (impurities: <1 protein), and its viscosity averaged molecular weight is
1.2x10° g.mol! [18]. Ethylene glycol diglycidyl ether (EGDE, Polysciences, Inc., total
chlorine content: 0.6 %), NaOH (Merck, > 99%), N,N-dimethylacrylamide (DMA,
Sigma-Aldrich, 99%, contains 500 ppm monomethyl ether hydroquinone as inhibitor),
2-oxoglutaric acid (Fluka, > 99%), and N,N -methylene(bis)acrylamide (BAAm,

Merck, > 99%), were used as received.

2.1.2 Hydrogel preparation

HA solutions were prepared by dissolving HA in 1 w/v% NaOH solution by gently
stirring at 25 °C for 1 h. To ensure a complete dissolution, HA solutions were kept at
4 °C for 24 h. After adding EGDE cross-linker, the solution was stirred for 15 min
before being transferred into plastic syringes (inner diameter = 6 mm, length = 70 mm)
to conduct the cross-linking reactions. The reactions were carried out both at 25 °C
and 50 °C for 4 days and 4 h, respectively. DN hydrogels were synthesized by
immersing HA hydrogels in as-prepared states in aqueous solutions containing the
monomer DMA (30 w/v%), the second-network cross-linker BAAm (0.05 and 0.10
mol% of DMA), and the photo-initiator 2-oxoglutaric acid (0.1 mol% of DMA). The
volume of the aqueous solution was much larger than the gel volume (around 120 mL
solution per gram of hydrogel sample), so that the concentration of the solution was
practically unchanged. After the swelling equilibrium was established within 4 days,
the solution containing the hydrogel was transferred into syringes of 10 mL in volume

and the polymerization was carried out 25 °C under UV light at 365 nm for 24 h.
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2.1.3 Swelling and gel fraction measurements

Hydrogel samples in as-prepared states were immersed in a large excess of water at 25
°C for at least 4 days whereby the water was replaced every day to extract any soluble
species. The swelling equilibrium was tested by weighing the gel specimens. The
hydrogels in both as-prepared and equilibrium swollen states were transparent
indicating that macrophase separation did not occur. The equilibrium relative weight
swelling ratio m,. was calculated as m,er = m/m,, where m is the mass of the
equilibrium swollen gel sample, and m, is its mass after preparation. To determine the
gel fraction, the equilibrium swollen gel samples were taken out of water and
immersed into excess acetone for 1 day. After drying at 80 °C under vacuum to
constant mass, the gel fraction W, was calculated from the masses of dry polymer

network and from the comonomer feed.

2.1.4 Rheological experiments

The cross-linking reactions of HA with EGDE cross-linker were monitored at 50 °C
within the rheometer (Gemini 150 Rheometer system, Bohlin Instruments) equipped
with a cone-and-plate geometry (cone angle = 4°, diameter = 40 mm). The instrument
was equipped with a Peltier device for temperature control. During the rheological
measurements, a solvent trap was used and the outside of the upper plate was covered
with a thin layer of low-viscosity silicone oil to prevent the evaporation of water. An
angular frequency w of 6.3 rad s! and a deformation amplitude y, of 0.01 were selected
to ensure that the oscillatory deformation is within the linear regime. After a reaction
time of 3 h, the elastic moduli G’ of the reaction solutions approached limiting values.

Then, frequency-sweep tests were carried out at 25 °C.

2.1.5 Mechanical tests

Uniaxial compression measurements were conducted on equilibrium swollen
hydrogels at 25 °C on a Zwick Roell Z0.5 TH test machine using a 500 N load cell.
The gel samples were cut into cubic samples with dimensions 3x3x3 mm. Before the
test, an initial compressive contact of 0.01 N was applied to ensure a complete contact
between the gel and the plates. The tests were performed at a constant cross-head speed
0f 0.3 and 1 mm min™! below and above 15% compression, respectively. Compressive
stress was presented by its nominal N and true values ouue (= 4 Gnom), Which are the

forces per cross-sectional area of the undeformed and deformed gel specimen,
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respectively, and 4 is the deformation ratio (deformed length/initial length). The
compressive strain ¢ is defined as the change in the length relative to the initial length
of the gel specimen, i.e., ¢ = [- 4. Cyclic compression tests were conducted at a
constant cross-head speed of 1 mm.min"!. The gel samples were first compressed up
to a maximum strain Anax, followed by retraction to zero relaxation force. After waiting
for 1 min at zero relaxation force, the test was repeated four times with a fixed
maximum strain as well as with increasing this strain. For reproducibility, at least five

samples were measured for each gel and the results were averaged.

2.2 Results and Discussion

2.2.1 HA hydrogels

HA hydrogels were prepared in aqueous NaOH solutions at 50 °C in the presence of
EGDE cross-linker. The selection of NaOH solutions as the solvent to conduct the
cross-linking reactions is due to the fact that the intramolecular hydrogen bonds in HA
molecules are easily disrupted at high pH values [41], thereby providing a more
flexible HA chain conformation and easier solubility in water. Increasing chain
flexibility of HA in alkaline solutions will also promote the cross-linking reactions
between its functional groups via the epoxy groups of EGDE. Preliminary experiments
were carried out to optimize the concentrations of NaOH (Cnaon) and HA (Cua) during
the gel formation. At Cnaon < 1 w/v%, HA could not be completely dissolved in
aqueous solutions while at higher NaOH concentrations (> 2 w/v%), the solution
viscosity of HA and the elastic modulus G’ of the resulting hydrogels drastically
decreased indicating hydrolytic degradation of HA [41]. Moreover, at Cua < 8 w/v%,
weak hydrogels with an elastic modulus below 1 kPa were obtained in 1 w/v% NaOH
solutions, while, at or above 10 w/v% HA, the preparation of a homogeneous HA
solution was difficult due to the high solution viscosity. In the following, we present
our results obtained in a 1 w/v% NaOH solution containing 8 w/v% HA and various
amounts of the cross-linker EGDE. Rheological measurements conducted on 8 w/v%
HA solution in 1 w/v% NaOH before the addition of the cross-linker showed a
decrease in the solution viscosity and elastic modulus G’ with increasing time or with

increasing temperature (Figs. 2.2, 2.3).
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Figure 2.2 : (a, b): Shear rate ¥ dependence of the viscosities 7 of 8 w/v% HA

solution in 1 w/v% NaOH at various times after preparation of the solutions.
Temperature = 25 (a) and 50 °C (b). Measurement times are indicated. (c):
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Figure 2.3 : Frequency dependencies of G’ (filled symbols) and G’ (open symbols)
of 8 w/v% HA solutions in 1 w/v% NaOH at various times after preparation of the
solutions. Temperature = 25 (a) and 50 °C (b). y, = 0.01.
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This behavior of alkaline HA solutions has been reported before [41], and it originates
from the decrease of the size of HA molecules due to the disruption of intermolecular
hydrogen bonds and/or from the degradation of HA backbone resulting in a decrease

of the molecular weight.

We first monitored the gelation reactions by dynamic rheological measurements in
order to follow the gradual formation of the three-dimensional HA network. Typical
gelation profiles of 8 w/v% HA solutions at 50 °C and at four different cross-linker
contents are shown in Fig. 2.4a where the elastic modulus G’ and the loss factor tan 6
are plotted against the reaction time. During the reactions, the elastic modulus G’
increases rapidly while zan 0 decreases and then, they approach plateau values after
about 3 h. The higher the EGDE content, the higher the elastic modulus G’, and the
lower the loss factor tan ¢ indicating that increasing cross-linker content decreases the
viscous, energy dissipating properties of HA hydrogels. To estimate the limiting

modulus G, of the hydrogels, the experimental G’ vs gelation time data were fitted to

the equation [42—44]:

G'(1) = G @.1)

where 0 is the half-gelation time at which the modulus G’ becomes equal to G’ /2,

and the exponent 7 relates to the slope P at 6 by:

nG'
P = 2 2.1a
40 (2.12)

The solid red curves in Fig. 2.4a showing the best fits to the experimental data indicate
that eq 2.1 well simulates the gelation process of HA solutions. Gelation reactions
conducted at eight different cross-linker concentrations between 0.95 and 22.4 w/v%
EGDE revealed that both the half-gelation time 6 and the coefficient n are almost
independent on the EGDE content and they remain at 143+38 min and 1.6+0.3,
respectively. This indicates that the cross-linking reactions are not accelerated with
increasing EGDE concentration. In contrast, the slope P at the half-gelation time 6
increased from 2 to 140 kPa.min!' indicating formation of a larger number of

intermolecular cross-links as the EGDE content is increased. The limiting values of

G., obtained from the fits are shown in Fig. 2.4b together with the loss factor tan J after
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a reaction time of 3 h both plotted against the EGDE concentration. HA hydrogels with
an elastic modulus between 107! and 10! kPa could be obtained by tuning the cross-
linker concentration. Moreover, the hydrogels exhibit a loss factor between 0.07 and

0.7, i.e., they belong to the category of weak gels [45].
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Figure 2.4 : Rheological monitoring of HA gelation. (a) Elastic modulus G’ (left)
and the loss factor fan J (right) of the reaction system shown as a function of the
reaction time. w = 6.3 rad.s™!. yo = 0.01. Temperature = 50 °C. EGDE concentrations
are indicated. The solid curves were calculated using eq 2.1. (b) The limiting elastic
modulus G’ (filled symbols) and fan J after a reaction time of 3 h (open symbols)

plotted against EGDE %.
After a reaction time of 4 h, dynamic frequency-sweep tests were carried out to explore
the internal dynamics of HA hydrogels. Fig. 2.5a-e show the frequency dependencies
of G’ (filled symbols) and the viscous modulus G’’ (open symbols) at a strain
amplitude y, = 0.01 for the hydrogels formed at various EGDE contents. At the lowest
cross-linker content of 0.95 w/v% EGDE (Fig. 2a), both G’ and G’ increase with
frequency similar to the semi-dilute polymer solutions. However, unlike these
solutions, the present system exhibits an elastic character (G’> G ) at low frequencies
and a predominantly viscous character above the crossover frequency of 20 rad.”! at
which G’ and G intersect. This unusual behavior was observed before in aqueous
solutions of sodium alginate - poly(N-isopropylacrylamide) (PNIPA) [46], HA-graft-
PNIPA [47], and methyl cellulose [48]. We attribute this feature to the intermolecular
hydrogen bonds between HA molecules acting as physical cross-links and thus,
contributing to the elasticity of the hydrogel at a low frequency. Increasing frequency
gradually breaks H-bonds so that the weak gel transforms to a viscous solution. As the
cross-linker content is increased, the crossover frequency shifts outside of the

experimental window indicating that the effect of chemical EGDE links dominate over
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the physical cross-links (Fig. 2.5a->¢). However, the viscous modulus G’ still rises
with frequency implying increasing extent of energy dissipation due to the
rearrangement of HA molecules leading to their sliding past each other at short
experimental time scales. Fig. 2.5 also shows that, at 3.7 w/v% EGDE, a plateau-like
behavior appears in the low-frequency range, whereas the height of the plateau
increases and its width expands as EGDE concentration is further increased. For
instance, the plateau elastic modulus increases from 1.6 to 24.5 kPa with increasing
EGDE content from 3.7 to 22.4 w/v% indicating increasing elastic response of the

hydrogels.
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Figure 2.5 : G’ (filled symbols) and G’ (open symbols) of HA hydrogels at 25°C

shown as a function of the frequency @ measured after a gelation time of 4 h. y, =
0.01. EGDE = 0.95 (a), 3.7 (b), 7.1 (¢), 15.0 (d), and 22.4 w/v% (e).

After a gelation time of 4 h, HA hydrogels were subjected to swelling and mechanical
measurements. The hydrogels formed below 2 w/v% EGDE were soluble in water
while those formed at or above 3.7 w/v% EGDE were insoluble with a gel fraction W,
above 0.90 and contained 97-99% water (Table 2.1 and 2.2). Since the molecular
weights of the cross-linker EGDE and the disaccharide repeat units of HA are 174.2
and 416 g.mol’!, respectively, and HA concentration at gelation was fixed at 8 w/v%,
a conversion factor of 0.15 converts the EGDE concentration (in w/v%) to the molar
ratio of epoxide and hydroxide groups. Thus, the threshold concentration of 3.7 w/v%
EGDE corresponds to the presence of about 0.56 epoxides per OH group, or 2.2 moles
of epoxide groups per disaccharide repeat unit of HA molecules. Assuming that each
epoxide group forms elastically effective cross-links, this molar ratio would lead to a
ladder-like highly cross-linked HA structure with a modulus in the MPa range. Thus,
a large fraction of EGDE in the gelation solution seems to be wasted in side reactions,
such as the reaction of the epoxides with water, and/or is attached to HA only with its

one end while the other end reacts with water.
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Table 2.1 : Preparation conditions and mechanical data of the hydrogels. Single-network (SN) HA hydrogels were prepared at 25 °C at 8 w/v%
HA concentration. DN hydrogels were prepared in 30 w/v% DMA solutions containing 0.05 and 0.10 mol% BAAm cross-linker. Standard
deviations are in parentheses.

Type EDGE w/v%  BAAm mol% We# Myel® w2 © or 4/ kPa E ¢/kPa  &%" Water % \
SN 1.9 0 0.91 123 (7) 0 18 (2) 7(1) 51 99
DN 1.9 0.05 0.97 27 (2) 102 3700 (80) 36 (7) 93 94
DN 1.9 0.10 0.98 26 (1) 97 2600 (90) 54 (4) 90 93
SN 3.7 0 0.94 43 (4) 0 47 (3) 11 (1) 49 99
DN 3.7 0.05 0.99 20 (1) 70 8300 (700) 154 (17) 94 90
DN 3.7 0.10 0.96 21 (1) 75 5200 (400) 82 (9) 92 90
SN 7.1 0 0.93 10 (1) 0 61 (10) 42 (8) 42 97
DN 7.1 0.05 0.99 14 (2) 49 19400 (900) 534 (36) 95 85
DN 7.1 0.10 0.97 14 (1) 48 13300 (1100) 366 (26) 93 83
SN 11.2 0 0.98 6 (0) 0 77 (9) 115 (12) 32 91
DN 11.2 0.05 0.98 5(0) 14 8700 (1100) 773 (108) 85 84
DN 11.2 0.10 0.97 5(0) 14 11100 (1300) 548 (105) 86 85
SN 15 0 0.98 3(0) 0 151 (10) 296 (11) 32 92
DN 15 0.05 0.96 3(0) 8 800 (25) 246 (10) 39 87
DN 15 0.10 0.95 3(0) 7 3400 (300) 329 (20) 55 87
SN 22.4 0 0.91 2 (0) 0 103 (30) 585 (62) 25 63
DN 22.4 0.05 -

DN 22.4 0.10 - Fracture during double networking

2 Gel fraction, ° relative swelling ratio, ©the mass ratio of the second to the first network units, ¢ fracture stress, © Young’s moludus, 'strain at break, ¢ water content.
Standard deviations in parentheses.
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Table 2.2 : Preparation conditions and mechanical data of the hydrogels. Single-network (SN) HA hydrogels were prepared at 50 °C at 8 w/v%
HA concentration. DN hydrogels were prepared in 30 w/v% DMA solutions containing 0.05 and 0.10 mol% BAAm cross-linker. Standard
deviations are in parentheses.

Type EDGE w/v%  BAAm mol% Wg? Myer® war € or 4/ kPa E ¢/kPa &% " Water %®
SN 3.7 0 0.93 76 (5) 0 19 (4) 3 (1) 46 99
DN 3.7 0.05 0.98 35(2) 126 2400 (400) 27 (4) 89 94
DN 3.7 0.10 0.95 34 (2) 124 1200 (200) 51 (1) 84 93
SN 7.1 0 0.96 21 (2) 0 40 (1) 14 (4) 46 99
DN 7.1 0.05 0.94 14 (1) 49 15300 (300) 318 (17) 95 92
DN 7.1 0.10 0.94 14 (2) 49 12100 (800) 200 (37) 94 91
SN 11.2 0 0.97 13 (1) 0 65 (5) 29 (5) 45 98
DN 11.2 0.05 0.92 10 (1) 34 10000 (600) 546 (56) 91 86
DN 11.2 0.10 0.92 10 (1) 35 11300 (900) 319 (20) 91 87
SN 15 0 0.93 7 (0) 0 88 (4) 63 (10) 47 97
DN 15 0.05 0.94 8 (0) 25 7500 (300) 942 (128) 86 85
DN 15 0.10 0.95 7 (0) 24 2340 (400) 459 (44) 89 86
SN 224 0 0.92 3(0) 0 43 (7) 98 (6) 26 97
DN 22.4 0.05 - - - - - - -
DN 22.4 0.10 - - - - - - -

2 Gel fraction, ° relative swelling ratio, ©the mass ratio of the second to the first network units, ¢ fracture stress, © Young’s moludus, 'strain at break, ¢ water content.
Standard deviations in parentheses.

18



All HA hydrogels described above were prepared by conducting the cross-linking
reactions at 50 °C. Because HA may degrade at an elevated temperature, we repeated
the gelation reactions at 25 °C. However, the reactions were too slow to monitor the
gelation process by dynamic rheological measurements. Gravimetric tests conducted
at or above 1.9 w/v% EGDE revealed that a gel fraction W above 0.90 could only be
obtained by increasing the gelation time to 4 days (Table 2.1-2.2). The hydrogels
formed both at 50 and 25 °C were subjected to swelling measurements in water. Filled
circles in Fig. 2.6a & b show the relative swelling ratio m,.; (with respect to the as-
prepared state) of HA hydrogels formed at 50 and 25 °C, respectively, plotted against
their EGDE contents. For comparison, m,.; values of GMHA hydrogels reported before
are also shown in Fig. 2.6a by the open symbols plotted against the methacrylation
degree (DM) of GMHA [32]. m,« of HA hydrogels is a decreasing function of the
cross-linker content and varies between 2-123, corresponding to the equilibrium
swelling ratio with respect to dry state of 25-1540. This high degree of swelling is a
consequence of the osmotic pressure exerted by the counterions of cross-linked HA
molecules, similar to the synthetic polyelectrolyte hydrogels [11]. The hydrogels
formed at 25 °C exhibit a slightly lesser degree of swelling in water as compared to
those formed at 50 °C. Another point is that HA hydrogels swell much more than those
prepared from GMHA exhibiting relative swelling ratios m,.; between 3 and 4.5. This
reveals a reduction in the hydrophilicity of native HA upon its modification with

methacrylate groups.

Mechanical properties of HA hydrogels equilibrium swollen in water were
investigated by uniaxial compression tests. Fig. 2.6¢ represents compressive stress-
strain curves of the gel samples formed at 50 °C and at various EGDE contents, where
the nominal stress g, 1s plotted against the strain €. In Fig. 2.6d & e, the Young’s
modulus £, fracture stress orand fracture strain & of the hydrogels formed at 50 °C and
25 °C, respectively, are plotted against the EGDE content. Depending on the cross-
linker content and gelation temperature, Young’s modulus £ of the hydrogels varies
one to two orders of magnitude, i.e., between 3 and 590 kPa. For a tetrafunctional
phantom network of Gaussian chains, the Young’s modulus E is related to the
elastically effective cross-link density v. (number of network chains per unit volume

of swollen gel) by [49,50]:
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E=15v,RT(m,)" (2.2)

where R is the gas constant and 7 is the absolute temperature. Note that eq (2.2)
assumes that the weight swelling ratio m,,, is equal to the volume swelling ratio. In Fig.
2.6f, the cross-link density v, of HA hydrogels is shown as a function of the EGDE
content. For comparison, v, of GMHA hydrogels is also plotted against DM% [32].
In accord with the lower swelling capacity of HA hydrogels formed at 25 °C, their
modulus E and cross-link density v, are larger than those formed at 50 °C indicating

increasing cross-linking efficiency by reducing the gelation temperature.
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Figure 2.6 : Swelling behavior and mechanical properties of HA hydrogels. (a, b)
Relative swelling ratio m,.; of HA hydrogels formed at 50 °C (a) and 25 °C (b) in
water (filled circles) and in aqueous 30% DMA solution (filled triangles) plotted

against EGDE%. For comparison, m,.; values of GMHA hydrogels reported before

are also shown in Fig. 2.6a by the open symbols plotted against the methacrylation
degree (DM) of GMHA [32]. (c) Typical stress-strain curves of HA hydrogels
formed at 50 °C under compression as the dependences of nominal stress g,om on the
strain &. EGDE contents (in w/v%) are indicated. (d, €) Young’s modulus E, fracture
stress o7 and fracture strain ¢ plotted against the EGDE content for the hydrogels
formed at 50 °C (d) and 25 °C (e). (f) The cross-link density v. of HA hydrogels
formed at 50 °C (filled circles) and 25 °C (filled triangles) plotted against EGDE %.
Open symbols represent v. of GMHA hydrogels plotted against DM% of GMHA
[32].
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The decrease of the cross-linking efficiency with rising temperature is attributed to the
partial degradation of HA molecules producing shorter primary chains. Moreover,
when comparing the swelling ratios of GMHA and HA hydrogels having similar cross-
link densities, the former hydrogels exhibit a lower degree of swelling in water
supporting the fact that the methacrylation makes HA less hydrophilic as compared to
native HA. We have to note that because the cross-link density v. of the hydrogels
calculated using eq (2.2) bases on the swollen gel volume, its value is affected by the
swelling degree of the hydrogels. However, calculation of the cross-link densities

based on dry polymer lead to the similar trends as mentioned above (Fig. 2.7).
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Figure 2.7 : The crosslink density ve4 of HA hydrogels based on dry polymer
plotted against EGDE %. The hydrogels were prepared at 50 °C (filled circles) and
25 °C (filled triangles) Open symbols represent the crosslink density ve s of GMHA
hydrogels plotted against DM% of GMHA. Note that v, 4 was calculated from v,
using the equation v, = (v. m_,)/v: where v¢ is the volume fraction of HA at the

gel preparation (= 0.08).
The results in Fig. 2.6d & e also show that all HA hydrogels rupture when compressed
to 25-51% strain under 20-150 kPa stresses. Thus, they are brittle hydrogels similar to
the chemically cross-linked synthetic hydrogels [51], indicating that the viscoelastic
energy dissipation of HA molecules under stress does not contribute much to their

mechanical performances.
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2.2.2 Double-network HA hydrogels

As mentioned in the previous section, HA hydrogels exhibit a larger degree of swelling
as compared to those obtained from GMHA macromers. This suggests that a larger
amount of a ductile component could be introduced during double-networking of HA
hydrogels leading to double-network (DN) hydrogels with better mechanical
properties as compared to those produced from GMHA macromers [33,52]. We
prepared DN hydrogels by swelling HA hydrogels, taken as the first-network, in N,N-
dimethylacrylamide (DMA) solutions containing a small amount of BAAm cross-
linker, and then photopolymerizing DMA to form a loosely cross-linked poly(N,N-
dimethylacrylamide) (PDMA) second network. The filled triangles in Fig. 2.6a & b
show the swelling ratio m,.; of HA hydrogels formed at 50 and 25 °C, respectively, in
aqueous 30 w/v% DMA solutions plotted against the EGDE content. Although a slight
reduction in the swelling degree my.; of the hydrogels in the DMA solution is
observable as compared to their m,.; values in water, they still exhibit a high swelling
ratio up to 40, which is one of the requirements for obtaining high strength DN

hydrogels.

HA hydrogels swollen in 30 w/v% DMA solutions containing 0.05 and 0.10 mol%
BAAm as the second-network cross-linker were subjected to photopolymerization
using 2-oxoglutaric acid initiator. In this way, double-network hydrogels with a gel
fraction W, above 0.90 were obtained (Table 2.1-2.2). In equilibrium swollen state,
they contained 84-94% water which decreased with increasing cross-linker content of
the first-network hydrogel (Table 2.2). In the following DN hydrogels are denoted by
DN-x where x is the mole percent of BAAm in the second monomer solution. Fig. 2.8
represents typical compressive stress-strain curves of SN hydrogels formed at 50 °C
(dashed bold curves) and DN hydrogels (dash-dot-dot and solid curves) formed in 30
w/v% DMA solutions containing 0.05 and 0.10 mol% BAAm. EGDE content of the
first network HA hydrogel is 3.7, 7.1, and 11.2 w/v% in Fig. 2.8a, b, and c,
respectively. General trend is that the compressive stress required to deform the
hydrogels increases from kPa to MPa scales after the double-networking process (Fig.
2.6c vs Fig. 2.8). Simultaneously, compression ratio at rupture increases from 26-47%
to above 80% indicating toughening effect of the second PDMA network. It is also
obvious that the EGDE content of the first HA network, that is, its cross-link density

has a significant effect on the mechanical performance of DN hydrogels. We have to
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note that DN hydrogels were rather brittle in tensile tests with very low elongation at

break. As a consequence, tensile tests could not be performed in a meaningful way.

/

0 J—u—|-m—l—‘l"!"4-‘{||\ ek i Tl

20 40 60 80 0 20 40 60 80 O 200 40 60 80 100

C,om | MPa
i al b.| c
L —— DN-0.05 B : L
- DN-0.10 = i
10 — — -
5[ - o

o

& % e % %

Figure 2.8 : Compressive stress-strain curves of SN hydrogels formed at 50 °C
(dashed bold curves) and DN hydrogels (dash-dot-dot and solid curves). EGDE of
the first-network HA hydrogel = 3.7 (a), 7.1 (b), and 11.2 w/v% (c). DN hydrogels

were prepared in 30 w/v% DMA solutions containing 0.05 (dash-dot-dot curves) and
0.10 mol% BAAm cross-linker (solid curves).

In Fig. 2.9a & b, Young’s modulus £, the fracture stress or and strain at break & of
single-network HA (open symbols) and DN hydrogels (filled symbols) are plotted
against EGDE concentration. The first-network HA hydrogels were prepared at 50 °C
and 25°C in (a) and (b), respectively. The modulus £ of DN hydrogels is more than
one order of magnitude greater than that of SN hydrogels and approaches to 1 MPa at
high EGDE concentrations (Table 2.1-2.2). This increase in the modulus suggests the
existence of physical and chemical cross-links between the first- and second-network
components contributing to the rubber elasticity of DN hydrogels. The fracture
stress oy and strain at break g exhibit slight maxima at around 7 w/v% EGDE. The
largest modulus and fracture stress of DN hydrogels thus obtained are 0.94 + 0.13 MPa
and 19.4 £+ 0.9 MPa, respectively. These values are higher than those of DN hydrogels
prepared from GMHA macromer exhibiting fracture stresses up to 5.2 and 12 MPa for
10 and 4% methacrylation degrees of HA, respectively [31,32]. Moreover, comparison
of the mechanical characteristics of DN-0.05 and DN-0.10 hydrogels also indicates
that the amount of the second-network cross-linker in this range does not have an effect

on the mechanical properties of DN hydrogels.
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Figure 2.9 : Young’s modulus E, the fracture stress arand strain grof SN (open
symbols) and DN hydrogels (filled symbols) plotted against EGDE concentration.
Preparation temperature of HA hydrogel = 50 °C (a) and 25 °C (b). Note that most of
the error bars are smaller than the symbols.

To demonstrate the effect of the amount of the second PDMA ductile network on the
mechanical performance of the hydrogels, we calculated the mass ratio wz2; of PDMA

to the HA first-network by:

—

(mr ! )CZ
w, =-——-= 2.3
) C (23)
where m,.; is the swelling ratio of HA hydrogel in 30 w/v% DMA solution, C; and C>
are the concentrations (in g.mL!") of HA and DMA in the preparation of the first- and
double-network hydrogels, respectively. Note that eq (2.3) assumes that the densities
of the hydrogels and DMA solution are equal to unity. Further, it neglects the exchange

of water in the hydrogel with the external solution and thus, only consider monomer

solution entering the gel phase during the swelling process to simulate real processes

24



[52,53]. Because both C; and C: are fixed by the experiments at 0.08 and 0.30 g.mL"
I, respectively, the ratio w2; only depends on the swelling capacity of HA hydrogels in

the DMA solution.

In Fig. 2.10a-c, the filled symbols represent the fracture stress o7, Young’s modulus £,
and fracture strain grof all DN hydrogels plotted against w2, ratio. For comparison, the
data for SN hydrogels (w2; = 0) are also shown in the figures by the open symbols.
The results demonstrate that the wo; ratio is an effective parameter determining the
mechanical properties of the hydrogels. The fracture stress orof SN hydrogels formed
at two different temperatures (25 and 50 °C) and at various cross-linker contents
(between 1.9 and 22.4 w/v% EGDE) is between 20-150 kPa (open symbols in Fig.
2.10a). After double networking, orrapidly increases with increasing w2; and attains a
maximum value of 19.4+0.9 MPa at wz; = 49. Further increase in w>; ratio again
decreases the mechanical strength of the hydrogels up to 1.2+0.2 MPa at wz; = 126.
Because a very high wo; ratio requires a high swelling capacity and thus, a loosely
cross-linked HA first-network, crack propagation cannot be prevented during
deformation leading to worsening the mechanical performance of DN hydrogels. A
similar trend is also observable in the variations of Young’s modulus £ and fracture
strain &r of the hydrogels as a function of w>; ratio. (Fig. 2.10b & c¢). We should note
that, in classical DN hydrogels prepared from poly(2-acrylamido-2-
methylpropanesulfonic acid) (PAMPS) first-network and polyacrylamide second-
network, the maximum enhancement in the compressive stress at break occurs when
the molar ratio of the second to the first-network is around 20 corresponding to the
weight ratio wz; of 7 [33]. This means that for the present HA/PDMA double-network
system, a much larger amount of the ductile component PDMA (w2; = 50) should be
introduced in the first network to achieve the maximum enhancement in the
mechanical properties. This feature could be related to the presence of a lesser number
of linkages between the 1% and 2" networks. Previous work shows that the formation
of mechanically strong DN hydrogels requires strong chain entanglements or covalent
links between the 1%t and 2" polymer networks [32,52,54]. In the case of SN hydrogels
formed by vinyl-divinyl monomer copolymerization such as PAMPS hydrogels, the
initiator molecules remaining in the first network as well as the pendant vinyl groups
of divinyl monomer units are able to form potential cross-linking points between 1%

and 2"¢ networks [54]. However, for the present DN system, HA chains are unable to
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covalently link the first to the second network so that a larger amount of PDMA is

required to create strong chain entanglements.
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Figure 2.10 : Mechanical properties of DN hydrogels as a function of the w»; ratio.
(a-c) The fracture stress or(a), Young’s modulus £ (b), and strain at break &r(c) of
SN (open symbols) and DN hydrogels (filled symbols) plotted against the w2, ratio.
(d, e): Normalized fracture stress ofqorm (d), and Young’s modulus E,orm (€), of the
hydrogels plotted against wy; ratio. Preparation temperature of HA hydrogel = 25 °C
(dark red) and 50 °C (blue). Note that most of the error bars are smaller than the
symbols.
We attribute the improvement in the mechanical properties of HA hydrogels after
double networking to the higher cross-link density of the first HA network as
compared to the second PDMA network. Because the short HA network chains attain
a highly stretched conformation upon swelling in the second monomer solution, the
resulting DN hydrogel consists of highly stretched HA and randomly coiled PDMA
network chains. Thus, the first HA network internally fractures under low stresses by
dissipating energy while the second PDMA network keeps the macroscopic gel sample
together and prevents macro-crack formation. We have to mention that the mass ratio

w21 of the second to the first-network achieved using HA hydrogels is much higher as

compared to that obtained using GMHA hydrogels (w21 = 126 vs 29) [32]. This also
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contributes to the mechanical strength of the present hydrogels. Thus, the internal
fracture of HA network together with the high mass ratio of the second to the first-
network components seem to be responsible for the extraordinary mechanical
properties of the hydrogels. To demonstrate this internal fracture, a series of cyclic
compression experiments were performed on DN hydrogels. Fig. 2.11a represents
stress-strain curves of a DN hydrogel formed at wz; = 49 from a compression test
composed of five successive cycles up to a maximum compression of 80% (Anax =
0.20). The results are presented as the dependence of the true stress ouue (= AGnom) 0N
the compression ratio 4 (deformed length/initial length) The loading and unloading
curves are indicated by up and down arrows, respectively. The loading path of the first
compressive cycle conducted on a fresh hydrogel sample differs from the unloading
path indicating damage in the sample and dissipation of energy. The hysteresis energy
Unys n this cycle, calculated from the area between the loading and unloading curves,
is 220420 kJ.m?. However, the following loading/unloading cycles are almost elastic
with a small hysteresis area (Unys = 18+1 kJ.m™), and they all closely follow the path
of the first unloading. The results indicate the occurrence of an irrecoverable internal

damage during the first compression of the gel sample.

The hysteresis energy Uy,s can be interpreted as the energy released due to fracture of
the first-network during deformation. This fracture can take place in EGDE cross-links
as well as in the glycosidic linkages of HA chains. In both cases, breaking of C-O
bonds results in a decrease in the effective cross-link density v. of the first-network.
Thus, Usys is equal to the product of C-O bond energy Uy and the total number of

effective cross-links broken down during the compression cycle [36,55], i.e.

Uhys = le (Ve f\;) (24)

where f, is the fraction of effective cross-links broken during the mechanical cycles.
Since C-O bond energy Uy is 360 kJ.mol! and v. = 304+60 mol.m™ (Fig. 2.6f), one
may solve eq 2.4 for the fraction f, of effective cross-links broken during the
mechanical cycles in Fig. 2.11a. Calculations show that 25+4% of the cross-links are
irreversible broken during the first loading while 2% additional bonds are broken in

each of the following loadings.
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Figure 2.11 : Cyclic mechanical tests of DN hydrogels. (a, b) Typical stress-strain
curves of a DN hydrogel from a compression test composed of five successive
cycles. The true stress g, 1s plotted against the compression ratio 4 (deformed

length/initial length). The maximum compression was fixed at 80% (Ama = 0.20) in

(a) while in (b), it was stepwise increased from 40 to 80% in successive cycles (Amax

=0.60 to 0.20). EGDE = 7.1 w/v%. BAAmM = 0.05 w/v%. w2; = 49. The up and down
arrows in (a) indicate loading and unloading curves, respectively. For clarity, loading

and unloading curves are shown by the solid and dashed curves, respectively. (c) A

zoom-in to Fig. 2.11b to highlight the damage and elastic regions of the 5 cycle. (d)
The fraction £, of EGDE cross-links broken during the mechanical cycles with
increasing maximum compression from 40 to 80% (Amax = 0.60 to 0.20). The open
triangle represents the fraction f, during a one-step mechanical cycle up to 80%
compression.

The cyclic tests conducted up to a fixed maximum strain of 80% were repeated with a
virgin gel sample with increasing maximum strain from 40 to 80 % in five successive
cycles (Amax = 0.6 to 0.2). The results are shown in Fig. 2.11b were the loading and
unloading curves are presented by solid and dashed lines, respectively. After the first
compressive cycle, each successive loading curve is composed of two regions, as also
illustrated in Fig. 2.11c for the cycle 5 (Amax, s = 0.20). The first region is elastic and it
follows the path of the unloading curve of the previous cycle while the second region
creates an additional damage by continuing the loading curve of the previous cycle.
The transition from the first (elastic) to the second (damage) region always occurred
at the maximum strain of the previous cycle. Thus, due to the irreversible damage done
during the previous cycle, additional damage only occurs at a higher maximum strain.
In Fig. 2.11d, the fraction f, of cross-links broken are plotted against the maximum
strain Amax. The open triangle in the figure represents the fraction f, of broken cross-
links during one-step cycle up to Amax = 0.20 obtained from Fig. 2.11a. Increasing

maximum strain also increases the number of broken bonds in the first network.

Moreover, compression of the hydrogel sample with successive five-step cycles with
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increasing maximum strain up to 80% results in the same number of broken bonds as
in a one-step cycle with a maximum strain of 80%. This indicates that the extent of
damage in the hydrogels is path-independent and it only depends on the maximum

deformation ratio of the network chains.

2.3 Conclusions

We presented a two-step procedure for the preparation of high-strength HA hydrogels
starting from native HA. In the first step, HA was cross-linked in aqueous solutions
using EGDE cross-linker under various experimental conditions. It was found that
EGDE-cross-linked HA hydrogels containing 97-99% water are fragile, and rupture
when compressed to 25-51% strain under 0.02-0.15 MPa stresses. By applying the
double-network approach in the second step, we were able to generate high strength
HA/PDMA double-network hydrogels containing 84-94% water. Tuning the ratio of
the network components could result in hydrogels exhibiting a compressive modulus
of 0.9 MPa that sustain 19.4 MPa compressive stresses, which are much larger than
those reported before for the hydrogels derived from the methacrylated HA
macromers. Cyclic mechanical test results indicate that an irrecoverable internal
damage occurs in DN hydrogels at compressions as low as 40% at which single-
network HA hydrogels visibly rupture. The results indicate that the lightly cross-linked
PDMA second-network holds the macroscopic gel sample together by hindering the
micro-crack propagation to a macroscopic scale, while the gel sample internally
fractures. This internal fracture of HA first-network together with the high mass ratio
of the second to the first-network components are responsible for the extraordinary
mechanical properties of the hydrogels. HA-based hydrogels presented here with good
mechanical properties and high water contents are promising materials to make use the

characteristics of HA in stress-bearing biomedical applications.
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3. MECHANICALLY STRONG TRIPLE NETWORK HYDROGELS BASED
ON HYALURONAN AND POLY(N,N-DIMETHYLACRYLAMIDE)?

Hyaluronan, or hyaluronic acid (HA), is a natural polyelectrolyte found in connectivity
tissues and composed of repeating disaccharide units of -1,4-D-glucuronic acid - -
1,3-N-acetyl-D-glucosamine (Figure 3.1) [1]. HA has distinctive biological functions,
and therefore has been recognized as a potentially effective biomaterial for soft tissue
regeneration [3—6,56]. Because HA is a non gelling macromolecule, it is either
chemically modified or covalently cross-linked to generate a less degradable hydrogel
for use in biomedical applications [8]. The functional groups in HA available for cross-
linking are the hydroxyl and carboxyl groups. Hydroxyl groups may be cross-linked
via an ether linkage and carboxyl groups via an ester linkage [9,10,12-15,18].
Methacrylation of HA with glycidyl methacrylate is another strategy for producing
photocross-linkable macromers to form functional, cyto-compatible HA hydrogels

(Figure 3.1) [21-23].

GM GMHA

OH 0:<
Figure 3.1 : Disaccharide repeat unit of HA and its methacrylation using glycidyl

methacrylate (GM) through ring opening (a) and transesterification modes (b) to
form methacrylated HA (GMHA).

2 This chapter is based on the paper “Tavsanli, B. Can, V. Okay, O. (2015). Mechanically strong triple
network hydrogels based on hyaluronan and poly(N,N-dimethylacrylamide). Soft Matter, 11, 8517-
8524
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One limitation of HA hydrogels is that they are very brittle and/or easily dissolve in
physiological environments which limit their use in load-bearing applications. This
poor mechanical performance of covalently cross-linked HA hydrogels originates
from their very low resistance to crack propagation due to the lack of an efficient
energy dissipation mechanism in the gel network [16,57]. Weng and co-workers
recently reported preparation of HA hydrogels containing 60-90% water and
exhibiting a compressive modulus of 0.5 MPa and a fracture stress of 5.2 MPa [31].
The hydrogels were prepared by swelling a highly cross-linked methacrylated HA first
network in N,N-dimethylacrylamide (DMA) monomer solution containing a small
amount of a chemical cross-linker, and then polymerizing DMA to form a loosely
cross-linked poly(N,N-dimethylacrylamide) (PDMA) second network. Thus, the
hydrogels consist of interpenetrating brittle (HA) and ductile (PDMA) polymer
network components [31]. One may expect that, under large strain, the highly cross-
linked, brittle first network breaks up to form many cracks while the second ductile
network keeps the gel sample together [58], which seems to be responsible for the

improvement in the mechanical performance of brittle HA hydrogels.

The approach mentioned above is the double-network (DN) technique developed by
Gong and co-workers in 2003 to prepare mechanically strong hydrogels [33—
37,59,60]. DN hydrogels prepared from highly cross-linked poly(2-acrylamido-2-
methylpropane sulfonic acid) polyelectrolyte network and linear or loosely cross-
linked polyacrylamide exhibit exceptional compressive strengths of about 20 MPa and
fracture energies in the hundreds of J m2 [33]. Our preliminary experiments showed
that the reduced mechanical performance of DN hydrogels based on HA and PDMA
as compared to those reported by Gong ef al. is due to the lesser degree of swelling of
the first network hydrogels reducing the ratio of ductile-to-brittle components. For
such cases, we recently developed the triple network (TN) approach to create
mechanically strong hydrogels [52]. TN approach bases on the loss of the translational
entropy of a second monomer upon its polymerization within the first network. The
entropy of second monomer, if polymerized in a first network hydrogel, decreases so
that additional solvent (3™ monomer) enters into the gel phase to assume its new
thermodynamic equilibrium. This means that DN will swell more than the first

network so that triple networks could be prepared [52].

32



Our aim in the present study is to improve the mechanical performance of DN
hydrogels based on HA and PDMA by applying the TN approach. As such
biomaterials are non-cytotoxic and highly resistant to biodegradation [31], those with
an excellent mechanical performance and a high degree of toughness will be a good
candidate for load-bearing biomedical applications such as intervertebral disc
prosthesis. As will be seen below, TN hydrogels containing 81-91% water sustain

compressive stresses above 20 MPa and exhibit compressive moduli of 1 MPa.

TN hydrogels we described here consist of a highly cross-linked first HA network and
loosely cross-linked PDMA as the second and third networks. This paper is organized
as follows: Because the equilibrium degree of swelling and the elasticity of the first
network significantly affect the mechanical strength of the resulting DN and TN
hydrogels [33,52,58], we first describe properties of the first network (or, single
network) hydrogels derived from methacrylated HA macromers of various
methacrylation degrees. By tuning the methacrylation degree, we were able to generate
DN hydrogels exhibiting a fracture stress of around 10 MPa, which is about twice that
reported by Weng et al [31]. Swelling these double networks in DMA solutions
following polymerization of DMA in the gel phase further increases the ratio of
ductile-to-brittle components, and thus produces HA/PDMA/PDMA TN hydrogels

capable of sustaining above 20 MPa of compressive stress.

3.1 Experimental Part

3.1.1 Materials

The sodium salt of hyaluronic acid (HA) from Streptococcus equi was purchased from
Sigma-Aldrich. Glycidyl methacrylate (GM, Sigma Aldrich)), NaOH (Merck), N,N-
dimethylacrylamide = (DMA, Sigma-Aldrich), N.N’-methylene(bis)acrylamide
(BAAm, Merck), triethylamine (TEA, Sigma-Aldrich), tetrabutylammonium bromide
(TBAB, Sigma-Aldrich), 1-vinyl pyrrolidone (VP, Sigma-Aldrich) 2-oxoglutaric acid
(Fluka), and Irgacure 2959 (Sigma-Aldrich) were used as received.

3.1.2 Methacrylation of HA

Methacrylated HA was prepared according to the following procedure [21-23]: HA
(0.5 g) was first dissolved in 50 mL distilled water by gently stirring overnight. Then,
nmL TEA, n mL GM, and n g TBAB were added separately in that order, and allowed
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to fully mix for 1 h before the next addition. To vary the methacrylation degree of HA,
the value n was taken as 1, 2, 4, and 8, corresponding to a molar ratio of GM to HA
repeat units (new/nma) of 6, 12, 24, and 49, respectively. Following complete
dissolution, the reaction mixture was incubated at 55 °C for 1 h. After cooling, the
solution was precipitated in acetone and the precipitate was dissolved in 30 mL water.
After re-precipitation in acetone and re-dissolving in 10 mL water, it was lyophilized
for 3 days to obtain methacrylated HA as a white product. Methacrylation degree of
the samples was determined by nuclear magnetic resonance using a 500 MHz Agilent

VNMRS spectrometer.

3.1.3 Hydrogel preparation

Single network hydrogels were prepared at 24 °C in aqueous solutions of the
methacrylated hyaluronan (GMHA) of various methacrylation degrees using Irgacure
2959 as the initiator, and VP as a reactive comonomer and as a solvent for the initiator
[21]. The initial concentration C; of GMHA was set to 0.01 and 0.02 g.mL"!. Initiator
concentration and the molar ratio of the initiator to VP were fixed at 2.2 wt.% (with
respect to GMHA) and 0.012, respectively. Typically, GMHA (40 mg) was dissolved
in 2 mL of distilled water overnight under continuous stirring. Then 34.2 uL of the
initiator solution prepared by dissolving Irgacure 2959 (260 mg) in 10 mL of VP were
added, and the reaction solution was transferred into plastic syringes to conduct the

photopolymerization under UV light at 365 nm for 24h.

DN hydrogels were prepared by swelling the first network hydrogels in the 2" DMA
- BAAm solutions of concentration C> between 0.10 and 0.50 g.mL!, and
photopolymerizing using 2-oxoglutaric acid initiator (0.1 mol% of DMA) at 24 °C. For
this purpose, the first network hydrogel just after preparation (about 0.5 g) was
immersed in 30 mL of 2™ monomer solution containing DMA, BAAm, and the
initiator. After reaching the swelling equilibrium, which required about 4 days, the
monomer + initiator solution containing the first network hydrogel was transferred into
plastic syringes of 50 mL in volume and the photopolymerization was conducted under
UV light at 365 nm for 24 h. We have to mention that due to the large volume of the
2" DMA-BAAm solution as compared to the swollen SN hydrogel (30 mL vs 1-2
mL), the hydrogel is not in contact with the surface of the syringe and thus, the surface

effects can be neglected. DN hydrogel was then separated by stripping off the external
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loosely cross-linked 2" PDMA hydrogel. TN hydrogels were prepared similar to DN
hydrogels by swelling DN hydrogels in the 3 DMA — BAAm solutions of
concentration C3 between 0.10 and 0.30 g.mL!, and photopolymerizing using 0.1
mol% 2-oxoglutaric acid initiator at 24 °C. Preparation conditions of SN, DN, and TN
hydrogels are tabulated in Table 3.1 and 3.2.

3.1.4 Swelling and gel fraction measurements

Single network, DN, and TN hydrogel samples were immersed in a large excess of
water or monomer solutions for at least 6 days by replacing solution every other day
to extract any soluble species. The swelling equilibrium was tested by weighing the
gel samples. All the synthesized gel samples in both as-prepared and equilibrium
swollen states were transparent, indicating no macroscopic phase separation, and
complete miscibility between the network components (Fig. 3.2A). The equilibrium
relative weight swelling ratio my.;;, where the subindex i = 1, 2, and 3 stands for the

first-, double-, and triple network hydrogels, respectively, was calculated as:

m,,, =m/m, (3.1)

rel i

where m is the mass of the equilibrium swollen gel sample, and m, is its mass after

preparation.

To determine the gel fraction, the equilibrium swollen gel samples were taken out of
water and dried at 80 °C under vacuum to constant mass. The gel fraction Wy, that is,
the conversion of monomers to the cross-linked polymer (mass of water-insoluble
polymer / initial mass of the monomer in the 1%, 2", and 3" monomer solutions) was
calculated from the masses of dry polymer network and from the comonomer feed. W,
was found to be close unity for all first network, DN and TN hydrogels formed at

various combinations.

3.1.5 Mechanical tests

Uniaxial compression measurements were performed on equilibrium swollen
hydrogels at 24 °C on a Zwick Roell test machine using a 500 N load cell. Single
network, DN, and TN hydrogels after equilibrium swelling in water were cut into cubic
samples with the dimensions 3x3x3 mm. Before the test, an initial compressive contact
to 0.01 N was applied to ensure a complete contact between the gel and the plates.

Preliminary experiments showed that the use of Paraffin oil as lubricant to reduce
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friction and adhesion between the plates and the gel surface is not necessary and the
deviations of the data with and without use of Paraffin oil are within the limit of
experimental error. The tests were conducted at a constant crosshead speed of 0.3 and
1 mm.min™! below and above 15% compression, respectively. Load and displacement
data were collected during the experiment. Compressive stress was presented by its
nominal onom and true values giue (= 4 onom), Which are the forces per cross-sectional
area of the undeformed and deformed gel specimen, respectively, and Ais the
deformation ratio (deformed length/initial length). The compressive strain ¢ is defined
as the change in the length relative to the initial length of the gel specimen, i.e., ¢ = 1
- /. The strain is also given by the biaxial extension ratio Asiaex (=4 *°) [36]. The
Young’s modulus £ was calculated from the slope of stress-strain curves between 5
and 15% compressions. Cyclic compression tests were conducted at a constant
crosshead speed of 1 mm.min’! to a maximum strain &nax, followed by retraction to
zero force and a waiting time of 1 min, until the next cycle of compression. For
reproducibility, at least five samples were measured for each gel and the results were

averaged.

3.1.6 Calculations of the fracture stress and fracture strain

Since compression tests for soft materials are easier to perform and yield more
consistent results than tensile tests, we conducted uniaxial compression measurements.
We report here nominal stress values to make the results comparable to those of Weng
et al [31]. Fig. 3.2B shows typical stress-strain curves of a DN hydrogel as the
dependences of nominal ¢,.m (dark red, solid curves) and true stresses oz (dark blue,
dashed curves) on the compressive strain €. Results of two samples from the same gel
are shown in the figure. The inset is a zoom-in to the large strain region, i.e., between
85 and 99% compressions. The fracture stresses oy of the two samples obtained from
onom VS € curves are 20 and 23 MPa at strains ¢r0f 96.8 and 97.7%, respectively. Thus,
the gel samples apparently sustain about 20 MPa stresses at 97% compression.
However, when plotted the corresponding true stresses oz against ¢ (dashed curves),
maxima in the stress-strain curves appear earlier, i.e., at much lower compressions (&r
=93.5 %). This indicates the onset of a microscopic failure in the samples which is not
detectable in g.om Vs ¢ plots. The arrows shown in the inset to Fig. 3.2B illustrate
calculation of the real fracture stress from the maxima in s Vs € curves. After such

corrections conducted on 6 stress-strain curves, it was found that this DN hydrogel
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sustains 12+ 2 MPa stresses at 93.4+0.9% compression. Noting that, without this
correction, as repeatedly reported in the literature, the fracture stress of this hydrogel
is around 20 MPa. In the following, we only report the corrected fracture stresses and

strains of the hydrogels.
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Figure 3.2 : Optical images of the first network (a), DN (b), and TN hydrogels (¢) in
equilibrium with water. The hydrogels were derived from 4% methacrylated HA. C;
=0.02 gmL"!. C>=C3=0.30 gmL"'. BAAm = 0.05 mol%. (B): Typical stress-strain
curves of a DN hydrogel under compression as the dependences of nominal gom
(dark red curves) and true stresses gy« (dark blue curves) on the compressive strain
. Results of two samples from the same gel are shown. The inset is a zoom-in to the
large strain region. The arrows illustrate the calculation of real fracture stress from
the maxima in oz Vs € curves. Gel synthesis conditions: DM = 4%. C; = 0.02 g.mL"
1. C>=0.30 gmL!'. BAAm = 0.05 mol%. w21 = 29.

3.2 Results and Discussion

3.2.1 Single network hydrogels

Methacrylated hyaluronan (GMHA) of various degrees of methacrylation was used as
a photocross-linkable macromer for the preparation of the single network hydrogels.
The macromer GMHA was prepared by methacrylation of hyaluronan (HA) using
glycidyl methacrylate (GM) in aqueous solutions. The reaction mechanism is quite
complex and involves transesterification and ring opening modes to form GMHA (Fig.
3.1) [21-23]. GM attacks both the hydroxyl groups on the N-acetyl-D-glucosamine
ring via opening of the epoxide group, and the carboxylate group on the glucoronic
acid ring via transesterification. Methacrylate groups are thus incorporated pendant to

HA molecules of molecular weight around 1.2x10° g.mol™! [18]. Different degrees of
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methacrylation were achieved by tuning the molar ratio (nem/nu4) of glycidyl
methacrylate to hyaluronan in the feed. Fig. 3.3 shows '"H NMR spectrum of GMHA
prepared at neu/nus = 49. The inset shows 5.1 — 5.6 ppm region of the spectra of
GMHA samples prepared at various ngm/nua ratios, and native HA (negyw/nua = 0) as
control. Compared to native HA, GMHA shows two new peaks at 5.2 and 5.5 ppm due
to the methacrylate groups [22]. The degree of methacrylation (DM) was determined
by integration the methyl peak of HA at 1.9 ppm and the methacrylate peaks. The
results collected in the first two columns of Table 3.3 reveal that increasing neu/n4
from 6 to 49 also increases the degree of methacrylation (DM) of GMHA from 4 to
25%.

Table 3.1 : Preparation conditions and mechanical data of SN and DN hydrogels. C;
=0.02 g¢.mL"'. DN hydrogels were prepared without and with 0.05 mol % BAAm
crosslinker in the 2" monomer solution. Blue and red rows represent data for SN
and DN hydrogels, respectively.

SN hydrogels ‘ DN Hydrogels ‘ Mechanical data
DM @ Cy® BAAMm %°  wy ¢ or°/ MPa gt %
4 0 0 0 0.024 (0.005) 43
4 0.10 0 13 0.03 (0.01) 38
4 0.10 0.05 13 11 (1) 94
4 0.30 0 29 0.07 (0.01) 36
4 0.30 0.05 29 12 (2) 93
14 0 0 0 0.050 (0.002) 45
14 0.10 0 6 0.16 (0.03) 40
14 0.10 0.05 6 6.2 (0.8) 92
14 0.30 0 15 0.4 (0.1) 34
14 0.30 0.05 15 6.7 (0.5) 88
25 0 0 0 0.026 (0.009) 34
25 0.10 0 8 0.1 (0.01) 52
25 0.10 0.05 8 3.1(0.4) 77
25 0.30 0 15 0.3 (0.05) 53
25 0.30 0.05 15 9.4 (1) 90

@ Methacrylation degree of GMHA (in %) formed at various nem/nua ratios, ® DMA concentration in
the 2°¢ monomer solution (in g.mL""), *BAAm concentration in the 2" monomer solution (in mol %),
4 the mass ratio of the second to the first network units, ® fracture stress, ! strain at break. Standard
deviations in parentheses.

38



Table 3.2 : Preparation conditions, mechanical data, and water contents of SN, DN, and TN hydrogels. C; =0.02 g¢mL!. DN hydrogels were
prepared with 0.05 mol % BAAm crosslinker in the 2" monomer solution. Blue, red, and white rows represent data for SN, DN, and TN
hydrogels, respectively.

SN hydrogels ‘ DN hydrogels ‘ TN Hydrogels ‘ Mechanical data ‘ Water
DM 2 C P war C; ¢ BAAmM % ¢  wauf or2/ MPa g™/ %  content (%)
4 0 0 0 0 0 0.024 (0.005) 43 99.5
4 0.10 13 0 0 13 11 (1) 94 95
4 0.10 13 0.10 0.05 29 11.2 (0.7) 93 89
4 0.10 13 0.30 0.05 101 15 (3) 93 85
4 0.10 13 0.10 0 27 8.4 (0.8) 95 88
4 0.10 13 0.30 0 45 8.8 (0.7) 95 83
4 0.30 29 0 0 29 12 (2) 93 88
4 0.30 29 0.30 0.05 106 22 (5) 96 84
4 0.30 29 0.30 0 115 2(0.4) 87 84
14 0 0 0 0 0 0.050 (0.002) 45 99.2
14 0.10 6 0 0 6 6.2 (0.8) 92 90
14 0.10 6 0.10 0.05 22 18 (2) 92 91
14 0.10 6 0.30 0.05 36 12 (2) 91 82
14 0.10 6 0.10 0 18 5.6 (0.5) 92 88
14 0.10 6 0.30 0 27 8.5(0.7) 95 84
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Table 3.2 (continued) : Preparation conditions, mechanical data, and water contents of SN, DN, and TN hydrogels. C;=0.02 g¢mL!. DN
hydrogels were prepared with 0.05 mol % BAAm crosslinker in the 2" monomer solution. Blue, red, and white rows represent data for SN, DN,
and TN hydrogels, respectively.

SN hydrogels ‘ DN hydrogels ‘ TN Hydrogels ‘ Mechanical data ‘ Water
DM 2 Cy P war G ¢ BAAmM % ¢  wauf or2/ MPa g™/ %  content (%)
25 0 0 0 0 0 0.026 (0.009) 34 99.3
25 0.10 8 0 0 8 3.1(0.4) 77 94
25 0.10 8 0.10 0.05 22 11.1 (1) 92 86
25 0.10 8 0.30 0.05 46 16.3 (2) 94 80
25 0.10 8 0.10 0 21 10.7 (1) 94 89
25 0.30 15 0.30 0 15 9.4 (0.8) 90 89
25 0.30 15 0 0,05 26 15.7 (2) 93 85
25 0.30 15 0.30 0.05 65 17.2 (1) 94 81
25 0.30 15 0.30 0 43 10.1 (1) 92 87
25 0.30 15 0 0 70 8.9 (0.8) 93 78

@ Methacrylation degree of GMHA (in %) formed at various nem/nua ratios, ® DMA concentration in the 24 monomer solution (in g.mL""), ©the mass ratio of the second to
the first network units,  DMA concentration in the 3 monomer solution (in g.mL!), ¢ BAAm concentration in the 3™ monomer solution (in mol %), f the mass ratio of the
second and third to the first network units, ¢ fracture strain, " strain at break. Standard deviations in parentheses while for water contents; they are less than 5
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Figure 3.3 : '"H NMR spectrum of GMHA prepared at ngu/nus = 49. The inset
shows 5.1 — 5.6 ppm region of the spectra of GMHA samples prepared at various
nem/nug ratios together with native HA (ngaw/nua = 0) as control. Peaks at 5.5 and 5.2
denoted by a and b are indicative of methacrylate groups. HA methyl peak denoted
by c is shown at 1.9 ppm.

GMHA macromers of various methacrylation degrees were photopolymerized at a
concentration C; of 0.02 g.mL"! using Irgacure 2959 as the initiator. All the single
network hydrogels were insoluble in water with a gel fraction of unity. In Fig. 3.4A
and B, the swelling degree m;.;; of the hydrogels and their Young’s moduli £ are
plotted against the methacrylation degree (DM) of GMHA. Assuming a tetrafunctional
phantom network, Young’s modulus F is related to the effective cross-link density v.

of the hydrogels by [49]:

E=1.5v,RT(v,)" (vg )2/3 (3.2)

where vS and V, are volume fractions of cross-linked GMHA at the gel preparation

(= 0.02), and in equilibrium with water (= Vg / m_, ), respectively, R and T are in their

rell

usual meaning.
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Table 3.3 : Characteristic data for SN and DN hydrogels

E° / kPa
negm/nua  DM? Water %" SN DN¢ DN
6 4D 99.5 17 3) 211 (22) 370 (35)
12 8(2) 99.5 48 (5) 305 (32) 549 (54)
24 14 2) 99.2 52 (7) 611 (10) 409 (46)
49 25 (4) 99.3 28 (4) 224 (46) 442 (52)

 Methacrylation degree of GMHA (in %) formed at various nea/nua ratios, ® water content of SN
hydrogels, ¢ Young’s moduli of SN and DN hydrogels, ¢ C>= 0.10 gmL", and ¢ C>= 0.30 g.mL".
(Standard deviations in parentheses while for water contents; they are less than 5%.)

Open symbols in Fig. 3.4B show the cross-link density ve of the hydrogels plotted
against DM. The lowest cross-link density ve and thus, the highest swelling ratio was
obtained at 4% DM, i.e., at the lowest degree of methacrylation. ve first increases with
increasing DM but then decreases, which is attributed to the favourable intramolecular
cross-linking reactions at high local concentration of methacrylate groups decreasing
the number of effective cross-links [61]. Moreover, increasing monomer (DMA)
concentration in the external solution decreases the swelling ratio of the hydrogels due
to the osmotic pressure of DMA molecules in the external solution. Single network
(SN) hydrogels were also subjected to uniaxial compression tests. Typical stress-strain
curves of the hydrogels are shown in Fig. 3.5A where the nominal stress cnom is

plotted against the compressive strain €. In Fig. 3.5B, the fracture stress oy of the

Mot DMA % = E | kPa v, / mol.m™
5 2
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Figure 3.4 : The swelling degrees m,.;; of SN hydrogels in water and in DMA
solutions (A), and their Young's moduli £ in equilibrium swollen state in water
(filled symbols, B) both plotted against the methacrylation degree (DM) of GMHA.
Open symbols in B show the cross-link density v. of the hydrogels calculated using
eqn (2) plotted against DM. C; = 0.02 g.mL"'.
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hydrogels is plotted against DM. The fracture stress orof SN hydrogels is between 0.02
and 0.05 MPa while their fracture strains ¢rare around 0.4, i.e., the hydrogels rupture
at around 40% compressions. This poor mechanical performance of SN hydrogels is
typical for classical, chemically cross-linked hydrogels due to the lack of an efficient

energy dissipation mechanism.
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Figure 3.5 : (A): Typical stress-strain curves of SN hydrogels formed from GMHA
macromers of various methacrylation degrees (DM) as indicated. C; =0.02 g.mL"!.
(B): The fracture stress orof SN hydrogels plotted against DM.

3.2.2 Double- and triple-network hydrogels

DN hydrogels were prepared by swelling SN hydrogels in DMA solutions containing
the cross-linker BAAm and the initiator 2-oxoglutaric acid, following
photopolymerization. DN hydrogels in equilibrium with water contained 87-95%
water. We first fixed the methacrylation degree of GMHA at 4% while the cross-linker
(BAAm) concentration in the second monomer solution was varied. Fig. 3.6A shows
typical compressive stress-strain curves of SN (solid curves) and DN hydrogels
(dashed curves) formed in DMA solutions at a concentration C> 0f 0.10 and 0.30 g.mL-
!, containing various amounts of BAAm. In Fig. 3.6B, the fracture stress oy and strain
at break &r are plotted against BAAm concentration. In the absence of a cross-linker,
the fracture stress of SN hydrogels slightly increases from 0.03 to 0.07 MPa after
double networking (see the inset to Fig. 3.6A), while after addition 0.05 mol% BAAm
cross-linker in the DMA solution, oy increases dramatically and becomes 12 = 2 MPa
at a DMA concentration C; of 0.30 g.mL"!. The fracture strain also increases from 40

to 94% compression. Further increase of the cross-linker content again decreases oy of
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DNs. This result highlights importance of the presence of a small amount of a chemical
cross-linker in the second network solution. Previous work indeed shows that
formation of mechanically strong DN hydrogels requires strong chain entanglements
or covalent links between the 1%t and 2™ polymer networks [31,33,58]. In case of SN
hydrogels formed by vinyl-divinyl monomer copolymerization, no additional cross-
linker was needed in the second network solution [52]. This is due to the initiator
molecules remaining in the first network as well as the pendant vinyl groups of divinyl
monomer units acting as potential cross-link points between 1 and 2" networks [52].
For the present DN system, methacrylate groups of GMHA macromer seem to be
sterically unable to effectively link the first to the second network in the absence of a
chemical cross-linker. This could be related to the high molecular weight of HA (1.2
x10° g.mol!) [18] and thus, high viscosity of the gelation solutions.
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Figure 3.6 : (A): Compressive stress-strain curves of SN (solid curves) and DN

hydrogels (dashed curves) formed from 4% methacrylated HA. C; = 0.02 gmL!. C>
= 0.10 (long dashed blue curves) and 0.30 g.mL"! (short dashed green curves). (B):
The fracture stress orand strain &rof DN hydrogels plotted against BAAm
concentration. C; = 0.02 gmL!. C>=0.10 (®) and 0.30 g.mL"! (O). Note that most
of the error bars are smaller than the symbols.

44



As a next step, we fixed the cross-linker content at 0.05 mol% while the degree of
methacrylation (DM) of GMHA was varied. Fig. 3.7 shows the stress — strain curves
of SN (solid curves) and DN hydrogels formed at DM = 4, 14, and 25% (dashed
curves). DN hydrogels were prepared by swelling SN hydrogels in DMA solutions of
concentration Cz = 0.10 and 0.30 g.mL"! containing 0.05 mol% BAAm cross-linker.
SN hydrogels formed from GMHA with the lowest methacrylation degree (4%)
produces DNs with the highest fracture stresses, e.g., 11+ 1 and 12+ 2 MPa at C> =
0.10 and 0.30 g.mL"!, respectively, while increasing methacrylation degree of GMHA
deteriorates the mechanical performances of DN hydrogels. In the pioneering work by
Weng and co-workers on hyaluronan based DNs [31], the maximum fracture stress
achieved was 5.2 MPa which was obtained using methacrylated hyaluronan with DM
of 10%. Thus, the results in Fig. 3.7 indicate that decreasing methacrylation degree

down to 4% results in a 2.3-fold increase in the mechanical strength of DN hydrogels.

What is the reason for this improvement? Previous work shows that the molar or mass
ratio of the second to the first network units is an important parameter determining the
mechanical strength of DN hydrogels [33]. An extraordinary mechanical performance
requires a high concentration of the second network as compared to the first one, i.e.,
a high ratio of these networks. For the present DN system, the mass ratio w>; of the

second to the first network units can be estimated by [52]:

Wy = A2 (3.3)

In Fig. 3.7, w2 ratios of DN hydrogels are indicated next to the curves within
parenthesis. Because of the relatively high swelling ratio m,.;; of SN hydrogel formed
using 4% methacrylated hyaluronan (Fig. 3.4A), it produces DN hydrogel with the
highest w;; ratio so that the maximum improvement in the mechanical performance
was achieved. Young’s modulus £ of the hydrogels also increased significantly after
double-networking at C> = 0.10 and 0.30 g.mL"' (Table 3.3). For instance, SN
hydrogels formed using 4% methacrylated hyaluronan exhibit a Young’s modulus of
17 kPa, while after double-networking at C> = 0.30 g.mL", it increases to 370 kPa.
The drastic increase of the modulus £ upon formation of double network structures
indicates a high degree of physical and chemical connectivity between the network

components of DN hydrogels.
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Figure 3.7 : Compressive stress-strain curves of SN (solid curves) and DN hydrogels
(dashed curves) formed from HA with various degrees of methacrylation (DM), as
indicated. C; = 0.02 g.mL"!'. C>=0.10 (long dashed blue curves) and 0.30 g.mL"!
(short dashed green curves). BAAm = 0.05 mol%. w;; ratios calculated using eqn (3)
are also indicated in the figures.

DN hydrogels were also prepared starting from SN hydrogels formed at a lower
GMHA concentration (C; = 0.01 instead of 0.02 g.mL'). However, no further
improvement in the mechanical properties was observed due to the limiting value of
wayratio (Fig. 3.8 —3.10). Because the key to obtain mechanically strong hydrogels is
to increase the ratio of ductile-to-brittle network components, we used triple-network
(TN) approach developed recently in our group [52]. Thus, DN hydrogels were first
swollen in DMA solutions containing the cross-linker BAAm (0.05 mol%) and the
initiator until equilibrium is reached, following photopolymerization to obtain TN
hydrogels. The relative swelling ratios m.; of DN hydrogels in water and in DMA
solutions were between 1.4 and 2.9. For a given methacrylation degree of GMHA,
mye2 increased with increasing w;; ratio of the DNs (Table 3.2). Increasing w;; ratio
means that larger amount of the second monomer (DMA) is polymerized during the
formation of DN hydrogels. Consequently, a larger decrease in the entropy occurs due
to the monomer-to-polymer conversion within the gel phase so that more DMA
solution can enter into the DN hydrogel leading to larger m,.;> values. The mass ratio

w32/ of the second and third to the first network units was estimated as [52]:

_ mrell(mreﬁ _1)C3 + (mrell _l)CZ (34)

Wy =
32/1
G
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Figure 3.8 : Compressive stress-strain curves of SN and DN hydrogels formed from
14 (upper panel) and 25% methacrylated HA (bottom panel). C; = 0.01 (left) and
0.02 g.mL"! (right). DN hydrogels were prepared without use of a chemical cross-
linker in DMA solutions at a concentration (C2) of 0.10, 0.30, and 0.50 g.mL"!, as

indicated.
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Figure 3.9 : Compressive stress-strain curves of SN and DN hydrogels formed from
14 (upper panel) and 25% methacrylated HA (bottom panel). C;=0.01 (left) and
0.02 g.mL™! (right). DN hydrogels were prepared without and with 0.1 mol% BAAm
cross-linker in in DMA solutions at a concentration C> of 0.10 and 0.30 g.mL™, as
indicated.
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Figure 3.10 : (A): Compressive stress-strain curves of SN hydrogels formed GMHA
macromer of various methacrylation degrees DM as indicated. C; = 0.01 (left) and
0.02 g.mL"! (right). (B): Fracture stress of SN hydrogels plotted against the degree

of methacrylation DM of the macromer.

The mass ratio wsz; of the second + third to the first polymer units was varied by
changing DMA concentration C3 in the 3rd monomer solution at a fixed w»i ratio of
DN’s. Similar to DN hydrogels, the gel fraction Wg was close to unity for all TN
hydrogels formed at various w321 ratios. In the swollen state, TN hydrogels contained
81 to 91% water; similar to the DN’s, the swelling ratio m:3 of TN hydrogels in water
increased with increasing w3»i ratio (Table 3.5). This also means that quadruple-

network hydrogels could also be prepared by swelling TNs in a 4th monomer solution.

Table 3.4 : Equilibrium swelling ratio m,.;> of DN hydrogels in water and DMA
solutions. The hydrogels were prepared at various w>; ratios. SN hydrogels were
prepared from GMHA of various methacrylation degrees (DM) indicated. Standard
deviations for DM values are given in the parenthesis, while for the swelling ratios;
they are less than 10 %.

Myep2
DM % Woj
water 10% DMA 30% DMA
13 14 20 1.6
4 () 29 24 24 24
11 1.8 - -
8(2) 24 24 - -
6 14 1.8 1.5
14.2) 15 2.1 - -
8 1.8 22 2.1
@ s 27 29 26
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Table 3.5 : Equilibrium swelling ratio m,.;; of TN hydrogels in water. The hydrogels
were prepared at various w2; and w3z ratios. SN hydrogels were prepared from
GMHA of various methacrylation degrees (DM) indicated. Standard deviations for
DM values are given in the parenthesis, while for the swelling ratios, they are less

than 10 %.

DM % Woy W31 M3
29 13

4 13 101 26

60 16

4 29 106 3.1

2 19

4@ 6 36 27
2 15

5@ 8 46 25
26 14

254) 15 £ o

Fig. 3.11A and B show stress-strain curves of DN (solid curves) and TN hydrogels
(dashed curves) formed from 4% methacrylated hyaluronan. Hydrogel samples are
denoted in the figures as DN-x or TN-y, where x and y are w»; and wsz; ratios,
respectively. The fracture stresses or of DN hydrogels formed at wz; = 13 and 29 are
11:1 and 12:2 MPa, respectively. or further increases to 15+ 3 and 22- 5 MPa after
triple-networking at w3z ratios of 101 and 106, respectively. These values are the
highest fracture stresses for such hydrogels reported so far in the literature. Thus, TN
synthesis starting from the DN’s leads to 4- to 8-fold increase in the mass ratio of
ductile-to-brittle network components (w32 / w21), and produces hydrogels exhibiting
very high fracture stresses. The results also show that the mechanical performance of
DN hydrogels could be further strengthened by incorporation of additional ductile
component (loosely cross-linked PDMA) via TN approach. Noting that, as in the case
of DNs, no improvement in the mechanical performances of DN hydrogels was
observed if the cross-linker BAAm is not included into the third monomer solution

(Table 3.2, Fig. 3.12).
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Figure 3.11 : (A, B): guom vs. € plots for DN (solid curves) and TN hydrogels
(dashed curves) formed from 4% methacrylated HA. DNs were prepared in DMA
solutions at a concentration C>=0.10 (A) and 0.30 g.mL"! (B) both containing 0.05
mol% BAAm. TNs were prepared in the presence of 0.05 mol% BAAm at C; = 0.10
and 0.30 gmL!. C; =0.02 g.mL"!. Hydrogel samples are denoted in the figures as
DN-x or TN-y, where x and y are w2; and ws2/ ratios, respectively. (C-F): guue vs. &
(C,D) and gy Vs. Aviax plots derived from the curves given in A and B, respectively.
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Figure 3.12 : (A, B): guom vs. € plots for DN (solid curves) and TN hydrogels
(dashed curves) formed from 4% methacrylated HA. DNs were prepared in DMA
solutions at C> =0.10 (A) and 0.30 g.mL"! (B), both containing 0.05 mol% BAAm.

TNs were obtained in DMA solutions at C3 = 0.30 g.mL"! without and with 0.05
mol% BAAm. The letter L at the end of this abbreviation indicates that no cross-
linker was used in TN preparation. C; =0.02 g.mL"!. Hydrogel samples are denoted
in the figures as DN-x or TN-y, where x and y are wz; and w3,/ ratios, respectively.
(C-F): 0sue vs. € (C,D) and cyue VS. Abiax plots derived from the curves given in A and
B, respectively.
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In Fig. 3.13, the filled circles show the fracture stress orand fracture strain grof all TN
hydrogels formed using 0.05% BAAm cross-linker plotted against w32/ ratio. For
comparison, orof SN (w32, = 0, open down-triangles) and DN hydrogels (ws2; = w2;
, gray up-triangles) are also shown in the figure. All TN hydrogels sustain 10 - 20 MPa
compressive stresses at 95% compressions and exhibit a Young’s modulus £ up to 1

MPa (Fig. 3.14).
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Figure 3.13 : Fracture stress oy (left) and fracture strain ¢ (right) of TN hydrogels
formed using 0.05% BAAm plotted against w32/ ratio (filled circles). For
comparison, fracture data obtained from SN (w32 = 0, open down-triangles) and DN
hydrogels (w321 = w21, gray up-triangles) are also shown in the figure.
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Another characteristic of high strength DN and TN hydrogels is the appearance of a
yielding region in stress-strain curves between 50 and 65% compression (Fig. 3.15).
This feature becomes more apparent when the nominal stress uom is converted to its
true value om.e and then plotted against ¢ or biaxial extension ratio Asiar. This is
illustrated in Fig. 3.11C — F derived from stress — strain curves in Fig. 3.11A and B.
The yielding behavior of mechanically strong DN and TN hydrogels is attributed to a
significant internal fracture under strain. To demonstrate this fracture, DN and TN
hydrogels were subjected to cyclic compression tests by successive loading/unloading

cycles up to a maximum strain emax.
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Figure 3.15 : 6,0m vs. € plots for DN (solid curves) and TN hydrogels (dashed
curves) formed from 4% methacrylated HA. DNs were prepared in DMA solutions at
C>=0.10 (A) and 0.30 g.mL"! (B), both containing 0.05 mol% BAAm. TNs were
obtained with 0.05 mol % BAAm. C;=0.02 g.mL"!

In Fig. 3.16A, five successive loading — unloading cycles of a TN hydrogel sample
prepared at w2; =29 and w32/, = 106 are shown up to a maximum strain of 80% (emax =
0.8). The loading curve of the first compressive cycle is different from the unloading
curve indicating damage in the gel sample and dissipation of energy during the first
cycle. The energy dissipated in this cycle, calculated from the area between the loading
and unloading curves, is 160 kJ.m>. However, the following cycles are almost elastic
with a small amount of hysteresis (22 — 24 kJ.m™), and they closely follow the path of
the first unloading. The results show that an irreversible internal damage occurs in the
gel sample. In Fig. 3.16B, the same but virgin hydrogel sample was subjected to five

successive loading — unloading cycles with increasing maximum strain from 40 to
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80%. After the first compressive cycle, each successive loading curve consists of
elastic and damage regions due to the irreversible damage done during the previous
cycle. Elastic region follows the path of the unloading curve of the previous cycle
while the damage region continues the loading curve of the previous cycle (see the
inset to Fig. 3.16B). The transition from elastic to damage region occurs at the
maximum strain of the previous cycle. Thus, due to the irreversible damage done
during the previous cycle, additional damage only occurs at a higher maximum strain.
All these indicate the occurrence of a significant extent of internal fracture in the
hydrogels even at 40% compressions where the single network hydrogels rupture (Fig.
3.5B). Thus, the ductile, loosely cross-linked PDMA second and third network
components hinder macroscopic crack propagation by keeping the macroscopic gel
sample together, while the sample internally fractures. This internal fracture is
responsible for the extraordinary mechanical properties of the present DN and TN

hydrogels based on HA and PDMA.
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Figure 3.16 : Five successive loading / unloading cycles of a TN hydrogel up to a
maximum compression of 80 % (A) and with increasing compression from 40 to
80% (B). The up and down arrows in A indicate loading and unloading curves,
respectively. The inset to B is a zoom-in to highlight the damage and elastic regions
of the 4™ cycle. Synthesis parameters of TN hydrogels: w2; = 29, wsz; = 106. For
clarity, loading and unloading curves are shown by the solid and dashed curves,
respectively.
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3.3 Conclusions

DN and TN hydrogels based on HA and PDMA with extraordinary mechanical
properties were prepared by DN and TN approaches. The single network (SN)
hydrogels were prepared by polymerization of HA of various degrees of
methacrylation in aqueous solutions. SN hydrogels can sustain up to 40% compression
and break at a stress of 0.02 — 0.05 MPa. By tuning the methacrylation degree of HA,
DN hydrogels with a fracture stress above 10 MPa and a fracture strain of 96% were
obtained. Triple-networking of DN hydrogels further increases the ratio of
ductile/brittle components, and thus produces mechanically strong HA/PDMA/PDMA
TN hydrogels. TN hydrogels contain 81-91% water and sustain compressive stresses
above 20 MPa. Cyclic mechanical tests conducted on DN and TN hydrogels show a
significant mechanical hysteresis and irreversible loading/unloading cycles, even
under small strain conditions where the single network hydrogels rupture. The results
indicate that the loosely cross-linked PDMA second and third network components
hinder macroscopic crack propagation by keeping the macroscopic gel sample together
while it internally fractures. This internal fracture is responsible for the extraordinary

mechanical properties of the present DN and TN hydrogels based on HA and PDMA.
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4. MECHANICALLY STRONG HYALURONIC ACID HYDROGELS WITH
AN INTERPENETRATING NETWORK STRUCTURE?

Hyaluronan or hyaluronic acid (HA) is a natural glycosaminoglycan of high molecular
weight composed of disaccharide repeat units of B-1,4-D-glucuronic acid and 3-1,3-
N-acetyl-D-glucosamine (Fig. 4.1) [1]. In physiological solutions, HA has a highly
extended random coil conformation due to the hydrogen bonding between
disaccharide units, and polyanionic properties [7,62]. HA is the major component of
the extracellular matrix of vertebrate tissues with important biological and
physicochemical functions. Due to the polyelectrolyte nature, HA can absorb large
amounts of water and hence acts as lubricant in native extracellular matrix and controls

the viscoelasticity of connective tissues [7].

Although HA is an attractive biomaterial for regeneration of soft tissues [2—6,56], it
has limited application areas due to its rapid degradation and poor biomechanical
properties. To overcome this drawback, HA has been physically or chemically cross-
linked to form HA hydrogels [7,8,63,64]. The hydrogels based on HA are however
generally brittle, or easily dissolve in aqueous solutions. For instance, HA hydrogels
prepared by photopolymerization of methacrylated HA in aqueous solutions fracture
at around 35% compressive strain under < 60 kPa stresses [32]. Cross-linking of native
HA in aqueous solutions using cross-linkers such as divinyl sulfone, glutaraldehyde,
and ethylene glycol diglycidyl ether (EGDE) also results in brittle materials [9—15,65].
For instance, EGDE-cross-linked HA hydrogels rupture when compressed to 25-51%
strain under 20-150 kPa stresses [65]. To improve the mechanical performance of HA
hydrogels, cryogelation technique has been employed which bases on conducting the
gelation reactions below the freezing point of aqueous HA solutions [18,20,66].
Another strategy is the preparation double-network HA hydrogels consisting of brittle
and ductile network components [31-33,65]. Double-network HA hydrogels were

3 This chapter is based on the paper “Tavsanli, B. and Okay, O. (2017). Mechanically strong hyaluronic
acid hydrogels with an interpenetrating network structure. European Polymer Journal, 90, 185-195.”
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prepared by swelling the brittle single-network HA hydrogel in a monomer solution
and subsequent polymerization of the monomer to create an interconnected and
interpenetrated network of HA and synthetic polymers [31]. Although double-network
hydrogels based on HA exhibit improved mechanical strength as compared to the
single-network ones [31,32,65], their synthetic procedure is lengthy and complicated.
Thus, a simple one-pot synthesis of mechanically strong HA hydrogels would be

attractive for many application areas.

Here, we describe preparation of mechanically strong single-network HA hydrogels
via free-radical copolymerization of methacrylated HA and N,N-dimethylacrylamide
(DMA) in aqueous solutions. The choice of the monomer DMA is due to the fact that
poly(N,N-dimethylacrylamide) (PDMA) is a hydrophilic biocompatible polymer
possessing strong associative properties and hydrogen-bonding interactions with HA
[67-69]. The precursor of HA hydrogels, namely methacrylated HA (GMHA) at
various levels of methacrylation between 4 and 25% was prepared by methacrylation
of native HA using glycidyl methacrylate (Fig. 4.1) [21-23]. As will be seen below,
GMHA acts as a multifunctional cross-linker during its copolymerization with DMA
leading to the formation of interpenetrated and interconnected polymer network
hydrogels. The effective functionality of GMHA increases with its degree of
methacrylation as well as with the DMA concentration. The viscoelastic and
mechanical properties of the hydrogels could be tuned by varying the degree of
methacrylation of GMHA and DMA concentration. We also observed a significant
improvement in the mechanical performance of the hydrogels when DMA is replaced
with methacrylic acid (MAAc) monomer. By adjusting the synthesis parameters,
hydrogels with a Young’s modulus of around 200 kPa could be prepared that sustain

up to 20 MPa stresses at 96% compression.

4.1 Experimental Part

4.1.1 Materials

Hyaluronic acid sodium salt (HA, Sigma-Aldrich, impurities: <1 protein) from
Streptococcus equi has a viscosity averaged molecular weight of 1.2x10° g-mol! [18].
Glycidyl methacrylate (GM, Sigma Aldrich, 97%), N,N-dimethylacrylamide (DMA,
Sigma-Aldrich, 99%), methacrylic acid (MAAc, Merck, 99%), triethylamine (TEA,
Merck, 99%), tetrabutylammonium bromide (TBAB, Sigma-Aldrich, >99%), 1-vinyl

58



pyrrolidone (VP, Sigma-Aldrich), ammonium persulfate (APS, Sigma-Aldrich,
>99%), N,N,N',N'-tetramethylethylenediamine (TEMED, Sigma-Aldrich, >99%), and
acetone (Tekkim, 99.5%) were used as received. APS stock solution was prepared by

dissolving 0.8 g of APS in 10 mL distilled water.
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Figure 4.1 : Formation of methacrylated HA (GMHA) by methacrylation of native
hyaluronic acid (HA) using glycidyl methacrylate via transesterification (i) and ring
opening (ii), and its copolymerization with DMA to form interconnected and
interpenetrated GMHA/PDMA network hydrogels. Red circles indicate the
methacrylate groups incorporated as pendant into GMHA molecules acting as
potential cross-link points during the copolymerization with DMA.

4.1.2 Methacrylation of HA

Methacrylated HA (GMHA) was synthesized by the reaction of HA with glycidyl
methacrylate (GM), as described previously [21-23,32]. Typically, HA (0.5 g) was
first dissolved under stirring overnight in 50 mL distilled water at room temperature.
To prepare a reaction solution containing GM at a 6-fold molar excess to the
disaccharide repeat unit of HA, TEA catalyst (1 mL), GM (1 mL), and TBAB (1 g) as
phase transfer catalyst were mixed with the HA solution. The solution was then heated
to 55 °C and stirred at this temperature for 1 h. After cooling to room temperature, the
solution was precipitated twice in excess acetone and the precipitate was dissolved in
water. The solution of GMHA in 10 mL water was then frozen at -25 °C for 1 day and
freeze-dried using Christ Alpha 2e4 LD-plus freeze-dryer at -40 °C under 0.12 mbar
vacuum for 1 day and at -60 °C under 0.011 mbar for an additional 1 day. '"H NMR
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spectroscopy (500 MHz Agilent VNMRS spectrometer) was used to determine the
level of methacrylation of GMHA. Typical 'H NMR spectrum of GMHA is shown in
Fig. 4.2. The two peaks at 5.2 and 5.5 ppm are due to the methacrylate groups (a, b),
while the methyl group of HA appears at 1.9 ppm (c) [22,32]. The methacrylation
degree (DM) was calculated from the integration of the methyl peak of HA and the
methacrylate peaks. In accord with previous work [32], the level of methacrylation
was found to be 4, 8, 14, and 25% for the GM/HA molar ratios of 6, 12, 24, and 49,

respectively.

ppm

Figure 4.2 : Typical '"H NMR spectrum of methacrylated hyaluronic acid. GM/HA
molar ratio = 24.

4.1.3 Hydrogel preparation

The hydrogels were prepared at 4 °C in aqueous solutions of DMA and GMHA using
a redox initiator system consisting of 3.5 mM APS and 0.25 v/v% TEMED. The initial
concentration of GMHA was set to 1 w/v% while both DMA concentration and the
methacrylation degree of GMHA were varied between 5 - 50 w/v% and 4-25%,
respectively. To illustrate the synthetic procedure, we give details for the preparation
of hydrogels at 30 w/v% DMA concentration: GMHA (100 mg) was dissolved in 6.8
mL of distilled water overnight under continuous stirring. DMA (3.1 mL) and TEMED
(25 uL) were then added and the aqueous solution was stirred for 30 min under
bubbling nitrogen. After addition of APS stock solution (0.1 mL), a portion of the
reaction solution was transferred between the plates of the rheometer for the

rheological measurements. For the swelling and mechanical measurements, the
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remaining part of the solution was transferred into several plastic syringes of 4.6 mm

internal diameter and the polymerization was conducted for 24 h at 4 °C.

4.1.4 Swelling and gel fraction measurements

After a reaction time of 24 h, hydrogel samples were immersed in a large excess of
water at 25 °C for at least 4 days whereby the water was replaced every day to extract
any soluble species. The swelling equilibrium was tested by weighing the gel
specimens. The equilibrium swollen gel samples were taken out of water and dried at
80 °C under vacuum to constant mass. The equilibrium weight swelling ratios with

respect to dry and as-prepared states, g, and gw,o, respectively, were calculated as:
qw = m / Mdry (4.1a)

Gwo =m /Mo (4.1b)

where m, m,, and ma-, are the masses of the gel sample in equilibrium swollen, as-
prepared and dry states, respectively. The gel fraction W, was calculated from the

masses of dry polymer network and from the comonomer feed.

4.1.5 Rheological experiments

The copolymerization reactions of GMHA and DMA were monitored at 4 °C within
the rheometer (Gemini 150 Rheometer system, Bohlin Instruments) equipped with a
cone-and-plate geometry (cone angle = 4°, diameter = 40 mm). The instrument was
equipped with a Peltier device for temperature control. During the rheological
measurements, a solvent trap was used and the outside of the upper plate was covered
with a thin layer of low-viscosity silicone oil to prevent the evaporation of water. An
angular frequency w of 6.3 rad-s™! and a deformation amplitude y, of 0.01 were selected
to ensure that the oscillatory deformation is within the linear regime. After a reaction
time of 17 h, the elastic moduli G’ of the reaction solutions approached limiting values.
Then, frequency-sweep tests were carried out at 25 °C. The viscosity measurements
on aqueous DMA and MAAc solutions containing 1 w/v% native HA or GMHA were
conducted at 25 °C between shear rates 102 and 10' s"!. We have to mention that
because the rheological tests were conducted between the metal plates while swelling
and mechanical tests were carried out on gel samples prepared in plastic syringes,

gelation dynamics in both cases may differ due to different environments.
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4.1.6 Mechanical tests

Uniaxial compression and elongation measurements were conducted at 25 °C on a
Zwick Roell Z0.5 TH test machine using a 500 N load cell. For the compression tests,
the cylindrical gel samples in both as-prepared and swollen states were cut into cubic
samples with dimensions 3x3x3 mm. Before the tests, an initial compressive contact
of 0.01 N was applied to ensure a complete contact between the gel and the plates. The
compression tests were performed at a constant cross-head speed of 0.3 and 1 mm-min
! below and above 15% compression, respectively. The stress was presented by its
nominal g,.» and true values osue (= 4 g4om), Which are the forces per cross-sectional
area of the undeformed and deformed gel specimen, respectively, and 4 is the
deformation ratio (deformed length/initial length). The compressive strain &. is defined
as the change in the length relative to the initial length of the gel specimen, i.e., &c = 1-
A. The compressive strength and strain of the hydrogels were calculated from the
maxima in gy VS. & curves, as detailed before [52]. The uniaxial elongation tests were
performed on cylindrical gel samples of 4.6 mm diameter in as-prepared state. The
initial length of the gel samples between jaws and the cross-head speed were 10£2 mm
and 5 mm-min’!, respectively. The tensile strain ¢ is calculated as ¢ = 4 -1. Young’s
modulus E of the hydrogels was calculated from the slope of stress-strain curves
between 5 and 15% compression and elongation. For reproducibility, at least five

samples were measured for each gel and the results were averaged.

4.2 Results and Discussion

4.2.1 Formation of HA hydrogels

The precursor of the present hydrogels, namely methacrylated hyaluronic acid
(GMHA) was synthesized at various levels of methacrylation between 4 and 25%
using glycidyl methacrylate by a competing reaction mechanism between
transesterification and ring opening (Fig. 4.1) [21-23]. Because the average molecular
weight of hyaluronic acid (HA) used in the hydrogel preparation is 1.2x10° g.mol!
and the molecular weight of the disaccharide repeat unit is 416 g.mol!, 4 to 25%
methacrylation indicate that 115 to 721 methacrylate groups were incorporated per
molecule of GMHA as pendant vinyl groups. Thus, GMHA can be considered as a

multifunctional macromolecular cross-linker able to form interpenetrated and
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interconnected polymer networks when copolymerized with vinyl monomers such as

N,N-dimethylacrylamide (DMA) (Fig 4.1).

Transparent hydrogels with tunable viscoelastic properties were prepared by
copolymerization of GMHA and DMA in aqueous solutions using APS-TEMED
redox initiator system. The amount of GMHA in the reaction solution was fixed at 1
w/v% while both the degree of methacrylation of GMHA and DMA concentration in
the comonomer feed were varied. No gel formation could be detected by
polymerization of GMHA alone, which we attribute to the low GMHA concentration
making the intramolecular cross-linking reactions favorable. Because GMHA was
insoluble in aqueous solutions containing more than 50 w/v% DMA, we conducted the
copolymerization reactions below 50 w/v% DMA. We have to mention that the
polymerization of aqueous 5-50% DMA solutions in the absence of GMHA resulted
in semi-dilute PDMA solutions revealing that the self-cross-linking efficiency of
DMAA is insufficient for the onset of gelation [70]. The gelation reactions were initially
carried out at both 4 and 25 °C. Typical gelation profiles of the reaction solutions
obtained by rheometry using oscillatory deformation tests are shown in Fig. 4.3 where
the storage modulus G’ and loss factor tan 0 (= G’’/G', where G’ is the loss modulus)
are plotted against the polymerization time. The initial reaction solutions contain 30
w/v% DMA and 1 w/v% GMHA with methacrylation degrees of 4 and 14%. It is seen
that, although increasing the polymerization temperature from 4 to 25 °C significantly
reduces the induction period of the reaction, the limiting values of both G’ and tan 6
are close together after 10 h. However, to eliminate the possibility of degradation of

GMHA during gelation [41], all the hydrogels reported below were prepared at 4 °C.

Frequency-sweep results of the hydrogels after a reaction time of 17 h are shown in
Fig. 4.3 where the storage G’ and loss moduli G’ are plotted against the angular
frequency w. In Fig. 4.3a, the hydrogels were prepared at 5 w/v% DMA and at two
different degrees of methacrylation (DM) while in Fig. 4.3b, DM was fixed at 14%
while DMA concentration was varied between 5 and 30 w/v%. The general trend is
that, at DMA contents below 20 w/v%, the hydrogels exhibit predominantly elastic or
viscous nature depending on the frequency, i.e., on the time scale of the rheological
tests. At low frequencies, G attains very low values (~10! Pa) and the loss factor tan
o approaches to 0.01 corresponding elastic, solid-like behavior. At high frequencies,

G’ approaches to G’ and the gels exhibit a viscous character. This feature is opposite
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to what is observed in semi-dilute polymer solutions, but similar to hydrogel systems
with strong hydrogen bonding interactions [46—48,65]. Thus, the intermolecular
hydrogen bonds between GMHA and GMHA-PDMA molecules seem to act as
physical cross-links at low frequencies and thus contribute to the gel elasticity.
Because these bonds are broken at high frequencies, increasing amount of energy is
dissipated with increasing frequency so that G’ increases leading to the appearance of
a strong-to-weak gel transition. Moreover, as indicated by the arrows in Fig. 4.4, G’
increases with the methacrylation degree, or with the monomer concentration DMA%,

while the loss modulus G’ is only affected by DMA%.
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Figure 4.3 : Storage modulus G’ (a) and the loss factor tan ¢ (b) during the
copolymerization of GMHA and DMA shown as a function of the reaction time. The
degree of methacrylation DM is 4 (circles) and 14% (triangles). DMA = 30 w/v%.
GMHA =1 w/v%. The reaction temperatures are shown in the Figure.
To highlight the effect of the synthesis parameters on the viscoelastic properties of the
hydrogels, G’ and tan ¢ of all hydrogels measured at 6.3 rad-s™! are shown in Fig. 4.5a
as a function of the DMA concentration. The arrows indicate direction of increasing
methacrylation degree (DM) of GMHA. Increasing DMA% also increases the storage
modulus G’ while the loss factor remains almost unchanged revealing that the
viscoelastic nature of the hydrogels is not much affected with increasing polymer
concentration. However, when the methacrylation degree is increased at a fixed
DMA%, G’ increases while tan J decreases indicating increasing elastic character of

the hydrogels.
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Figure 4.4 : Storage moduli G’ (filled symbols) and loss moduli G’” (open symbols)
shown as a function of the angular frequency ® measured after 17 h of reaction time.
(a): DMA =5 w/v%. DM = 4 (circles) and 14% (triangles). (b): DM = 14%. DMA
concentrations are indicated. The arrows show the direction of increasing DM (a)
and DMA % (b).

Assuming that G’ measured at 6.3 rad-s! corresponds to the equilibrium shear
modulus G, one may calculate the effective cross-link density v. of the hydrogels.
According to the phantom network model, G at the state of gel preparation is related

to ve by [49,50]:
G=(1-2/f,)v,RTv, (4.2)

where f. is the average effective functionality of GMHA macromer, that is the number

of elastically effective PDMA network chains per GMHA cross-link, Vg is the volume

fraction of cross-linked polymer in the gel, R and 7T are in their usual meanings. At the
highest degree of methacrylation of 25% corresponding to the existence of 720 pendant
methacrylate groups per GMHA molecule, the functionality f. is expected to be much
larger than unity so that the first term at the right hand side of Eq. 4.2a reduces to unity

(affine limit), i.e.,
G=v,RTV) (4.2b)

Thus, using the modulus data of the hydrogels formed using GMHA with DM = 25%
(Fig. 4.5a), the cross-link density v. of the hydrogels can be calculated using Eq. 4.2b.
Substituting these ve values for each DMA concentration into Eq. 4.2a allows
estimation of the average functionality fc as a function of the methacrylation degree.

In Fig. 4.5b & c, the effective cross-link density ve and the average functionality f. are
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plotted against DMA% and DM%, respectively. For calculations, the volume fraction

Vg of polymer in the as-prepared hydrogels was estimated using the equation Vg =

102 (DMA%)/d>, where d» is the density of PDMA (1.21 g-mL! [71]). Except the
initial drop in ve between 5 and 10% DMA, v. continuously increases with increasing
DMAY% indicating formation of larger number of effective cross-links per dry polymer
volume. Moreover, the effective functionality fo of GMHA varies between 4 and 13,
and increases both with the methacrylation degree of GMHA and DMA concentration.
Thus, although GMHA macromonomer acts as a multifunctional cross-linker, its
effective functionality is much smaller than the number of methacrylate groups
incorporated as pendant into HA molecules. This is attributed to the cyclization
reactions as well as reduced reactivity of pendant methacrylate groups that are

generally observed in free-radical cross-linking copolymerization [72].
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Figure 4.5 : (a): The storage modulus G’ and loss factor tan 6 measured at 6.3 rad-s!
shown as a function of the monomer (DMA) concentration. The arrows indicate
direction of increasing methacrylation degree (DM) of GMHA. Methacrylation
degrees DM of GMHA are indicated. (b): Cross-link density v. of the hydrogels
calculated using eq 4.2b plotted against DMA concentration. (c) Variation of the

effective functionality f, of GMHA with the level of methacrylation DM. The solid
curves are guide to the eye.

4.2.2 Mechanical properties of as-prepared HA hydrogels

HA hydrogels after a reaction time of 24 h were subjected to uniaxial compression and
elongation tests. Fig 4.6a & b show typical tensile stress-strain curves of the hydrogels
formed at 10 and 30 w/v% DMA, respectively, where the nominal stress gnom is plotted
against the tensile strain ¢. The methacrylation degree (DM) of GMHA used in the
hydrogel preparation is indicated in the figures. The hydrogels formed at 10 w/v%
DMA and at DM > 8% were brittle in tension and they already broke at the start of the

mechanical tests. The maximum tensile strength o observed at the lowest
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methacrylation degree of 4% was 5+1 kPa. Stronger hydrogels could be obtained at 30
w/v% DMA concentration (Fig. 4.6b); they all sustain above 600% elongation ratios
and their tensile strength o increases from 55+3 to 111+£13 kPa with increasing DM
from 4 to 14% while further increase in DM decreases oy of the hydrogels. Fig. 4.6¢
shows compressive stress onom — Strain . curves of the hydrogels formed at 10 and 30
w/v% DMA with varying DM of GMHA. The hydrogels formed at 10 and 30 w/v%

DMA sustain 7=1 and 11+1 MPa compressive stresses, respectively, at 96+£1%

compressions.
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Figure 4.6 : (a, b): Tensile stress-strain curves of HA hydrogels formed at 10 (a) and
30 w/v% DMA (b) as the dependence of nominal stress g,,, on the strain &.
Methacrylation degree DM of GMHA is indicated (c): Compressive stress — strain
curves of HA hydrogels as the dependence of o,,, on the compressive strain &c.
DMA concentration and DM% are indicated.

The results thus reveal that the simple one-pot free-radical copolymerization of
GMHA and DMA provides formation of mechanically strong HA hydrogels by
adjusting the degree of methacrylation of GMHA as well as the DMA concentration
at gelation. Because of the existence of extensive hydrogen bonding interactions in
HA solutions [62], and PDMA is a polymer with associative properties [67—69], the
good mechanical performance of the hydrogels can be attributed to the existence of
both hydrophobic and hydrogen bonding interactions acting as physical cross-links.
These cross-links are reversibly broken under load and thus, resisting the crack
propagation by dissipating energy and contributing to the mechanical properties
[16,57]. Recently, Hu et al. demonstrated formation of tough physical hydrogels
consisting of copolymer chains composed of DMA and methacrylic acid (MAAc) units
[73]. We conducted gelation reactions by replacing half of the DMA with MAAc
monomer but observed any further improvement in the mechanical properties of the

final hydrogels. However, total replacement of DMA with MAAc resulted in stronger
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hydrogels. Tensile and compressive stress-strain curves of HA hydrogels formed using
30 w/v% MAAc and GMHA with methacrylation degrees of 4 and 8% are shown in
Fig. 4.7a & b, respectively. For comparison, the data obtained using 30 w/v% DMA
are also shown in the figures by the gray curves. The inset in Fig. 4.7b shows the
portion of the curves below 30% compression. It is seen that the initial slope of the
stress-strain curves corresponding to the Young’s modulus significantly increases

when DMA is replaced with MAAc monomer.
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Figure 4.7 : (a, b): Tensile (a) and compressive stress-strain curves (b) of HA
hydrogels formed using MAAc at a concentration of 30 w/v%. For comparison the
data of the hydrogels formed using 30 w/v% DMA are also shown by gray curves. (c,
d) Viscosities 7 of 1 w/v% native HA and GMHA at 2 different methacrylation
degrees in aqueous solutions of 30 w/v% MAAc (c) and DMA (d) plotted against the

shear rate y .

In Fig. 4.8a-d, Young’s modulus E, elongation at break &7, compressive and tensile
strengths or of HA hydrogels are shown as a function of methacrylation degree DM of
GMHA. The hydrogels formed using MAAc monomer exhibit a modulus £ between
175 and 218 kPa that increases with increasing degree of methacrylation, as compared
to 33-36 kPa obtained using DMA monomer at the same concentration. Thus,
GMHA /poly(methacrylic acid) (PMAAc) hydrogels exhibit about 5-fold larger
modulus as compared to GMHA/PDMA ones indicating the contribution of non-

covalent cross-links to the effective cross-link density. Moreover, tensile strength
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increases from 62+7 to 117+4 kPa while compressive strength increases from 10 to 20

MPa when MAAC is used in the gel preparation instead of DMA.
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Figure 4.8 : Young’s modulus E (a), elongation at break ¢, (b), tensile and
compressive strengths o; (c and d, respectively) of the hydrogels shown as a function
of methacrylation degree DM of GMHA. The type and concentration of the
monomer are indicated.

Stronger extent of non-covalent interactions in hydrogels based on GMHA/PMAACc as
compared to those based on GMHA/PDMA seems to be responsible for the improved
mechanical properties of the resulting hydrogels. To compare the extent of non-
covalent interactions, viscosity measurements at 25 °C were conducted on aqueous
solutions of DMA and MAAc at a concentration of 30 w/v% containing 1 w/v% HA
or GMHA. Fig. 4.7¢ & d present the viscosity versus shear rate curves for native HA
and GMHA in MAAc (c) and DMA solutions (d). Note that pH’s of the solutions are
2.6£0.1 and 5.7+0.1 for MAAc and DMA, respectively. The viscosity decreases with
increasing methacrylation degree of GMHA due to the increasing hydrophobicity of
HA upon incorporation of methacrylate groups [32]. Moreover, both native HA and
GMHA exhibit higher viscosities at low shear rates and marked shear-thinning in the
presence of MAAc as compared to DMA. This indicates increasing associativity of

GMHA chains in MAAc environment and thus support the experimental findings.
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4.2.3 Swelling behavior and mechanical properties of HA hydrogels in

equilibrium swollen state

Gel fraction W, of the hydrogels formed using DMA monomer was above 0.95 after a
reaction time of 24 h and they contained 94-99% water in their equilibrium swollen
states in water. Hydrogels formed using MAAc exhibited very large swelling ratios
due to the osmotic pressure of counterions of carboxylate groups. They also became
too weak to perform any meaningful gel fraction, swelling and mechanical tests. In
Fig. 4.9a, the equilibrium weight swelling ratios of GMHA/PDMA hydrogels with
respect to their dry (qw) and as-prepared states (gw,0) are plotted as a function of the
methacrylation degree DM of GMHA. As expected, gw decreases with increasing
methacrylation degree as well as with increasing DMA concentration due to the
simultaneous increase of the cross-link density ve and cross-link functionality fc (Fig.
4.5). However, when considering the swelling ratios with respect to the preparation
state of the hydrogels, the higher DMA concentration, the higher is the degree of
swelling gw,o. This is due to the fact that the translational entropy of DMA monomer
upon its polymerization decreases so that more water enters into the as-prepared

hydrogel with increasing DMA% to assume its new thermodynamic equilibrium [52].

Fig. 4.9b & ¢ show compressive stress-strain curves of swollen HA hydrogels formed
at 10 and 30 w/v% DMA, respectively. In accord with the mechanical behavior of as-
prepared hydrogels, those formed at 30 w/v% DMA exhibit better mechanical
properties as compared to 10 w/v% DMA hydrogels. In Fig. 4.10, Young’s modulus
E, compressive strength oy, and strain at break &7 of swollen HA hydrogels formed at
10 and 30 w/v% DMA are shown as a function of methacrylation degree DM of
GMHA. For comparison, the data obtained from as-prepared hydrogels are also shown
by gray symbols. It is seen that the ultimate properties of the hydrogels, e.g., the
fracture stress and fracture strain decrease after swelling of HA hydrogels. However,
the modulus £ does not change much and remains at around 10-30 kPa although
swelling results in a 7- to 9-fold dilution of the hydrogels (Fig. 4.8a). This suggests
increasing effective cross-link density of the hydrogels upon their swelling which is
attributed to increasing extent of hydrogen bonding and hydrophobic interactions

between GMHA and PDMA chains acting as additional cross-links [67—69].
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Figure 4.9 : (a): Equilibrium weight swelling ratios of HA hydrogels with respect to
their dry g, and as-prepared states g, shown as a function of the methacrylation
degree of GMHA. DMA concentrations are indicated. (b, c): Compressive stress-

strain curves of swollen HA hydrogels formed at 10 (b) and 30 w/v% DMA (b).
Methacrylation degree of GMHA is indicated.
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Figure 4.10 : Young’s modulus E, compressive strength oy, and strain at break &, of
swollen HA hydrogels formed at 10 (circles) and 30 w/v% DMA (triangles) shown
as a function of methacrylation degree DM of GMHA. Gray symbols represent data
of the hydrogels in their preparation states.
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4.3 Conclusions

We presented a simple one-pot procedure for the preparation of mechanically strong
HA hydrogels with tunable viscoelastic and mechanical properties. The precursor of
the hydrogels, namely methacrylated hyaluronic acid (GMHA) was synthesized by
methacrylation of native HA using glycidyl methacrylate at various levels of
methacrylation between 4 and 25%, corresponding to 115 to 721 pendant methacrylate
groups per GMHA molecule. The hydrogels were prepared via free-radical
copolymerization of GMHA and N,N-dimethylacrylamide (DMA) in aqueous
solutions. It was found that GMHA acts as a multifunctional cross-linker during its
copolymerization with DMA leading to the formation of interpenetrated and
interconnected polymer networks. The average functionality of GMHA for
intermolecular cross-linking reactions increases with its methacrylation degree as well
as with the DMA concentration. Both the methacrylation degree of GMHA and DMA
concentration strongly affect the properties of HA hydrogels both in their as-prepared
and equilibrium swollen states. We also observed a significant improvement in the
mechanical performance of the hydrogels when DMA is replaced with methacrylic
acid monomer. By adjusting the synthesis parameters, hydrogels with a Young’s
modulus of around 200 kPa could be prepared that sustain up to 20 MPa stresses at

96% compression.
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5. MECHANICALLY ROBUST AND STRETCHABLE SILK/HYALURONIC
ACID HYDROGELS*

Hydrogels derived from natural polymers such as silk or hyaluronic acid have been
used in a wide range of biological and biomedical applications because of their
advantages including good biocompatibility and controlled degradability [3,74-78]
Silk consists mainly of two components, namely fibroin and sericin proteins which are
produced in the glands of domesticated silkworm Bombyx mori [79,80]. Silk fibroin
(SF) has a microstructure similar to multiblock copolymers composed of hydrophobic
and hydrophilic blocks inside, together with hydrophilic terminal blocks [81,82]. The
less ordered hydrophilic blocks of SF provide water solubility, elasticity and toughness
whereas large hydrophobic blocks form intermolecular associations leading to a
conformational transition from random-coil or helix to B-sheet structure. The B-sheets
in silk fibroin acting as physical cross-links by connecting the fibroin molecules into

a 3D network are responsible for the high strength of fibroin hydrogels.

Hyaluronic acid (HA) is a naturally occurring polyanion composed of disaccharide
repeating units of B-1,4-D-glucuronic acid - -1,3-N-acetyl-D-glucosamine [1]. HA
has unique lubricating properties and biological functions and hence, plays important
roles in cell differentiation, cell motility, and wound-healing processes [2,83].
Although HA is an important biomaterial for soft tissue regeneration, poor
biomechanical performance and rapid degradation of HA limit its applications [84,85].
To produce slowly degradable HA, it was physically or chemically cross-linked or,
alternatively, methacrylate groups are incorporated into HA to generate HA

macromers, which are then polymerized to form hydrogels [21,22,32].

Our aim in this study was to combine the material and biological properties of SF and
HA in a single composite hydrogel that would expand the range of properties and

hence applications available to SF and HA individually. The ionic nature of the HA

4 This chapter is based on the paper “Tavsanli, B. and Okay, O. (2019). Mechanically robust and
stretchable silk/hyaluronic acid hydrogels. Carbohydrate Polymers, 208, 413-420.”
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component in such composites will provide enhanced water retention and structural
support, whereas relative slow degradation and mechanical strength of SF component
will contribute to the mechanical integrity and control of water interactions of HA.
SF/HA scaffolds, hydrogels, patches, and films have been prepared in the past years
using several techniques including unltrasonication [86,87], cross-linking using
enzymes [88], or chemical cross-linking agents such as genipin and carbodimides [89—
92]. The resulting composites exhibit, however, poor mechanical properties and have
no stretchability limiting their applications. More recently, Zhou et al. prepared SF/HA
films without a cross-linker or any post treatment capable of sustaining up to around
140% stretches [93]. It was shown that the presence of HA enhances 3-sheet formation
in SF, which well correlates with improved mechanical properties of SF/HA films or

hydrogels [94].

We describe here a novel strategy for the preparation of mechanically robust SF/HA
hydrogels exhibiting a high stretchability up to around 400%. Instead of HA,
methacrylated HA (GMHA) prepared by the reaction of HA with glycidyl
methacrylate was used in the gel preparation (Fig. 5.1). Previous work shows that the
hydrogels derived from GMHA show good biocompatibility and reduced degradation
rate as compared to the native HA [21,23,31]. GMHA of various methacrylation
degrees between 4 and 25% and SF isolated from Bombyx mori cocoons are the starting
materials of the present composite hydrogels (Fig. 5.1). Due to the presence of pendant
vinyl groups on GMHA molecules, they act both as a macromer and multifunctional
chemical cross-linker during the radical polymerization in aqueous solutions [95]. By
conducting polymerization of GMHA in the presence of SF at an elevated temperature,
we intend to induce B-sheet domains between SF molecules and hence, to produce
additional cross-links of physical nature (Fig. 5.1). Preliminary experiments, however,
showed no gel formation in aqueous solutions of GMHA and SF, likely because of the
steric effect of SF hindering the cross-linking reactions between GMHA. Therefore,
N, N-dimetylacrylamide (DMA) monomer was also included into the reaction system
as a spacer to connect GMHA’s through their pendant vinyl groups. The in situ formed
poly(DMA) (PDMA) is known to exhibit both associative and enhanced proton
acceptor properties, which would contribute to the cooperativity of the non-covalent
bonds in the composite hydrogels [67,69]. As will be seen below, the presence of SF
significantly enhances the mechanical strength and toughness of GMHA hydrogels by
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creating an energy dissipation mechanism under load. Further, a wide range of tunable
mechanical and swelling properties could be achieved by varying the methacrylation
degree of GMHA. Because the hydrogel components GMHA, SF, and PDMA exhibit
good biocompatibility, the composite hydrogels presented here are a good candidate

as biomaterials in biological and biomedical applications.
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Figure 5.1 : Components of composite hydrogels. 1) methacrylated hyaluronic acid
(GMHA), 2) silk fibroin (SF), and 3) in-situ formed PDMA.

5.1 Experimental Part

5.1.1 Materials

Hyaluronic acid sodium salt (HA, Sigma-Aldrich) from Streptococcus equi having a
viscosity average molar mass of 1.2 x 10® g mol™! was used as received [18]. Silk
fibroin (SF) protein was separated from Bombyx mori cocoons (Koza Birlik, Bursa,
Turkey), as reported earlier [96]. Briefly, the cocoons were placed in boiling aqueous
0.02 M NayCO;3 solution for 1 h for the removal of sericin protein. After thorough
rinsing, the remaining fibroin was dissolved in 9.3 M LiBr aqueous solution at 60 °C
and then the solution was dialyzed in a dialysis tube (10000 MWCO, Snake Skin,
Pierce) against deionized water for 3 days. This procedure yielded an aqueous 5 wt. %
SF solution. N,N-dimethylacrylamide (DMA, Sigma-Aldrich, 99%), glycidyl
methacrylate (GM, Sigma Aldrich, 97%), tetrabutylammonium bromide (TBAB,
Sigma-Aldrich, >99%), triethylamine (TEA, Merck, 99%), ammonium persulfate
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(APS, Sigma-Aldrich, >99%), N,N,N'.N'-tetramethylethylenediamine (TEMED,
Sigma-Aldrich, >99%), LiBr (Merck), and Na,CO3 (Merck) were used as received.

5.1.2 Methacrylation of HA

HA was methacrylated according to a procedure described previously [21]. Briefly,
0.5 g of HA was dissolved in 50 mL distilled water and stirred overnight at 23+2 °C.
To prepare a solution containing 6-fold molar excess of GM with respect to the
disaccharide repeat unit of HA, 1 mL of GM, 1 mL of TEA and 1 g of TBAB were
added to the HA solution. After heating the solution to 55 °C and stirring for 1 h, it
was cooled to 23+2 °C and precipitated twice in a large excess of acetone. After
dissolving the precipitate in water, the solution of methacrylated HA (GMHA) was
freeze-dried (Christ Alpha 2e4 LD-plus) for 2 days. The degree of methacrylation
(DM) of GMHA was determined by nuclear magnetic resonance using a 500 MHz
Agilent VNMR spectrometer, as detailed before [32].

5.1.3 Preparation of composite hydrogels

The initial concentrations of DMA, and SF were fixed at 5, and 2.5 w/v %,
respectively, while GMHA was used at 1 and 2 w/v % concentrations at methacrylation
degrees (DM) of 4, 14, and 25%. Typically, GMHA (0.100 or 0.200 g) was first
dissolved overnight in 4.38 mL of water under gently stirring. After addition of DMA
monomer (0.500 g) and stirring for 30 min, 5 mL of a 5 w/v % SF solution were
dropwise, slowly added to this solution with a rate of 1 mL min' to prevent
aggregations during fast mixing of the solutions [86]. After bubbling nitrogen for 10
min and cooling to 4 °C, TEMED (25 pL) and 0.1 mL of APS stock solution (0.08 g
mL") were added. The solution was then transferred into 1-mL plastic syringes and
the reactions were conducted at 50 °C for 2 days. For 1 and 2 w/v % GMHA in the
synthesis feed, the total solid contents of the hydrogels after preparation (C,) were 8.9
and 10.0 w/v %, whereas GMHA:SF weight ratios were 1:2.5 and 1:1.25, respectively.

5.1.4 Rheological measurements

A Gemini 150 rheometer system (Bohlin Instruments) in the cone-and-plate mode
(cone angle = 4°, diameter = 40 mm) equipped with a Peltier device for temperature
control was used to measure the storage G’ and loss moduli G’ as functions of the

reaction time and angular frequency w. To prevent evaporation of water, a solvent trap
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was used during the rheological measurements. The strain amplitude y, in the
measurements was fixed at 1% which was within the linear viscoelastic range of the

hydrogels.

5.1.5 Swelling tests

The gel specimens were placed in an excess of water at 23+2 °C for 4-7 days, replacing
the water every other day. After reaching swelling equilibrium, the relative weight
swelling ratio my of the hydrogels was calculated as me1 = m/mo, where m and m, are
the masses of the gel specimen in equilibrium swollen and as-prepared states,
respectively. To determine the dry mass of the specimens, they were placed in acetone
for 1 day which is a poor solvent for the polymers. After drying at 80 °C under vacuum
to constant mass mary, the gel fraction Wg, that is, the fraction of the total mass of
GMHA, SF, and DMA incorporated into the 3D polymer network was calculated as
We = mary/ (mo Co).

5.1.6 XRD, DSC, and ATR-FTIR measurements

X-ray diffraction (XRD) patterns of freeze-dried samples were recorded in reflection
mode on a PANalytical X-Pert PRO X-ray generator using Ni-filtered Cu Ka (A =
0.15418 nm) irradiation (45 kV, 40 mA) in the range of 20 = 5—40°. Differential
scanning calorimetry (DSC) measurements were carried out on a Perkin Elmer
Diamond DSC under nitrogen atmosphere. The freeze-dried polymer specimens sealed
in aluminum pans were scanned between 30 and 300 °C with heating and cooling rates
of 10 °C-min’!. Fourier transform infrared (FTIR) spectra of the polymers were
recorded on a Nicolet Nexus 6700 spectrophotometer using a single-bounce diamond
attenuated total reflectance (ATR) accessory equipped with a liquid nitrogen cooled
mercury — cadmium — telluride (MCT) detector. 64 interferograms at 4 cm™! resolution

were co-added to generate each spectrum.

5.1.7 Mechanical tests

Uniaxial compression and tensile tests were carried out at 23+2 °C with a Zwick Roell
test machine, model Z0.5 TH, using a 500 N load cell. For the compression tests, cubic
gel specimens with dimensions 3x3x3 mm were prepared by cutting as-prepared and
swollen hydrogels. To ensure a complete contact between the specimen and the plates,

an initial compressive force of 0.01 N was applied before the test. The tests were
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conducted at a strain rate of 0.3 and 1 mm-min~! below and above 15% compression,
respectively. Nominal onom and true oyue stresses (ouue = A onom) Were used in the
calculations, which are the forces acting per unit area of the undeformed and deformed
gel specimens, respectively, and 1 is the deformation ratio. The strain is given by
fractional deformation & which is equal to 1 — A or A - 1, for compression and
elongation, respectively. Compressive fracture stress or was calculated from the
maxima of owe Vs & curves, as detailed previously [52]. Young’s modulus £ was
calculated from the slope of the stress-strain curves between 5 and 15% deformations.
Cyclic compression tests were carried out by compressing the gel specimens at a strain
rate of 1 mm'min! up to a predetermined maximum strain, and then unloading with
the same strain rate to zero strain. These loading and unloading steps were repeated
with a wait time of 1 min between the cycles. Uniaxial tensile tests were conducted
using cylindrical gel specimens of 4.6 mm in diameter and 10+2 mm in length at a

strain rate of 5 mm-min’.

5.2 Results and Discussion

Methacrylated hyaluronic acid (GMHA), silk fibroin (SF), and N, N’-dimethyl
acrylamide (DMA) are the starting materials of the present biocompatible,
biodegradable composite hydrogels (Fig. 5.1). The methacrylation degree of GMHA
was determined as 4, 14, and 25% for the molar ratios of glycidyl methacrylate to
disaccharide repeat units of 6, 24, and 49, respectively. The initial concentrations of
DMA, and SF were fixed at 5.0, and 2.5 w/v %, respectively, while GMHA was used
at 1 and 2 w/v % concentrations with methacrylation degrees (DM) of 4, 14, and 25%.
To highlight the effect of SF, all gelation reactions were also conducted in the absence
of SF. In the following paragraphs, we first discuss gelation mechanism of the reaction
system and then describe the viscoelastic, swelling, and mechanical properties of the
hydrogels by highlighting significant effects of SF and methacrylation degree of HA
on the hydrogel properties.

5.2.1 Gelation

We monitored hydrogel formation by rheometry using oscillatory deformation tests at
an angular frequency  of 6.3 rad s and strain amplitude y, of 1%. Blue symbols in

Figures 5.2a, b show the storage modulus G " and the loss factor tan 6 (= G’’/G’ where
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G’ is the loss modulus) of the reaction solutions, respectively, plotted against the
reaction time. GMHA macromers with three different degrees of methacrylation (DM)
were used in the gel preparation, as indicated in the figure. During the initial period of
the reaction, G’ rapidly increases to around 1 kPa and tan ¢ decreases to around 0.1
followed by a plateau regime where G " and fan J remain almost unchanged. However,
at longer times, G’ starts to increase again and approaches to a second plateau at 10?
kPa. We have to note that, to prevent evaporation of water, the reactions between the
plates of the rheometer could be monitored up to 5 h (Figure 5.2a). Therefore, the
limiting moduli G’» of the hydrogels was estimated by fitting the data of the second
reaction period to the modified Hill equation [42,43,65]:

(5.1)

where 6 and n are constants. The solid red curves in Figure 1a are the best fits of eq
5.1 to the experimental data yielding G’ as 65, 78, and 20 kPa at 4, 14, and 25% DM,
respectively (Figure 5.2¢).
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Figure 5.2 : (a, b): Storage modulus G’ (a) and the loss factor tan J (b) of the
reaction solutions plotted against the reaction time. w = 6.3 rad s™!. y, = 0.01.
Temperature = 50 °C. GMHA = 1 w/v%. Methacrylation degrees (DM) of GMHA
are indicated. Gray symbols represent the data obtained in the absence of silk fibroin.
(¢): Limiting modulus (G '») of the hydrogels with and without SF plotted against
DM.

To explain this unusual two-step gelation profile of the reaction system, we repeated
the measurements on the same reaction solutions but without including silk fibroin
(SF). The results are also shown in Figures 5.3a, 3b by gray triangles. It is seen that,
in the absence of SF, the first reaction period closely matches to that with SF whereas

the second period disappears from the gelation profile, suggesting that the second rise
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in G’ is due to the presence of SF in the reaction system. The final modulus of the
hydrogels without SF shown in Figure 5.2c by the gray symbols is more than one-
order of magnitude smaller than that with SF. The results indicate that the cross-linking
copolymerization of GMHA and DMA during the first reaction period dominates the
viscoelastic properties of the reaction system and produces hydrogels with a modulus
of around 1 kPa, whereas at longer times fibroin gelation dominates their

viscoelasticity by further increasing the modulus to 20-78 kPa.

Previous work shows that gelation of aqueous SF solutions occurs due to the
conformational transition in SF from random-coil or helix to B-sheet structures leading
to the formation of SF hydrogels in which intermolecular B-sheets act as physical
cross-links [97,98]. Because the rate of fibroin gelation is slow as compared to many
proteins gels, one may expect that -sheet structures start to form in the present
reaction system during the second period of the reaction accompanied with a
significant increase in the modulus G’. FTIR technique is a mean to detect
conformational transitions in silk fibroin and to estimate the -sheet contents. Amide
I region of the FTIR spectrum of SF is characterized by a broad peak at around 1640
cm! due to the presence of primarily random-coil and a-helix conformations while

! indicates B-sheet conformation (Figure 5.3)

appearance of a main peak at 1620 cm™
[40,99]. However, PDMA component of the hydrogel also exhibited a peak at 1610
cm! due to C=0 stretching and hence, this technique could not be used to estimate the

content of the B-sheets in the hydrogels (Figure 5.3).
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Figure 5.3 : Amide-I region of FTIR spectra of freeze-dried SF solution (dotted
curve), HA, PDMA, and hydrogels with and without SF.

80



Therefore, the structure of SF in the hydrogels was assessed by XRD measurements.
Figure 5.4a shows typical X-ray profiles of freeze-dried hydrogels with and without
SF together with SF alone. SF exhibits a broad peak from 15 to 28° indicating an
amorphous structure (dotted curve) [96]. To induce B-sheet domains in SF, an aqueous
solution of 2.5 w/v% SF was heated at 50 °C for 2h. The blue curve in Figure 5.4b
represents XRD pattern of this SF solution after freeze-drying. It exhibits diffraction
peaks at 20 values of 11°, 20.5°, and a shoulder at 24° corresponding to crystalline
spacings of 0.80, 0.43, and 0.37 nm, which are typical for Silk II structure [96,100].
Thus, as expected, a conformation transition from random-coil and helix to the 3-sheet
structure occurs after heating SF solution to 50°C. Figure 5.4a also shows that freeze
dried hydrogels exhibit the same peaks while no distinct peaks appear in the XRD
pattern of SF-free hydrogel. Thus, XRD results confirm the formation of [-sheet
structure during the gelation reactions leading to a significant increase in the modulus

of the hydrogels.
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Figure 5.4 : (a): X-ray diffraction of freeze-dried 2.5 w/v % SF solutions before
(dotted curve) and after heating to 50 °C (blue curve), and composite hydrogels with
and without SF. Methacrylation degree DM of GMHA is indicated. (b, c):
Photographs of the hydrogels with (b) and without SF in as-prepared (1) and swollen
states in water (2).

Formation of nano-sized crystalline domains in the hydrogels was also reflected from
their visual appearances. Figures 5.4b, ¢ show images of the hydrogels prepared with
and without silk fibroin, respectively, in as-prepared (1) and equilibrium swollen states
in water (2). As compared to the transparent SF-free hydrogels, those containing SF

are opaque and exhibit a lesser degree of swelling reflecting the effect of -sheets as
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additional cross-links. DSC measurements conducted on freeze-dried hydrogels
showed a broad endothermic peak at around 100 °C due to the loss of moisture
remaining after freeze-drying (Figure 5.5). However, the characteristic peaks of the
gel components SF, GMHA, and PDMA did not appear in the DSC scans of the
hydrogels, and they all start to degrade at around 300 °C (Figure 5.5).
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Figure 5.5 : DSC scans of freeze-dried gel components and composite hydrogels.
The numbers in parentheses are the methacrylation degrees of GMHA.

The following scenario may explain the two-step gelation mechanism of the present
system (Fig. 5.6). After addition of APS/TEMED redox initiator system into the
reaction solution containing GMHA, DMA and SF, primary radicals attack to DMA
monomer to produce growing PDMA chains interconnected by GMHA cross-links
(Fig. 5.6a-c). These reactions result in GMHA-cross-linked hydrogels with a storage
modulus of around 1 kPa (Fig. 5.6c). Because of the slow rate of fibroin gelation,
conformational transition in fibroin starts at longer reaction times leading to a second
rise in the storage modulus due to the increasing number of B-sheets acting as

additional cross-links (Fig. 5.6d).
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Figure 5.6 : Cartoon showing formation of silk-hyaluronic acid hydrogels using
DMA monomer acting as a spacer.

5.2.2 Hydrogel properties

Composite hydrogels after a reaction time of 5 h were subjected to frequency-sweep
tests at 25 °C and at a strain amplitude y, of 1%. Figure 5.7 shows the storage G’ (filled
symbols) and loss moduli G’” (open symbols) of the hydrogels prepared with and
without SF plotted against the angular frequency w. The methacrylation degree of
GMHA is 4 (a), 14 (b), and 25% (c). The hydrogels prepared without SF exhibit typical
behavior of HA hydrogels [65], i.e., at low w, G" attains low values and tan ¢
approaches to 0.01 (not shown in the figures), corresponding elastic, solid-like
behavior. At high w, G" approaches to G' and the gels exhibit a viscous character.
After incorporation of fibroin into the hydrogel network, both moduli become slightly
frequency dependent and no crossover of G’ and G’ occurs. Further, G’ modulus
becomes one-order of magnitude higher than that of SF-free gels highlighting
significant effect of fibroin on the hydrogel properties. The results also show that G’
first increases with increasing DM from 4 to 14% but then decreases with a further
increase in DM to 25%. The decrease of the modulus at 25% DM is also observable in
the gelation profiles (Figure 5.2) which is attributed to the steric effect of chemical

GMHA-cross-links hindering formation of -sheet domains.
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Figure 5.7 : G’ (filled symbols), and G’ (open symbols) of the hydrogels with (blue
circles) and without SF (gray triangles). yo =0.01. GMHA =1 w/v%. DM =4 (a), 14
(b), and 25% (c). Temperature = 25 °C.

After a reaction time of 2 days, hydrogels were subjected to the solubility and swelling
tests in water. All hydrogels with or without SF were insoluble in water with a gel
fraction between 0.85 and 0.98 indicating that GMHA, SF, and PDMA components
are incorporated into the 3D network (Table 5.1). Figure 5.8a shows the degree of
swelling (mrr) of the hydrogels plotted against the methacrylation degree (DM) of
GMHA. As expected from the storage moduli of the hydrogels (Figure 5.2c), those
with SF swell much less than without SF because of the presence of -sheet cross-
links. Further, the higher the DM, the lower is the degree of swelling of the hydrogels
with or without SF, reflecting the effect of the functionality of GMHA cross-linker on
the gel cross-link density. Mechanical properties of the hydrogels were determined by
uniaxial compression and tensile tests. Figures 5.9a, b show compressive stress-strain
curves of the hydrogels prepared using GMHA with different degrees of
methacrylation DM in their as-prepared (a) and swollen states (b). The gray curves are
the data obtained from hydrogels prepared without SF addition. A significant increase
in both stiffness and fracture stress is observable upon incorporation of SF in the gel
network. For instance, at DM = 4%, both Young’s modulus £ and fracture stress or of
as-prepared gels increase from 5 to 5445 kPa and from 0.6 to 4.9 MPa, respectively,
after incorporation of SF in the gel network (Figure 5.10). Simultaneously, the
toughness W calculated from the area under the stress-strain curves up to the fracture

point increases from 19+2 to 32046 kJ m™ after SF addition (Table 5.3).
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Table 5.1 : Compositions, swelling and compressive mechanical properties of the
hydrogels. Standard deviations are shown in the parentheses. They are less than 5%
for mr1 and W, values. Note that for each hydrogel, at least five swelling and
mechanical measurements from different specimens were averaged. (see Table 5.2
for the tensile mechanical properties)

ot/ E/ Yy ot / E/ e
DM GMHA SF = HO . MPa kPa "7  kPa kPa %
% wiv%  wiv% ! % ¢ After equilibrium
As-prepared state swelling
4 1 2.5 2.8 98 092 409 54(5) 94 448(98) 14(1) 78
14 1 2.5 2.2 98 095 34 82(5) 91 323(49) 4109 70
25 1 2.5 1.9 99 096 25 99 (11) 86.6 288(21) 48(3) 70
4 2 2.5 4.7 97  0.87 3 30 (3) 85  224(40) 42(5) 63
14 2 2.5 3.1 97 0.89 1.1 52(4) 77 207(39) 59(5 59
25 2 2.5 2.2 98 0.8 09 81(11) 70 118(19) 99(8) 48
4 1 0 172 98 096 0.6 5 88 85(7) 4 72
14 1 0 9.3 9% 097 04 8 84 51(5) 5 62
25 1 0 53 98 097 04 13(2) 79 26 (6) 11(2) 53
4 2 0 136 99 096 1.2 11(1) 88 31 (3) 6 62
14 2 0 7.1 97 097 0.6 17 (3) 82 79 (3) 13(1) 59
25 2 0 4.5 98 098 04 22(33) 74 57 (4) 18(1) 54

Table 5.2 : Tensile mechanical properties of the hydrogels. Standard deviations are
shown in the parentheses.

DM GMHA SF or / ef W/
% w/v% w/v% kPa % kJm 3
4 1 25 65(5)  44(05) 170 (40)
14 1 25 57(2) 2.9(03) 83(16)
25 I 25 522 21(0.1)  38(8)
4 I 0 3(05) 5405  9(Q2)
14 1 0 4(06) 39(0.1) 8(08)
25 I 0 6(0.7)  32(03) 8(2)
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Figure 5.9 : (a, b): Compressive stress-strain curves of the hydrogels in as-prepared
(a) and water-swollen states (b). GMHA = 1 w/v %. The data of SF-free hydrogels
are shown by the gray solid, short-dash, and long-dash curves corresponding to DM
=4, 14, and 25%, respectively. (c): Tensile stress-strain curves of the hydrogels in
as-prepared state. GMHA = 1 w/v %. (d): Photograph of a hydrogel sample with DM
= 4% during stretching by hand to around 300% stretch ratio.
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Table 5.3 : Toughness (W) of the hydrogels. Standard deviations are shown in the

parentheses.
W/ kJm3
GMHA SF
DM % w/v%  w/v%  As-prepared After equilibrium
state swelling in water
4 1 2.5 320 (6) 42 (2)
14 1 2.5 250 (30) 37 (1)
25 1 2.5 200 (30) 40 (3)
4 2 2.5 166 (17) 26 (6)
14 2 2.5 97 (20) 25 (4)
25 2 2.5 76 (10) 15 (1)
4 1 0 19 (2) 6
14 1 0 17 (2) 4
25 1 0 20 (4) 3(1)
4 2 0 43 (4) 3
14 2 0 32 (5) 7
25 2 0 24 (1) 6

Moreover, increasing the methacrylation degree DM also increases the modulus E of
the hydrogels whereas the fracture stress or and strain ¢f decrease (Figure 5.10). A
similar effect was observed upon increasing GMHA content of the hydrogels (Figure
5.11). Because increasing DM or GMHA concentration also increases the number of
pendant vinyl groups in the reaction system, the chemical cross-link density and hence
the modulus increases but the toughness decreases due to the stress localization in
chemically cross-linked networks under stress [101]. An opposite effect appears upon
incorporation of SF indicating that fibroin molecules interconnected by the B-sheet
domains reduces stress localization and creates energy dissipation mechanism in the
gel network. The results also show that swelling of the hydrogels decreases their
mechanical properties due to the dilution of the network chains. However, they still
exhibit a high modulus (up to 99+8 kPa) in equilibrium with water (Figure 5.10).
Uniaxial tensile tests could only be conducted on as-prepared hydrogels because they
were too slippery after equilibrium swelling in water. Tensile stress-strain curves
shown in Figure 5.9c reveal that highly stretchable hydrogels were obtained at the
lowest methacrylation degree DM of 4%. They sustain up to 3504+50% stretch ratio
under a stress of 7010 kPa (Figure 5.10f). Because silk fibroin hydrogels are usually

brittle in tension, presence of GMHA seems to contribute to the stretchability of the
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composite hydrogels. Comparing tensile behavior of the hydrogels with and without
SF reveals that stretch at break slightly reduces while tensile strength more than one

order of magnitude increases after inclusion of SF in the gel network.
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Figure 5.10 : (a-d): Young’s modulus £ and compressive strength or of the
hydrogels in as-prepared (left panel) and water-swollen states (right panel) plotted
against the methacrylation degree (DM) of GMHA. Gray symbols represent the data
of the hydrogels without SF. (e, f): Tensile strength or and strain ¢r of the hydrogels
with (filled symbols) and without SF (open symbols). GMHA = 1 w/v%.

From the swelling ratios mye of the hydrogels in water together with their Young’s
moduli E, we estimated their effective cross-link densities ve using the theory of

elasticity [49,50]:
E=3v,RT(m,)" (5.2)

where R is the gas constant and 7' is the absolute temperature. Eq (5.2) assumes affine
deformation of the polymer chains in the hydrogels under strain, and equality of the
mass and volume swelling ratios. Figure 5.8b shows the cross-link density ve of the
hydrogels with (filled symbols) and without SF (open symbols) plotted against DM.
Incorporation of SF into the gel network enhances its cross-link density, and the
enhancement effect becomes stronger with increasing degree of methacrylation of
GMHA. For instance, assuming additivity of the cross-links due to the GMHA cross-

links and B-sheets, the contribution of 3-sheets to the cross-link density increases from
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~30 to 60-70% with increasing DM from 4 to 25%. Thus, composite hydrogels exhibit

a hybrid cross-linked structure composed of chemical and physical cross-links.
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Figure 5.11 : Compressive stress-strain curves of the hydrogels with 1 and 2 w/v %
GMHA in as-prepared (a) and water-swollen states (b). DM = 4%. SF =2.5 w/v %.

For a deeper understanding of the nature of intermolecular bonds and the enhanced
mechanical properties due to SF incorporation into the composite hydrogels,
successive cyclic compression tests were conducted on the hydrogels prepared at DM
=4%. The tests consist of a loading step up to a maximum strain emax followed by the
unloading step to zero strain. For an ideal elastic material, stress-strain curve of the
unloading should follow that of the loading because there is no dissipation of the
mechanical energy given to the material. Existence of energy dissipation under strain
is reflected by the deviation between the paths of loading and unloading steps. Figure
5.12a shows five successive compressive cycles up to emax = 80% while Figure 5.12b
shows the same cycles but with successively increasing emax from 40 to 80% in five
steps. The wait time between each cycle for the relaxation of the gel specimens was
fixed at 1 min. For a fixed emax of 80%, the first unloading strongly deviates from the
loading indicating a significant energy dissipation due to the damage in the sample,
i.e., due to the breaking of intermolecular bonds. However, the extent of this deviation
decreases in the following cycles revealing that most of the bonds are broken during

the first loading step.
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Figure 5.12 : Five successive compressive cyclic tests conducted up to a constant
emax Of 80% (a) and with successively increasing emax from 40 to 80% in five steps
(b). Loading curves are indicated by the arrows. DM = 4%. GMHA = 1 w/v %. The
insets show Uhys plotted against the number of cycles (a) and &max (b).

The filled and open symbols in the insets to the figures represent the hysteresis energies
Unys of the hydrogels with and without SF, respectively, calculated from the area
between loading and unloading curves. Note that the hysteresis energy Uhys is directly
related to the total number of bonds broken during compression up to emax [101,102].
As compared to the SF-free hydrogel, a significant hysteresis appears in composite
hydrogel revealing damage of a larger number of B-sheet cross-links of the SF
component (Figure 5.12a). The inset to Figure 5.12b show that the dissipated energy
Unys also increases with increasing maximum strain emax, and the extent of Unys increase
is much larger in the composite hydrogels as compared to the SF-free ones. We
attribute the enhancement in the mechanical properties of the hydrogels upon
incorporation of SF to the energy dissipation of SF network under strain. For instance,
the toughest hydrogel reported so far in the literature are double-network (DN)
hydrogels composed of a brittle first network and ductile second network [33]. The
first network in DN’s breaks into smaller clusters under strain by dissipating energy
whereas the second network keeps the macroscopic gel sample together, leading to
extraordinary mechanical properties. For the present composite hydrogels, -sheet
domains of the brittle SF network break under strain by dissipating energy leading to

improved mechanical properties as compared to the individual SF or HA hydrogels.
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5.3 Conclusions

We presented a novel strategy for the preparation of mechanically robust and
stretchable hydrogels composed of HA and SF components. Composite hydrogels
were synthesized from methacrylated HA (GMHA), SF, and DMA in aqueous
solutions in the presence of APS/TEMED redox initiator system. It was found that in-
situ produced PDMA chains are interconnected by GMHA cross-links whereas SF
undergoes a conformation transition from random coil to [(-sheet structures. A
significant enhancement in the mechanical strength of the hydrogels was observed
upon incorporation of SF due to its $-sheet domains acting as additional physical cross-
links. Cyclic mechanical tests reveal that the damage in SF network under strain leads
to a significant energy dissipation, which is responsible for the improved mechanical
properties of SF/HA hydrogels. A wide range of tunable mechanical and swelling
properties could be achieved by varying the methacrylation degree of GMHA. Because
GMHA, SF, and PDMA exhibit good biocompatibility, the composite hydrogels
presented here are a good candidate as biomaterials in biological and biomedical
applications. Moreover, because HA and SF components were combined in a single
hydrogel material, present results would expand the range of properties and

applications available to HA and SF individually.
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6. MACROPOROUS METHACRYLATED HYALURONIC ACID
CRYOGELS OF HIGH MECHANICAL STRENGTH AND FLOW-
DEPENDENT VISCOELASTICITY?

Hyaluronic acid (HA), a significant component of the extracellular matrix, is a high-
molecular weight natural polysaccharide with a large water holding capacity due to its
polyelectrolyte nature [1]. Although HA attracts significant interest over many years
in soft tissue regeneration due to its excellent lubricating, self-healing, and biological
functions [2,83], easy degradability and weak mechanical behavior of HA limit its
application areas [84,85]. To overcome these limitations, hydrogels based on native or
chemically modified HA have been reported [21,22,32,85]. Several cross-linkers
including ethylene glycol diglycidyl ether (EGDE), glutaraldehyde, and divinyl
sulfone have been used in the preparation of HA hydrogels [9—15]. Alternatively, HA
was first modified to incorporate methacrylate groups to enable cross-linking, and then
polymerized to form HA hydrogels [21-23]. It was shown that the hydrogels based on
both native and methacrylated HA exhibit a good biocompatibility as well as a slow
rate of degradation as compared to the native uncross-linked HA [31]. However, these
hydrogels are generally brittle in nature because of the lack of an effective energy

dissipation in the covalently cross-linked HA network [16,57].

Recently, we have shown that an improvement in the mechanical properties of HA
hydrogels could be achieved when silk fibroin is incorporated into the HA network
that forms -sheet crystallites acting as physical cross-links [103]. Another strategy is
double- or triple-networking of HA hydrogels with ductile network components based
on poly(N,N-dimethylacrylamide) (PDMA) [31,32], a non-cytotoxic polymer for
various applications interfacing with biological systems such as in medicine [104—

108]. Although a mechanical property improvement in the resulting double- or triple-

5 This chapter is based on the paper “Tavsanli, B. and Okay, O. (2020). Macroporous methacrylated
hyaluronic acid cryogels of high mechanical strength and flow-dependent viscoelasticity. Carbohydrate
Polymers, 229, 115458.”
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network HA hydrogels could be achieved, this multi-step synthetic procedure is

lengthy and complicated.

Cryogelation is a simple and versatile technique for the fabrication of macroporous
hydrogels, also called cryogels [20,66,109]. It is also more environmentally friendly
as compared to alternative techniques because water is generally used as the solvent,
and there is no need to use organic solvents as porogens. The principle of this technique
is to carry out the cross-linking reactions of linear polymers in aqueous solutions below
their freezing points. As water freezes, polymer chains rejected from the ice and
concentrated in the unfrozen regions result in the formation of a highly concentrated
solution phase, called cryoconcentration. Thus, cryogelation system at thermal
equilibrium with the surrounding is composed of a concentrated polymer-cross-linker
solution together with the ice template distributed along the system [20]. Cryogelation
leads to the formation of cross-linked polymers even at very low polymer
concentrations due to the fact that the effect of the cryoconcentration commonly
dominates over the reduction in the cross-linking rates at low temperatures. After
cryogelation and melting of ice temple, a 3D polymer network containing macropores

1s obtained.

Physically cross-linked HA cryogels exhibiting a storage modulus of around 100 Pa
were prepared via freeze-thaw induced gelation at a low pH [110]. HA cryogels
sustaining up to around 30 kPa compressive stresses have also been prepared in an
aqueous NaOH solution (pH > 10) of HA at -18 °C using EGDE as a chemical cross-
linker [18]. However, the selection of a NaOH solution as the solvent to conduct the
cross-linking reactions is not appropriate as it promotes the degradation of HA [19,65].
It seems challenging to produce macroporous HA hydrogels and scaffolds with
appropriate mechanical properties to closely mimic mechanical properties of the
extracellular matrix, structural stability, and an effective mechanism of energy

dissipation under strain.

We present here a new cryogelation approach for the fabrication of macroporous HA
cryogels with a wide variety of properties, flow-dependent viscoelasticity
(poroelasticity), complete squeezability, and a high mechanical strength. HA cryogels
were synthesized from methacrylated HA of varying methacrylation degree in aqueous
solutions at -18 °C by free-radical mechanism using a redox initiator system. Our

preliminary experiments showed that methacrylated HA alone could not form water-
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insoluble cryogels likely due to the steric effect of HA molecules. However,
incorporation of a small amount of a vinyl monomer such as N, N-dimethylacrylamide
(DMA) in the feed resulted in a complete gelation at -18 °C. This reveals spacer effect
of PDMA chains interconnecting HA units, as illustrated in Fig. 6.1. As will be seen
below, HA cryogels in swollen state sustain up to 2.6 £ 0.2 MPa compressive stress,
which is around 2 orders of magnitude higher than those obtained by EGDE cross-
linker [18]. HA cryogels confined between parallel plates also exhibit reversible strain-
dependent apparent gel-to-sol transition behavior due to the flowing-out and flowing-
in water through the pores, similar to water squeezing out of a sponge. This flow-
dependent viscoelasticity of HA cryogels, known as poroelasticity [111-113], is
similar to that observed with articular cartilage [114], a low-friction and load bearing
soft tissue, providing the joint with vital biomechanical functions, such as wear
resistance, load bearing, and shock absorption for around a century. Under
compression, the liquid within the cartilage flows out of the tissue through the pores,
as observed in HA cryogels, which produces high frictional resistance and hence
frictional energy dissipation responsible for the viscoelastic behavior of articular
cartilage [114]. Gel-to-sol transition behavior of HA cryogels presented here is also of
great interest in biomaterial and biomedical applications as it protects HA network

from damage under large strain conditions and hence acts as a self-defense mechanism.

——
(a) N 0
( DMAA \L\ (b) L 4
N/\ (o) o ©
7 \ Interconnected HA via DMAA segments 0
meth-HA (oo ow
| L
~o o ) 2O
OH vm\LIEroup |\ o {CL o 0\"\»'“
o ~_:‘ o ‘/_ 0\/—0 o
QIR A e G oy O S
o) o /s( /‘\\ /\
o wo OQ
()} (8}
NH
\ O\‘*J \ 07”&\ o /

Figure 6.1 : DMA and repeat unit of methacrylated HA (GMHA, blue) before (a)
and after interconnecting with DMA segments (red). Note that the reaction between
glycidyl methacrylate and HA to form GMHA proceeds via transesterification and
ring opening routes [21,32]. For the sake of clarity, the chemical structure of GMHA
formed by the former route is shown in (a).
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6.1 Experimental Part

6.1.1 Materials

The sodium salt of hyaluronic acid from Streptococcus equi (HA) with a viscosity
average molecular weight of ~1.2x10° g-mol ! [18], glycidyl methacrylate (GM), N,N-
dimethylacrylamide (DMA), tetrabutylammonium bromide (TBAB), ammonium
persulfate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), all from Sigma-
Aldrich, triethylamine (TEA, Merck), and acetone (Tekkim, Turkey), were used as
received. A stock solution of APS was prepared by pipetting 10 mL distilled water
onto 0.8 g APS and dissolving at 23 £2 °C. HA was methacrylated following a protocol
by Leach et al. [21]. In short, 0.5 g of HA was added into 50 mL distilled water and
stirred overnight for complete dissolution. GM (1 mL), TEA (1 mL), and TBAB (1 g)
were then dissolved in this HA solution to obtain a GM / disaccharide repeat unit molar
ratio of 6. After the reaction at 55 °C, the solution was precipitated in an excess of
acetone and dissolved in distilled water twice. The solution of methacrylated HA
(GMHA) was then freeze-dried for 2 days. Fourier transform infrared (FTIR)
spectroscopy was used to demonstrate the incorporation of methacrylate groups onto
the HA backbone (Figure 6.2). The methacrylation degree of GMHA was determined
from nuclear magnetic resonance (NMR) spectra recorded on a 500 MHz Agilent

VNMR spectrometer, as reported before [21,32] (Figure 6.3).
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Figure 6.2 : FTIR-ATR spectra of native HA, GMHA, and freeze-dried HA cryogel.
GMHA was prepared at a GM/HA molar ratio of 6. DMA content of the cryogel =
0.5 wt %. The spectra were recorded on a Nicolet Nexus 6700 spectrophotometer

using a single-bounce diamond ATR accessory equipped with a liquid nitrogen
cooled mercury—cadmium—telluride (MCT) detector. 64 interferograms at 4 cm™!
resolution were co-added to generate each spectrum.
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The appearance of the peaks at 941 and 1540 cm ™! in the spectrum of GMHA indicates
the presence of the methacrylate carbon-to-carbon double bonds that disappear after

cryogelation indicating incorporation of GMHA into the cryogel network.
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Figure 6.3 : "H NMR spectra of native HA (a) and GMHA prepared at GM/HA
molar ratios of 6 (b), 24 (c), and 49 (d). The region between 5 and 6 ppm is
highlighted in circles. The inset is a zoom-in of the 5.0-5.8 ppm region of the
spectra. The peaks at 5.5 and 5.2 ppm are indicative of methacrylate groups. The
degree of methacrylation was determined by integration of the methyl peak of HA at
1.9 ppm and the methacrylate peaks. The methacrylation degrees are 4, 14, and 25%
for b, c, and d, respectively.

6.1.2 Preparation of cryogels

Methacrylated HA (GMHA) with methacrylation degrees of 4, 14, and 25% was used
in the synthesis of the cryogels. In our experiments, the concentration of GMHA was
set to 1 wt % whereas DMA concentration was varied between 0.5 and 5 wt %.
Typically, to prepare cryogels at 1 wt % DMA, GMHA (0.100 g) was added into 9.8
mL distilled water and gently stirred overnight for complete dissolution. DMA (0.100
g) was then dissolved in this solution under stirring for 30 min. After cooling the
solution to 4 °C under bubbling nitrogen to prevent gelation before freezing at -18 °C,
TEMED (25 puL) and APS stock solution (0.1 ml) were added. The solution was then
poured into 1-mL plastic syringes and cylindrical glass vials of 4.6 and 40 mm in
internal diameters, respectively, that were immersed in a deep freezer at -18 °C and the

cryogelation reactions were conducted for 5 days.
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6.1.3 Quantifying the amount of unfrozen water during cryogelation

Differential scanning calorimetry (DSC) was used to estimate the unfrozen water
content and the true monomer concentration during cryogelation. Reaction solutions
with 1 wt % GMHA and various amounts of DMA were first prepared without addition
of the initiator system to avoid gelation. GMHA/DMA solutions were then poured into
plastic syringes that were placed in a deep freezer at -18 °C for 24 h. Frozen specimens
weighing approximately 20 mg were placed into the DSC pans of Perkin- Elmer
Diamond DSC instrument which were then sealed and weighed. Each pan was cooled
in the DSC to -18 °C, held at this temperature for 2 h, and then heated to 30 °C at a
rate of 1 °C min'!. The mass fraction f,,s of water remaining unfrozen in GMHA/DMA

solution at -18 °C was calculated as:

AH

Jup = 1=22 (6.1)

m

where AH and 4H:, are the melting enthalpies of frozen water in the specimen in kJ

mol!, and of ice (6.01 kJ mol!), respectively.

6.1.4 Characterization of HA cryogels

The measurements of the swelling degrees and gel fractions were performed by
immersing the cryogel specimens of about 1 cm in length in an excess of water at 23
+ 2 °C for 1 week to remove soluble species, followed by freeze-drying (Christ Alpha
2e4 LD-plus) for 2 days. The gel fraction W, that is the mass of water-insoluble HA-
DMA network obtained from one gram of GMHA and DMA was calculated as:

— (6.2)
where ma-, and my represent the masses of the specimens in freeze-dried state and just
after preparation, respectively, C, is the concentration of GMHA and DMA in the

initial reaction solution. The equilibrium swelling ratios of HA cryogels in water by

weight ¢, and volume ¢, were calculated as:

g, == (6.3)
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dry

where may and Dgry are the mass and the diameter of freeze-dried samples,
respectively, and ms and Ds are the same quantities for samples in their equilibrium

swollen states in water.

Rheological measurements were carried out on a Gemini 150 rheometer system
(Bohlin Instruments) equipped with 40 mm parallel plates, a solvent trap filled with
water to avoid water evaporation, and a Peltier device for temperature control. The gap
distance was set to 800-1200 pum depending on the sample thickness. The
measurements were conducted on the cryogels prepared in cylindrical glass vials of 40
mm in internal diameter that were cut into 1.0 = 0.2 mm slices with a razor blade. The
angular frequency o dependences of the storage G’ and loss moduli G’ of the cryogels
were determined at a fixed strain y, of 1% which was within the linear viscoelastic

range of HA cryogels.

The porous structure HA scaffolds was investigated using scanning electron
microscopy (SEM) measurements conducted on a Tescan GAIA 3 Field Emission
SEM. The measurements were performed on freeze-dried gel specimens after sputter-
coating with gold-palladium on a Leica ACE 600 instrument. The average diameter D
of the pores was calculated using ImageJ image processing software (NIH) with data
from 50 pores of at least 10 SEM images of different magnification. The porous
morphology of freeze-dried HA scaffolds was also studied using micro-computed
tomography (u-CT) scanning conducted on a p-CT Skyscan 1272 instrument
(Skyscan, Bruker, Belgium), as detailed before [115]. The following parameters were
used: Voltage = 55 kV, current = 60 pA, pixel resolution = 8 pum, integration time =

70 ms.

Mechanical compression tests were conducted at 23 + 2 °C on a Zwick Roell
instrument using 500 N load cell. An initial compressive force of 0.01 N was applied
before the tests to ensure a complete contact between the specimen and the plates.
Cubic gel specimens with dimensions 3x3x3 mm were used for the measurements. The

I strain rates below and above 15%

tests were carried out at 0.3 and 1 mm-min~
compression, respectively. The nominal stress on..» which is the force per cross-

sectional area of undeformed specimen and the fractional deformation ¢ were recorded.
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Young’s modulus £ was calculated from the 5-15% strain region in the stress—strain
curves. The compressive strength and compression at break were estimated from the
maxima of true stress—strain curves [52] (for details, see the section 6.1.5 and Figure

6.4).

The swelling ratios, gel fractions, and mechanical data reported here are averages of
experiments performed at least in duplicate. They all are collected in Table 6.1 and

expressed as means + SD.

6.1.5 Determination of compressive fracture stress of the cryogels

The compressive fracture stress values of the cryogels were calculated from the
maxima of true stress—strain curves, where the true stress owue is the force per cross-
sectional area of the deformed gel specimen and, assuming isotropic deformation
during compression, it is related to the nominal stress yom by true = A Gnom, Where 4 is
the deformation ratio, i.e., A = 1 —¢. For instance, Figures 6.4a, 6.4b show stress-strain
curves of two cryogel samples as the dependences of the nominal .., (solid black
curves) and true stresses o (dashed blue curves) on the strain ¢. Although the
nominal stress ouom continuously increases with increasing strain up to around
complete compression, the corresponding g — ¢ plots pass through maxima at 96-
99% compressions. This behavior is a result of the gel samples with microscopic
cracks still supporting the stress and nonisotropic deformation of gel samples under
large strain. Therefore, the fracture nominal stress of and strain ¢r at failure were
calculated from the maxima in o — € plots, as indicated by the red arrows in the
figures. The corrected g.om — € plots are shown in the figures by thick black curves.
Thus, for the samples in Figures 6.4a and 6.4b, the fracture stresses of are 3.6 and 2.5

MPa, respectively.
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Figure 6.4 : Typical stress-strain curves of cryogels under compression as the
dependences of nominal g, (solid black curves) and true stresses g, (dashed blue
curves) on the strain ¢. The thick black curves are corrected c,0m — € plots. (a):
Freeze-dried HA cryogel formed at 4% Meth and 5 wt %. DMA. (b): Swollen HA
cryogel formed at 4% Meth and 0.5 wt % DMA.

6.2 Results and Discussion

Hyaluronic acid (HA) cryogels were fabricated from methacrylated HA (GMHA) in
aqueous solutions at -18 °C using APS-TEMED redox initiator system. GMHA with
3 different methacrylation degrees, namely 4, 14, and 25 % was used at a fixed
concentration of 1 wt %. Because HA and its disaccharide repeating units have
molecular weights of 1.2x10° and 416.2 g mol™!, respectively, increasing the degree of
methacrylation from 4 to 25% also increases the average number of pendant vinyl
groups per HA chain from 115 to 720 and hence, increases its cross-linking
functionality. Preliminary experiments conducted at various subzero temperatures and
initiator concentrations showed no gel formation when GMHA was used alone in the
cryogelation, which we attribute to the steric hindrance of HA molecules restricting
the cross-linking reactions. However, incorporation of a small amount of a spacer such
as N, N-dimethylacrylamide (DMA) into the monomer feed resulted in complete
gelation. It is likely that GMHA acts as a multifunctional macro-cross-linker during
the free- radical polymerization of DMA (Fig. 6.1). We selected DMA for the present
research because poly(DMA) (PDMA) is a biocompatible polymer with several
attractive properties [31,67,102,104—108]. Moreover, previous work shows that the
redox-initiated polymerization of DMA without a chemical cross-linker in a

moderately frozen aqueous medium leads to the formation of water-insoluble cryogels
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[116]. Although the cross-link density of the resulting cryogels is low, the self-cross-
linking ability of DMA may further contribute to the elasticity of the present HA
cryogels. To highlight the effect of DMA on the cryogel properties, its concentration
in the reaction solution was varied from 0.5 up to 5 wt %, above which no gel could

be obtained.

6.2.1 Swelling behavior, squeezability, and flow-dependent viscoelasticity

After the cryogelation reactions, the reaction components GMHA and DMA were
completely incorporated into the cryogel network, as evidenced by the gel fraction
tests (Table 6.1). Figure 6.5a shows the equilibrium weight ¢, (filled symbols) and
volume swelling ratios ¢, (open symbols) of HA cryogels with various DMA contents
in water as a function of the methacrylation degree (Meth) of HA. HA cryogels have
a large degree of swelling by weight g, varying between 22 and 140, that decreases
with increasing DMA content or Meth of HA. In contrast, the swelling ratio by volume
qv 1s 20- to 100- times smaller than ¢,, and almost independent of DMA content and
methacrylation degree of HA (Table 6.1, Figure 6.6). For instance, Figure 6.5b shows
images of a cryogel specimen formed at 5 wt % DMA and 25% Meth after preparation
(image 1), after freeze-drying (image 2), and after swelling equilibrium in water
colored with a dye (image 3). Although the volume change of the cryogel is negligible
after swelling (¢, = 1.06+£0.02), its mass 22-fold increases after swelling suggesting
filling of the micro-voids in the cryogel with water without changing its volume. This
is an indirect indication of the existence of a 3D open pore structure in HA cryogels,

as will be detailed in the next section.

Another feature of water-swollen HA cryogels is that they can almost completely and
reversibly be squeezed under force without any damage. This behavior is illustrated in
Figure 6.5¢c showing the images of a swollen cryogel specimen in water colored with
crystal violet. Compressing the specimen under load up to 90% strain squeezes out
water from the cryogel network (down arrows in the images), whereas upon unloading,
water released from the network is sucked back immediately and hence, the specimen
autonomously recovers its original shape (up arrows). These cycles composed of
squeezing followed by autonomic reswelling steps could be repeated 20 times without

a change in the weight swelling ratio g, of the cryogels and it remained at 22 + 2. In
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contrast to HA cryogels, the corresponding HA hydrogels prepared at 23 + 2 °C were

not squeezable and they all fractured at around 60% compression (Figure 6.7).
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Figure 6.5 : (a): Equilibrium weight ¢, (filled symbols) and volume swelling ratios
g» (open symbols) of HA cryogels in water shown as a function of the methacrylation
degree (Meth) of HA. DMA contents are indicated. Most of the error bars showing
standard deviations of experiments performed at least duplicate are smaller than the
size of the symbols. (b): Cryogel images after preparation (1), after freeze-drying (2),
and after swelling equilibrium in water that was colored before with crystal violet.
DMA = 5 wt %. Meth = 25%. (c): Cryogel images under loading up to 90% strain
and then unloading, indicated by down and up arrows, respectively. DMA =5 wt %.
Meth = 25%. (d): Porosity P of the cryogels plotted against Meth %. Symbol
explanations are displayed in Figure 6.5a.

To measure the fatigue resistance properties of the cryogels, they were subjected to
cyclic compression tests at a constant strain rate of 1 mm-min~!. The samples were
first compressed up to a maximum strain of 90% and then unloaded to zero strain. This
loading-unloading cycle was repeated 20 times with a waiting time of 1 min between
the cycles. It was found that each loading or unloading curve follows the previous one
indicating that the cycles are reversible and the cryogels are self- recoverable (Figure

S5). Indeed, the area between the loading and unloading curves, i.e., the hysteresis
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energy Uhys is almost independent on the number of cycles and equals to 2.14+0.3 kJ-m"
3 (Figure 6.8). Because Uhys is the dissipated energy during the cyclic loading [117],
this indicates recovery of the virgin microstructure of the cryogels during the wait time
between the cycles. Thus, self- recoverability of the cryogels reveals a high fatigue

resistance against successive loadings.
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Figure 6.6 : Equilibrium volume swelling ratio qv of HA cryogels in water shown as
a function of Meth of HA. DMA contents are indicated.
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Figure 6.7 : Stress-strain curves of swollen HA cryogels (blue curves) and the
corresponding hydrogels prepared at 23+2 °C (black curves). The insets are zoom-in
of low strain region. Meth of HA = 14 (a) and 25% (b). DMA wt % indicated.

Squeezability of HA cryogels as demonstrated in Figure 6.5c reveals reversible flow-
out and flow-in of water through the pores under high and low strain, respectively.
Thus, if the strain is applied to a cryogel specimen confined between the parallel plates
of a rheometer, one may expect that the flow-out water will surround the specimen
providing its liquid-like response to the stress whereas upon reducing the applied
strain, flow-in water will recover its gel-like response [118]. In order to verify this for

HA cryogels, cyclic strain-sweep tests were carried out between 1 and 1000% strains
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(7o) at a fixed frequency w of 6.3 rad s™'. Figure 6.9 shows y,-dependent variations of
the storage modulus G’ (filled symbols), loss modulus G’ (open symbols), and the
loss factor tan 6 (= G’’/G’, lines) of a cryogel specimen formed at 5 wt % DMA and
25% Meth. Results of up and down strain sweep tests are shown by circles and
triangles, respectively. It is seen that G’ starts to dominate over G, i.e., an apparent
gel-to-sol transition takes place at ~20% strain above which the cryogel behaves as a
low density liquid. The cryogel regain its initial viscoelastic properties after reducing
the strain back to 1%, revealing the reversibility of the solid to liquid-like transition
(Figure 6.9). Similar results were also observed for all cryogels formed at various
DMA contents and Meth %. This behavior thus verifies the effect of flowing-out and
flowing-in water on the viscoelastic response of the cryogels. It is worth to mention
that this gel-to-sol transition is only an apparent transition because the gel network
remains intact under strain while the rheometer measures the response of the flowing-
out water surrounding the gel. The observed poroelastic behavior associated with the
flowing-out and flowing-in water is similar to that of articular cartilage, as detailed in
the introduction [114,119—-121]. This behavior is also of great interest in biomaterial
and biomedical applications as it protects the HA network from damage under large

strain conditions and hence increases its lifetime.
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Figure 6.8 : 20 successive loading and unloading cycles conducted on a cryogel
specimen prepared at 4% Meth and 0.5 wt % DMA. Strain rate = | mm-min!' . The
loading and unloading curves are shown by the solid and dotted curves, respectively.
The inset shows the hysteresis energy Unys, 1.€., the area between the loading and
unloading curves plotted against the number of cycles.
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Figure 6.9 : Storage modulus G’ (filled symbols), loss modulus G’ (open symbols),
and loss factor tan ¢ of a cryogel specimen formed at 5 wt % DMA and 25% Meth as
a function of strain y,. @ = 6.3 rad-s™!. Dynamic moduli data of up and down strain
sweep tests are shown by the circles and triangles, while tan ¢ data are shown by the
solid and dashed lines, respectively. Temperature = 25 °C.

6.2.2 Porous structure and cryoconcentration effect

Because swelling of a cross-linked HA by volume results in the expansion of HA
network in water due to the attractive HA—water interactions, while swelling by weight
additionally involves pore filling with water and thereby mass increase, one may

estimate the total open porosity P from the difference between ¢, and ¢, by:

q 2
v x10 6.5)
1 + (qw - l)dZ/dl J

P%:(l—

where di and d> are densities of water (1.0 g'mL™') and HA/PDMA (1.8 g-mL™),
respectively [122]. Figure 6.5d showing the Meth-dependence of P reveals that all
cryogels have 97- 99% porosities. The lower the DMA content or the methacrylation
degree of HA, the higher is the porosity of the cryogels and it becomes 99.5% at 0.5
wt % DMA and 4% Meth (Table 6.1). The porous structure of the cryogels was
investigated using destructive SEM and nondestructive p-CT techniques. SEM
provides a higher magnification and thus a greater accuracy in the size determination
of the pores than u-CT. We have to note that all the samples were freeze-dried before
subjecting to SEM and p-CT measurements. Although the cryogels exhibit a high
weight-swelling ratio due to the filling of the pores with water, their volume swelling

ratios are close to unity, 1.11 + 0.07 (Table 6.1), revealing that they do not expand or
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shrink significantly during swelling or freeze-drying, respectively. Therefore, the
change in the porous morphology after freeze-drying is expected to be negligible.
Figures 6.10a, b show typical 2D and 3D u-CT images of the cryogels synthesized at
1 and 5 wt % DMA, respectively, and at a fixed methacrylation degree of 14%. HA
cryogel with 1 wt % DMA has a larger pore area (black) as compared to that with 5 wt
% DMA, which is in accord with Figure 6.5d. Moreover, no noticeable effect of Meth
on the porous structure of the cryogels was observed from 2D and 3D p-CT images
(Figure 6.11). An important requirement for macroporous polymers in many
application areas is the presence of interconnecting pores. u-CT showed the absence

of closed pores in all samples and thus, the cryogels have an interconnected open pore

structure.
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Figure 6.10 : 2D and 3D p-CT images of cryogels formed at 1 (a) and 5 wt % DMA
(b). Scale bars are 0.5 mm. Meth = 14%. (¢): Pore diameters D estimated from p-CT
(open triangles) and SEM (filled circles) of cryogels plotted against DMA wt %.
Meth = 4%.

Figure 6.12 presents typical SEM images of HA cryogels prepared at DMA contents
between 0.5 and 5 wt % as indicated. Scale bars are 500 and 200 um in the upper and
bottom panel, respectively. The structure consists of pm-sized irregular pores whose
sizes decrease while the pore walls become thicker as the DMA content is increased.
Similar to u-CT results, no effect of Meth on the porous structure of the cryogels was

observable from the SEM images. Figure 6.10c shows the pore diameters estimated by

analyzing pu-CT and SEM images of the cryogels prepared at various DMA contents.
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Table 6.1 : Gel fraction W, water content H2O %, weight gw and volume swelling ratios gv, total porosity P, fracture stress of, and Young’s
modulus E of HA cryogels.?

or/ MPa E /kPa or/ MPa E /kPa
Meth % DMA wt% Wy H>0 % qw qv P%
Dry State Swollen State

4 0.5 0.99 o8 140 (6) 1.25 99.5 0.3 8(3) 2.6 (0.2) 0.32 (0.07)
14 0.5 0.99 99 117 (4) 1.19 99.4 0.2 15 (5) 2.3 (0.7) 0.39 (0.04)
25 0.5 1.00 99 91 (8) 1.14 99.3 0.17 21 1.5 (0.2) 0.56 (0.2)
4 1 1.00 99 83 (7) 1.14 99.2 0.54 24 (3) 2.5 (0.2) 0.59 (0.2)
14 1 0.98 98 66 (6) 1.08 99.1 0.48 34 (6) 1.9 (0.2) 0.67 (0.2)
25 1 1.00 98 60 (8) 1.04 99.0 0.27 46 (5) 1.8 0.67 (0.02)
4 2 0.99 98 54 (3) 1.15 99,8 1.6 (0.4) 50 (10) 1.1 (0.1) 0.6
14 2 0.97 98 41 (3) 1.12 98.5 1.3 61 (18) 1.0 0.7 (0.1)
25 2 1.00 97 39 (1) 1.09 98.5 0.9 (0.1) 121 (26) 0.6 (0.1) 1.1 (0.2)
4 5 0.98 96 26 (2) 1.03 97.8 3.6 (0.6) 128 (22) 0.5 1.3(0.3)
14 5 0.94 95 22 (2) 1.04 97.3 2.9(0.6) 240 (8) 0.3 1.6 (0.8)
25 5 0.87 95 22 (2) 1.06 97.2 2.4(0.2) 370 (70) 0.2 3.38(0.1)

2 Standard deviations are given in parenthesis while for H20 %, Wg, and qv, they are less than 0.2, 5, and 5%, respectively.

108



Figure 6.11 : 2D (left) and 3D p-CT images (right) of cryogels formed 5 wt % DMA
and at various Meth of HA as indicated. Scale bars are 0.5 mm.

We have to note that, because the pixel resolution of u-CT is 8 um, the precision in

estimating the pore diameters using u-CT is lower than that of SEM. Above 0.5 wt %
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DMA, both images give similar diameters D, e.g., it decreases from around 150 to 90
um as DMA content is increased from 0.5 to 5 wt %. Simultaneously, the total porosity
decreases from 94 to 88% whereas the thickness of the pore walls increases from 17
to 23 pm. At the lowest DMA content of 0.5 wt %, SEM images show existence of
182 + 42 pm pores in diameter whereas p-CT analysis gives polydisperse pores of 147
+ 138 um in diameter together with large pores of around 0.7 mm forming 11% of the

total pore volume. It is likely that some of the pores collapse during drying due to the

low polymer content of the cryogels formed at 0.5 wt % DMA.

Det: SE 200 pm. ‘ View: Det: SE 200 pm. ‘ View! zwun‘ : 830 pm. Det: SE 200 pm. m
Date(ty): 032519 wonrre O “sem Date(may): 03251 e 0 s wonirex| 0] semmaG: 250 x |oste(miay): 032519 ek

Figure 6.12 : SEM images of HA cryogels prepared at different amounts of DMA.
Scaling bars are 500 (top row) and 200 um (bottom row). Meth = 4 %.

The results thus reveal decreasing porosity and average pore diameter with increasing
amount of DMA during cryogelation. The experimental findings can be explained with
the actual concentrations of GMHA and DMA in the unfrozen regions as well as the
total volume of ice during cryogelation. To determine these parameters, we performed
DSC analysis on reaction mixtures which were thermally equilibrated at -18 °C. Figure
6.13a shows DSC scans from -18 to 30 °C of the mixtures containing 1 wt % GMHA
and various amounts of DMA. The endothermic melting peak moves to lower
temperatures and the peak area becomes smaller with increasing amount of DMA wt
%, indicating decreasing the melting temperature Tr, and the amount of ice at -18 °C.
For instance, Tr calculated from the onset temperature decreases from -1.9 to -8.5 °C
as DMA content is increased from 0.5 to 10 wt % DMA. Figure 5b shows the fraction
funr of unfrozen water during cryogelation at -18 °C as a function of DMA wt %. funris
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around 4% at 0.5 wt % DMA, i.e., 96% of water is frozen during cryogelation and
hence, acts as a template, whereas f,,srapidly increases and becomes 17 + 3 % at 5 wt
% DMA. Further increase of DMA content to 10 wt % results in 46 = 6 % unfrozen

water. As mentioned above, no gelation was observed at DMA contents above 5 wt %.
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Figure 6.13 : DSC scans of frozen GMHA/DMA solutions at various DMA
concentrations as indicated. GMHA = 1 wt %. Heating rate = 1 °C min’!. (b): The
fraction f..s of unfrozen water at -18 °C shown as a function of DMA wt %. (c): The
concentration ratio Cire / Cnom (circles) and ice volume Vice (triangles) shown as a
function of DMA wt %.

The true concentrations Ciyue of GMHA and DMA in the unfrozen regions, and the ice

volume Vice per gram dry cryogel were estimated using the equations:

10°C
C — nom 6.6
true C + (1_ C )funf ( )

nom nom

_ (I_Cnnm)(l_funf) (67)

I/ive
dl Cnom

where d; is the ice density at -18 °C (0.995 g mL'), and Cnom is the nominal
concentration, which is 1 wt % for GMHA and 0.5 to 10 wt. % for DMA. In Figure
6.13c, the concentration ratio Ciue/ Crom (circles) and the ice volume Vic. (triangles) are
shown as a function of DMA wt %. It is seen that the lower the DMA concentration,
the higher is the Ciue/Crom ratio, i.e, the extent of cryoconcentration. For instance, at
0.5 wt % DMA, the Cirue/Crom ratio is around 22 indicating 22-fold increase of DMA
concentration under cryogelation condition as compared to the initial concentration.
Increasing DMA content decreases the cryoconcentration effect and the Ciue/Co ratio
reduces to 4.4 and 2 at 5 and 10 wt % DMA, respectively. This means that the true

concentration Cyue approaches to a limiting value of 20 wt % at Co > 5 wt % revealing
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formation of a saturated GMHA solution that remains unfrozen at -18 °C. The fact that
no cryogel could be obtained above 5 wt % DMA can thus be explained with
decreasing extent of cryoconcentration. Thus, at high DMA contents, reduced
polymerization rates at - 18 °C dominates over the cryoconcentration effect hindering
the occurrence of the polymerization reactions of DMA. Figure 6.13c presenting the
ice volume Vice in the cryogels reveals continuous decrease of Viee with increasing
DMA % which is due to simultaneous decreasing water content and in accord with the

experimental results.

6.2.3 Viscoelastic and mechanical properties

Viscoelastic nature of HA cryogels was studied by rheological measurements at a
strain y, of 0.01, which is in the linear viscoelastic region for all cryogels. Figures
6.14a shows frequency @ dependences of the storage modulus G’ and loss factor tan
0 of HA cryogels prepared at a methacrylation degree of 4% and at various DMA
contents as indicated. Both G’ and tan ¢ are nearly independent of the frequency @
below 1 rad-s™! whereas frequency dependencies appear with increasing @ for high
DMA content. The storage modulus increases with increasing DMA wt % or
methacrylation degree Meth of HA, reflecting increasing effective cross-link density
of the cryogels (Figure 6.14b). For instance, at Meth = 25%, G " measured at w = 0.63
rad-s™! increases from 0.6 to 5.5 kPa with increased DMA content from 0.5 to 5 wt %.
Moreover, the loss factor tan J is above 0.1 for all cryogels which is typical for gels
with a large extent of energy dissipation under force. This energy dissipation can be
attributed to the flowing- out and flowing-in water through the porous network under
a pressure gradient due to applied strain, producing frictional resistance and hence

frictional energy dissipation, as discussed above (Figure 6.9).
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Figure 6.14 : Frequency dependences of the storage modulus G’ and loss factor tan
o (b) of HA cryogels. Meth = 4%. y, = 0.01. DMA contents are indicated. (b):
Variation of G’ at @ = 0.63 rad s'! with the methacrylation degree Meth of HA.

Mechanical properties of HA cryogels were investigated by uniaxial compression tests
in their freeze- dried and swollen states at 23 + 2 °C. Figures 6.15a, b show typical
stress-strain curves of freeze-dried (a) and swollen cryogels (b) prepared at 4% Meth
and various DMA concentrations as indicated in the figures. To highlight the low strain
region, the same curves over the whole range of strain are given in the insets in a semi-
logarithmic scale. The stress-strain curves of dry cryogels are initially quite linear
indicating elastic behavior but then, they exhibit a near-plateau regime where the
samples are easily compressed. Finally, a steep increase in stress at strains above 80%
is observed. The existence of a plateau regime in the stress-strain curves of dry
cryogels indicates disruption of the pore structure in the cryogel networks. Thus, the
steep increase in stress in the last region of the stress-strain curves reveals vanishing
of the pores and thus, non-porous HA network is compressed in this region. The
plateau stress increases with increasing DMA wt % suggesting that the pore walls
forming the 3D network structure become mechanically stronger at high DMA
contents. For example, it increases by one-order of magnitude with increasing DMA
content from 0.5 to 5 w/v %. In contrast, cryogels in swollen state exhibit no plateau
region and very low modulus £, which is in the same range of that reported before for
EGDE-cross-linked cryogels [18,19]. We attribute the disappearance of the plateau
regime and the lowering modulus to the squeezability of the cryogels under strain

(Figures 6.5c¢).
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Figure 6.15 : Stress-strain curves (between 55 and 100% strain) of HA cryogels
prepared at various DMA contents after freeze-drying (a) and after equilibrium
swelling in water (b). Meth = 4%. The insets show semi-logarithmic plots over the
whole range of strain.

Moreover, the stress-strain curves of swollen cryogels up to around 80% strain follow
a similar path to those reported before for EGDE-cross-linked cryogels [18]. However,
the latter cryogels rupture above 80% strain whereas our cryogels sustain up to around
99% strain. The stability of the present cryogels under large strain conditions indicate
their high toughness due to the energy dissipation mechanism created in the gel
network. For instance, the area under the curve up to the fracture point corresponding
to the energy to break (toughness) is calculated as 3.4 kJ-m™ for the EGDE-cross-
linked cryogels [18], whereas for the cryogels shown in Figure 6.15B, it is between
17-75 kJ'm™, i.e., 5 to 22 times higher than that of the former cryogels. Figure 6.16a
showing Young’s modulus E of the cryogels reveals that E increases with increasing
DMA content or methacrylation degree of HA. At Meth = 25% and 5 wt % DMA, the
modulus E of freeze-dried cryogels becomes 370 + 70 kPa which is around 50-fold
higher than E of dry cryogel formed at 4% Meth and 0.5 wt % DMA (8 + 3 kPa, Table
6.1). Figure 6.15 also shows 94 to 97% compressibility of all cryogels in dry or wet
states without any damage. An interesting feature is that the fracture stress or of freeze-
dried cryogels increases with increasing DMA content (left panel in Figure 6.16b),
whereas a reverse behavior appears for swollen cryogels (right panel). For instance,
the maximum fracture stresses or for freeze-dried and swollen cryogels are 3.6 and 2.6

MPa recorded at 5 and 0.5 wt % DMA, respectively (Figure 6.16b, Table 6.1).
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Figure 6.16 : Young’s modulus E of freeze-dried (filled symbols) and swollen HA
cryogels (open symbols) plotted against Meth %. (b): Meth-dependence of the
compressive fracture stress or of freeze-dried (left panel) and swollen cryogels (right
panel). DMA contents are indicated.

Another characteristic feature is that swollen cryogels with less than 2 wt % DMA are
mechanically stronger than in their dried states. To highlight this behavior, Figures
6.17 and 18 compare stress-strain curves of freeze-dried (solid line) and swollen
cryogels (dashed curves) below and above 2 wt % DMA. At 1 wt % DMA, cryogels
in swollen state are around 5-fold stronger than in their dried states, i.e., of = 2.5 vs
0.54 MPa, respectively (Table 6.1). At 5 wt % DMA, however, the expected behavior
appears in that freeze-dried cryogels are stronger than swollen ones, i.e., or = 3.6 vs
0.49 MPa, respectively. How is it possible that easily squeezable swollen cryogels
exhibit higher compressive fracture stress and strain than in their dried states? To
explain this observation, we calculated the water content of swollen cryogels
depending on the applied strain. At 5 wt % DMA, water content 4y, of hydrated cryogel
under 99% compression was 0.18 £+ 0.02 whereas at 1 wt % DMA, Ay, under the same
compression increased to 0.41 + 0.03. Previous work shows that at 4w < 0.17, only
bound water exists in hydrated HA and hence, there is no free water molecules acting
as plasticizer [123]. Thus, higher mechanical strength of swollen HA cryogels formed
at a low DMA content is likely due to the plasticizer effect of free, unbound water

improving their large strain properties, which is absent at high DMA contents.
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6.2.4 Conclusions

We presented a new cryogelation approach for the fabrication of macroporous HA
cryogels with a variety of properties, flow-dependent viscoelasticity, complete
squeezability, and a high mechanical strength. HA cryogels were synthesized from 1
wt % methacrylated HA of various methacrylation degrees in aqueous solutions at -18
°C by free-radical mechanism using in situ prepared PDMA chains as a spacer between
0.5 and 5 wt %. The porous structure of the cryogels investigated by SEM and p- CT
reveals consists of an interconnected open pore structure. It was found that the total
open porosity and the average pore diameter decrease from 99 to 90% and from 150
to 90 um, respectively, with increasing amount of PDMA. These findings could be
explained with the actual concentrations of HA and DMA as well as the volume of ice
during cryogelation. HA cryogels in swollen state sustain up to 2.6 £ 0.2 MPa
compressive stress, which is around 2 orders of magnitude higher than those obtained
by chemical cross-linking of native HA. This high compressive stiffness originates
from the flow of pore water out of the cryogel phase under compression. HA cryogels
confined between parallel plates also exhibit reversible strain-dependent apparent gel-
to-sol transition behavior due to the flowing-out and flowing-in water through the
pores, similar to water squeezing out of a sponge. This flow-dependent viscoelasticity
of HA cryogels is similar to that observed with articular cartilage, and produces
frictional resistance and hence frictional energy dissipation mechanism in HA
cryogels. Such an apparent gel-to- sol transition behavior of HA cryogels is also of
great interest in biomaterial and biomedical applications as it protects HA network
from damage under large strain conditions and hence act as a self-defense mechanism.
It was also found that swollen HA cryogels prepared at a low PDMA content are
mechanically stronger than in their freeze-dried states, which we attribute to the

plasticizer effect of free, unbound water improving their large strain properties.
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7. CONCLUSIONS

In the current thesis, we focused on synthesizing and improving the mechanical
performances of HA-based hydrogels. Firstly, DN hydrogels are prepared starting
from native HA and DMA as the first and second network components, respectively.
After successful methacrylation of HA with glycidyl methacrylate, HA/PDMA/PDMA
triple-network hydrogels could also be prepared. By taking the advantage of GMHA
as being a multi-functional cross-linker, one-pot synthesis method of HA hydrogels
was introduced. DMA or MAAc, and DMA and SF were incorporated separately into
a reaction solution containing GMHA and then polymerized to produce HA hydrogels.
Lastly, robust macroporous HA cryogels were successfully obtained starting from
GMHA in the presence of a small amount of DMA as a spacer by using the
cryogelation technique conducted at sub-zero temperatures. The thesis presented here
produced five publications, mainly based on fabricating mechanically strong HA
hydrogels, which are summarized in five sections as given below. They are classified
according to their synthesis methods and named in agreement with IUPAC
nomenclature recommendation [124]. Synthesis parameters of the hydrogels with the

highest mechanical strength were given in each section.

Sequential polymerization (DN and TN):
1) (net-HA)-ipn-[(net-(poly(DMA)]

SN hydrogels: C; =0.08 g.mL"! HA ; 7.1 w/v% EDGE.

DN hydrogels: C> = 0.,30 gmL! ; %0.05 BAAm by mole; w., = 49.
2) (net-HA)-ipn-[(net-(poly(DMA)] -ipn-[(net-(poly(DMA)]

SN hydrogels: C; = 0.01 gmL"! GMHA; DM = %4.

DN hydrogels: C2 = 0.30 gmL"! ; %0.05 BAAm by mole ; w, = 29.

TN hydrogels: C3 = 0.30 gmL"! ; %0.05 BAAm by mole; w.., = 106.
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One-pot synthesis:
3) (net-HA)-ipn-[(net-(poly(DMA)]

1st component: C; = 0.01 g.mL"! GMHA ; DM = %8

2nd component: C, = 0.30 g.mL"! MAAc.
4) (net-HA)-ipn-(net-SF)-ipn-[(net-(poly(DMA)]

1st component: C; = 0.01 g.mL"! GMHA ; DM = %4
2nd component: C2 = 0.025 g.mL"! SF.

3rd component: C3 = 0.05 g.mL"' DMA

Cryogelation:

5) (net-HA)-ipn-[(net-(poly(DMA)]

1st component: C; = 0.01 g.mL"! GMHA ; DM = %4

2nd comp.: C2 =0.05 and 0.005 g.mL"' DMA for dry and swollen state, respectively.

In the first part of the thesis, DN hydrogels based on HA and PDMA were prepared
by utilizing a two-step process. Primarily, HA was chemically cross-linked in aqueous
solutions using ethylene glycol diglycidyl ether (EDGE) and the gelation reactions
were monitored by rheological measurements. First-network hydrogels containing 97-
99% water were fragile and ruptured when compressed to 25-51% strain under 0.02-
0.15 MPa stresses. By applying the double-network approach in the second step, DN
hydrogels bearing high strength and containing 84-94% water were generated.
Adjusting the first and second network components ratio resulted in hydrogels that
exhibit a compressive modulus of 0.9 MPa that sustain 19.4 MPa compressive stresses.
It was proven that internal fracture of the HA first network under a low strain together
with the high mass ratio of the second to the first-network components are responsible
for the high mechanical properties. Cyclic mechanical tests also exhibited irreversible
stress-strain curves with a large hysteresis, indicating that elastically effective cross-

links of HA first-network are irreversibly destroyed under load by dissipating energy.

In the second part of the thesis, DN and TN hydrogels based on GMHA and DMA
were prepared by sequential free radical photopolymerizations. GMHA macromers
were prepared by methacrylation of HA using different ratios of glycidyl methacrylate,
and the methacrylation degrees of the products were characterized by the 'H-NMR
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technique. GMHA macromers of various methacrylation degrees were
photopolymerized to obtain SN hydrogels. SN hydrogels can sustain up to 40%
compression and break at a stress of 0.02 — 0.05 MPa. By tuning the methacrylation
degree of HA, DN hydrogels with fracture stress above 10 MPa and a fracture strain
of 96% were obtained. Triple-networking of DN hydrogels further increases the ratio
of ductile/brittle components, and thus produces mechanically strong
HA/PDMA/PDMA TN hydrogels. TN hydrogels contain 81-91% water and sustain
compressive stresses above 20 MPa and Young’s modulus of up to 1 MPa. Cyclic
mechanical tests showed that, although TN hydrogels internally fracture even under
small strain, the ductile components hinder macroscopic crack propagation by keeping

the macroscopic gel samples together.

In the third part of the study, a simple one-pot synthesis of HA hydrogels via free-
radical copolymerization of GMHA and DMA in aqueous solutions were introduced.
Gelation profiles of the reaction systems were obtained by rheometry using oscillatory
deformation tests. It was found that GMHA acts as a multifunctional cross-linker
during its copolymerization with DMA. Moreover, the effective functionality of
GMHA increased both with the methacrylation degree of HA, and DMA
concentration. Hydrogels prepared at 30 w/v % DMA sustain above 600% elongation
ratios, and exhibit a tensile strength and compressive stress up to 111 kPa and 11 MPa,
respectively. A significant improvement in the mechanical performance of the
hydrogels was observed when DMA is replaced with methacrylic acid (MAAc)
monomer. When MAAc is used in the gel preparation, hydrogels with a Young’s
modulus of around 200 kPa could be prepared that sustain up to 20 MPa stresses at

96% compression.

In the fourth part, mechanically robust and stretchable SF/HA hydrogels were prepared
from GMHA, SF and DMA in aqueous solutions in the presence of a radical initiator.
It was found that DMA acts as a spacer to connect GMHA’s through their pendant
vinyl groups. Rheological measurements showed that SF/HA hydrogels form in two
steps: In the first step, copolymerization reactions between GMHA and DMA lead to
the formation of a loosely cross-linked network. In the second step, fibroin gelation
takes place due to the conformational transition in SF from random coil to -sheet
structures. XRD measurements confirmed the formation of -sheet structure leading

to a significant enhancement in the mechanical strengths of HA hydrogels. After
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incorporating SF into the gel network, Young’s modulus and fracture stress of the as-
prepared hydrogels increased markedly from 5 to 54 kPa and from 0.6 to 4.9 MPa,
respectively. Despite the fact that SF hydrogels are generally brittle in tension, the
materials prepared in this part of the thesis could sustain up to 400% stretch ratio under
a stress of 80 kPa. This finding demonstartes GMHA’s contribution to the
stretchability of the composite hydrogels. Cyclic mechanical tests revealed that the
damage in SF network under strain leads to a significant energy dissipation, which is

responsible for the improved mechanical properties of SF/HA hydrogels.

In the last part of the study, HA cryogels were prepared via free-radical
copolymerization of GMHA and DMA in aqueous solutions at -18 °C. HA cryogels
could sustain up to 2.6 and 3.6 MPa compressive stresses in swollen and freeze-dried
states, respectively. Moreover, they are squeezable and no crack propagation occurred
when compressed up to 97% strain. This high compressive stiffness originates from
the flow of pore water out of the cryogel phase under compression. Cyclic strain-sweep
tests verified the effect of flowing-out and flowing-in water on the viscoelastic
response of the cryogels. HA cryogels have an interconnected pore structure with pores
of >90 um in diameter and exhibit a high porosity (>97%), as observed by SEM and
u-CT analysis. It was also found that water-swollen HA cryogels prepared at a low
PDMA content are mechanically stronger than in their freeze-dried states, which we
attribute to the plasticizer effect of free, unbound water, improving their large strain

properties.

In conclusion, HA hydrogels with excellent mechanical properties were successfully
synthesized by using various synthesis methods. Most of the mechanical properties
achieved in the present thesis are the highest reported so far in the literature. Further
investigations will be held for these materials for in vivo studies. Highly tough HA
hydrogels and cryogels developed in this thesis have many potential application areas
such as controlled drug delivery systems, wound dressings, cell therapy, artificial
organs, soft machines, and scaffolds for tissue engineering as 3D printed natural

biopolymers that are attracting attention nowadays.
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