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RATIONAL DESIGN OF HYDRO- AND ORGANO-CRYOGELS

SUMMARY

Over billions of years of evolution, nature has selected soft materials, i.e. cells and
tissues, as vital components for living beings. For instance, articular cartilage tissue in
Homao Sapiens covers the bone ends and joints and it provides the actualization of basic
movements such as bending of the arms and legs. This tissue can endure almost 1
million cycles per year, and it can be compressed up to a stress of 10 MPa without
fraction. In addition, it possesses direction-dependent mechanical properties, i.e.
anisotropy. However, these extraordinary mechanical properties of the tissues
providing continuity in the lifespan of a living being can not be easily observed in
man-made soft materials, i.e. hydrogels. In another word, hydrogels prepared by
traditional methods are very brittle materials and some of them can not be endured to
even one cycle, and break at Pa- or kPa-order stress values. Besides, their mechanical
properties are not direction-dependent and they have isotropic mechanical properties.

After revealing nature’s design principles in cells and tissues, i.e. when understand
their chemical compositions and physical organizations, material scientists started to
fabricate mechanically durable materials via mimicking nature. For instance, the
mechanical stability of the articular cartilage arises from the extracellular matrix
(ECM), which is composed of a structural protein called collagen creating a strong
framework, and proteoglycans such as hyaluronan acting as energy dissipative
fragments within ECM. Therefore, techniques developed for the preparation of high
strength and toughness hydrogels have been mainly based on creating an efficient
energy dissipation mechanism within the gel network. Cryogels, i.e. cryogenically
synthesized macroporous polymer gel matrices, exhibit this energy dissipation
mechanism via poroelasticity effect, due to their interconnected micron-sized pores.
Moreover, cryogels possess extraordinary compressive strength up to MPa order as
their gel walls originate from unfrozen liquid fractions where the concentrations of the
reactants are much higher than that of their initial state. Another advantage of the
cryogels is their convenience to orienting the pores as desired to create anisotropy.

Within the scope of this thesis, novel hydro- and organo-cryogels were prepared from
aqueous and organic reaction solutions of specific polymers, respectively. Therefore,
the thesis can be divided into two main parts associated with hydro- and organo-
cryogels. The first part, i.e. hydro-cryogel part, is based on two publications, in which
anisotropic silk fibroin (SF) cryogels possessing aligned pore morphologies were
fabricated by using two different pathways. SF is a natural biopolymer derived from
some spiders and silkworms. Due to its extraordinary properties such as
biocompatibility, biodegradability and excellent mechanical toughness, it has become
a very demanded biopolymer for biological applications. Therefore, SF was used in
this thesis in order to fabricate hydro-cryogels. On the other hand, organic solutions of
butyl rubber, i.e. synthetic isoprene-isobutylene rubber, were used to synthesize
organo-cryogels as macroporous passive sampler sorbents.
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In the first publication, anisotropic SF cryogels were obtained after directly immersing
the reactors containing aqueous SF reaction solutions into liquid nitrogen at various
immersion rates. The cryogel scaffolds exhibited a Young's modulus in the range of
MPa and sustained up to 20 MPa compressive stresses. In addition to high mechanical
strength, they also exhibited anisotropic microstructure and hence anisotropic
mechanical properties, e.g., the Young's modulus (E) is 3.4 + 0.5 MPa and 0.8 + 0.3
MPa when measured along with the directions parallel and vertical to the freezing
direction, respectively. In the second publication, we presented a different
experimental set-up consisting of a copper bottom plate and a cylindrical
polytetrafluoroethylene (PTFE) mold in order to fabricate anisotropic SF cryogels. The
copper bottom plate was immersed in a cold bath at -30 or -196 °C, whereas the
cylindrical PTFE mold locating outside of the cold bath was filled with aqueous
solutions of SF of various concentrations. Unidirectionally frozen SF solutions were
then subjected to cryogelation at -18 °C. Finally, we obtained mechanically strong SF
scaffolds exhibiting microstructural, swelling and mechanical anisotropies. The
scaffolds exhibited the highest modulus anisotropy of 21 + 5 so far reported to our
knowledge, i.e., Young’s moduli E = 2.3 £ 0.5 and 0.11 + 0.03 MPa measured along
parallel and perpendicular to the freezing direction, respectively. We also
demonstrated that, independent on the fibroin concentration or direction of the
measurements, 60% of the mechanical energy given to the cryogels are dissipated due
to the friction between the fibroin pore walls, which is responsible for their
squeezability and self-recoverability.

In the organo-cryogel part, butyl rubber (I1IR) based organo-cryogels as a macroporous
passive sampler were fabricated. After obtaining a primer IIR cryogel, i.e. single
network (SN) cryogel, double (DN) and triple network (TN) cryogels were also
prepared via successive cryogelations that were conducted within the pores of the
previous cryogel. These multiple network based-cryogelation technique provided
fabrication of IIR cryogels with tunable mechanical properties and pore distributions.
For instance, they can be stretched up to 400%, and compressed at least 10-times
without any significant mechanical deficiency as compared to the initial state. It was
also shown that these 11R-based organo-cryogels can be used as an efficient passive
sampler for polycyclic aromatic hydrocarbons (PAHs), whose sampling abilities
mainly depend on their pore size distribution. For instance, SN rubber sorbent
absorbed most rapidly PAHs which is attributed to its largest porosity and pore
volume. On the other hand, TN sorbent had the highest sorption capacity because of
its smaller pores and low porosity, preventing the escape of PAHs from the sorbent to
the solution phase at longer time scales.

SF-based hydro-cryogels and 1IR-based organo-cryogels fabricated within the scope
of the thesis are both novel macroporous materials with extraordinary properties. Due
to tissue-like MPa-order mechanical properties and anisotropic architecture, SF
cryogels are suitable for several biological applications, especially for tissue
engineering. On the other hand, fatigue-resistant and stretchable 1IR-based organo-
cryogels with adjustable pore morphology can be used as a passive sampler sorbent
for organic pollutants in environmental applications.
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HIiDRO- VE ORGANO-KRiYOJELLERIN RASYONEL TASARIMI

OZET

Hiicre ve dokular, canlilarin hayati 6neme sahip bilesenleri olup, fizik perspektifinde
belli bir mekanik ve viskoelastik 6zelligi olan jel benzeri yumusak malzemelerdir.
Milyarlarca yildir siiregelen evrimsel siirecte doga, canlilar1 degisen ¢evreye en uygun
sekilde secip islemesi ile canlilardaki hiicre ve doku gibi yumusak malzemeleri de
sekillendirmistir. Muazzam fiziksel ve mekanik Ozelliklere haiz olan dokular,
canlilarin yasam stireleri icerisinde belli bir devamliligin saglanmasinda kilit rol
oynamaktadir. Ornegin insanlarm kemik uglarinda ve eklemlerinde bulunan kikirdak
doku, kemikler arasi siirtiinmeyi azaltarak kol ve bacaklarin istenilen sekilde
biikiilmesini ve sonug olarak insanin hareket etmesini saglamaktadir. insan yasaminda
her sene yaklagik 1 milyon dongiiye maruz kalan kikirdak doku, ayrica 10 MPa’lik bir
sikistirma gerilimine kadar da pargalanmadan dayanabilmektedir. Diger yandan bu
doku yaklasik 1000 J.m™ gibi bir parcalanma tokluguna da sahiptir. Geleneksel
yontemlerle iiretilmis hidrojel gibi sentetik yumusak malzemeler ise doganinkilerden
oldukca diisiik mekanik Ozelliklere sahip olup; bazilar1 tek bir tam dongii bile
tamamlanmadan ¢ok diisiik toklukla Pa ya da kPa mertebesindeki bir gerilim altinda
pargalanmaktadir. Doganin biyolojik sistemlerdeki jeller i¢in tasarim prensiplerinin
anlasilmasi ile, yani hiicre ve dokulari olusturan bilesenlerin kimyasal yapis1 ve
diizenlenmesinin ortaya koyulmasi ile, malzeme bilimciler dogayi taklit ederek iistiin
mekanik 6zelliklere sahip malzemeler gelistirmeye baslamislardir.

Kikirdak dokunun yukarida bahsedilen mekanik 06zelliklerine sahip olmasi,
ekstraselliiler matriks (ECM) ad1 verilen ve ¢esitli biyopolimerlerin en uygun sekilde
diizenlenmesi ile olusan bir yapidan ileri gelmektedir. ECM’de kollajen proteini lizil
oksidaz enzimi ile ¢apraz baglanarak ECM’nin rijit ve yiiksek elastikiyete sahip ana
iskeletini olusturmaktadir. Diger yandan hyaluronan gibi proteoglikanlar ise ECM nin
viskoz karakterini arttirarak yapida bir enerji dagilim mekanizmasi yaratmaktadir. Ek
olarak, ECM’nin gézenekli yapisi poroelastisite etkisi ile de enerjinin dagilimina katki
saglamaktadir. Olaganiistii mekanik Ozelliklere sahip hidrojellerin sentezi igin
gelistirilen yontemler de, dokularda oldugu gibi yapida etkili bir enerji dagitim
mekanizmas1 olusturmay esas almaktadir. Ornegin, yaklasik 20 yil 6nce literature
giren ¢ift agyapi teknigi ile sentezlenen hidrojellerin mekanik 6zellikleri muazzam bir
oranda iyilesmektedir. Bunun sebebi, jelin yapisini olusturan agyapilardan birisinin
kuvvet altinda kendisini feda ederek parcalanmast; ancak diger agyapinin biitliinligi
koruyarak tiim sistemin parg¢alanmasina engel olmasidir. Diger bir deyisle, mekanik
enerjinin bir kismi1 pargalanan agyap1 tarafindan dagitilarak tiim sistem toplamda daha
yiiksek tokluga sahip olmakta ve daha fazla mekanik deformasyona dayanacak hale
gelmektedir. Cift agyapili jellerin haricinde topolojik jeller ve nanokompozit jeller de
benzer yaklagimla sentezlenen, mekanik mukavemeti yiiksek yumusak malzemeler
arasindadir.
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Bu doktora tezinin ana konusunu olusturan kriyojeller de mekanik dayanimi yiiksek
malzemelerin sentezi igin gelistirilen bir yontemdir ancak yukarida bahsedilen
jellerden 6nemli bir farkliliga sahiptir. Bu farklilik, kriyojellerin gézenekli bir yapiya
sahip olmalarindan ileri gelmektedir. Tamami donmus gibi goziiken ancak igerisinde
donmamus bolgeler iceren sistemlerden sentezlenen kriyojellerde, donan fazin bir kalip
etkisi gormesi ile gozenekler olusmakta; donmamis fazda gergeklesen jellesme
reaksiyonlar1 ile ise gozenek duvarlari elde edilmektedir. Birbirleri ile baglantili
makrogodzenekli yapisi kriyojellerin disaridan gelen uyarilara da ¢ok hizli bir sekilde
yanit vermesine imkan tanimaktadir. Ornegin ¢ift agyapili jeller her ne kadar mekanik
olarak dayanikl olsalar da, sentezlendikleri monomer veya polimerin 6zelligine gore
sisme dengesine ulagmalar1 giinler hatta haftalar siirmektedir. Diger yandan
kriyojellerin kiitlece ve hacimce sisme dengesine ulagmasi saniyeler icerisinde bile
gerceklesebilmektedir. Parcalanmadan tekrar tekrar sikigtirilabilme ve wuygun
coziiciilerde ¢ok kisa siireler i¢inde sisebilme ozelligi ile siinger-benzeri kriyojeller,
bir¢ok farkli uygulamada kullanima uygundur.

Kriyojeller, sulu ya da organik ¢ozeltilerden veya kolloidal dispersiyonlardan elde
edilebilmektedir. Kriyojellesme yontemi ile bir kriyojel sentezlemek ig¢in ilk olarak
uygun bir baglangi¢ sistemi seg¢ilmeli, ardindan bu sistem igerdigi ¢6ziiciiniin donma
noktasinin altinda bir sicakliga sogutulmalidir. Coziicii donarken igerisinde ¢oziinmiis
reaktifler dislanarak yiiksek konsantrasyonlu donmamis bolgeleri olustururlar.
Jellesme reaksiyonlari bu donmamis bolgelerde meydana gelirken; donan ¢oziicii
kristalleri de kalip etkisi gostererek kriyojellesme islemi ile bir kriyojel sentezlenmis
olur. Jellesme isleminin ardindan oda sicakligina getirilen kriyojeller, bu durumda
gbzeneklerinin igerisinde sentez sirasinda donmus, ancak oda sicakliginda tekrardan
erimis olan ¢oziicliyii icermektedir. Coziiciinlin gozeneklerden dondurmali-kurutucu
gibi bir kurutma yontemi ile uzaklastirilmasi ile de kuru durumda bir kriyojel iskeleti
elde edilir.

Bu tez kapsaminda hem sulu hem de organik cozeltiler baslangi¢ sistemi olarak
secilerek bunlardan sirasi ile hidro-kriyojeller ve organo-kriyojeller sentezlenmistir.
Dolayzst ile tez, hidro- ve organo-kriyojellerle iliskili olacak sekilde 2 ana kisimda ele
almabilir. Saygin bilimsel dergilerde yaymlanmis 3 adet makaleden olusturulmus bu
tezde ilk iki makale hidro-kriyojeller ile, son makale ise organo-kriyojeller ile ilgilidir.
Hidro-kriyojeller, ipek fibroin proteininin sulu ¢dzeltilerinden sentezlenmistir. Ipek
fibroin, bazi oriimcek tiirleri ve ipek bdceginden elde edilen dogal bir polimerdir.
Fibroin, sahip oldugu biyouyumluluk, kolay islenebilirlik ve yiiksek mekanik
mukavemet gibi ozelliklerinden dolay: tez kapsaminda ¢aligilan ana malzemelerden
birisi olarak segilmistir. Ipek fibroin kriyojellerinin sentezinden 6nce tek eksenli
dondurma yontemi ile ¢oziiciiniin belli bir yonde donmasi saglanarak gozenekler
yonlendirilmistir. Bu sistemin uygulanma amaci, dokularda gdzlenen anizotropik
ozelliklerin tez kapsaminda sentezlenen ipek fibroin kriyojellerinde de yaratilmasidir.
Boylece, biyolojik uygulamalarda kullanima uygun, anizotropik mekanik 6zelliklere
sahip ipek fibroin esasli biyomalzemeler tiretilmistir. Organo-kriyojellerin sentezinde
ise biitil kaucugun benzen igerisindeki organik c¢ozeltileri kullanilmistir. Izopren ve
izobiitilen kopolimeri olan biitil kauguk sentetik bir kauguk tiirti olup, endiistride ve
akademide oldukg¢a fazla talep gormektedir. Bu tez kapsaminda ise biitil kauguk,
cevresel uygulamalarda organik kirleticilerin 6rneklenmesinde kullanilmak {izere
makrogozenekli organo-Kriyojellerin tiretiminde kullanilmustir.

Birinci makalede anizotropik ipek fibroin kriyojelleri, reaksiyon ¢ozeltisini igeren
reaktorlerin (polipropilen siringalar) ilk olarak sivi azota belli bir yonde ve hizda
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daldirilmast (tek eksenli dondurma), ardindan -18 °C’de 24 saat bekletilmeleri
(kriyojellesme) ile iiretilmistir. Reaksiyon ¢6zeltisi ipek fibroinin sulu ¢ozeltisi olup,
%4.2 ag/hac konsantrasyonunda ipek fibroinin yaninda kimyasal capraz baglayici
olarak 1,4-biitandiol diglisidil eter (BDDE) ve pH ayarlayict olarak N,N,N’ N’-
tetrametiletilendiamin (TEMED) icermektedir. Ilk asamada ¢ozeltiler 2.5 ile 35
mm.dak™ arasinda degisen hizlarla sicakligi -196 °C olan sivi azota daldirilmistir.
Ikinci basamakta ise belli bir yonde donmasi saglanan ¢ozeltiler kriyojellesme islemi
i¢cin -18 °C’ye 1sitilmis, sonug olarak ipek fibroinin BDDE ile ¢apraz baglanmasi ile
makrogozenekli bir protein agyapisi (kriyojel) elde edilmistir. YOnlenmis
gozeneklerinden dolayr anizotropik mekanik Ozelliklere sahip kriyojellerin
anizotropiklik oranlar1 sivi azota daldirma hizinin 2.5°dan 20 mm.dak™ artmas: ile
once artmakta, daha ytliksek daldirma hizlarinda ise diismeye baslamaktadir. Diger bir
deyisle, en yiiksek anizotropiklik oran1 sivi azota 20 mm.dak™? hizla daldirilan ve
ardindan kriyojellesmeye maruz birakilarak elde edilen kriyojelde gozlenmistir.
Ornegin, bu kriyojelin kuru durumdaki Young’s modiil degerleri donma ydniine
paralel ve dik yapilan sikistirma testlerinde sirasi ile 3.4 + 0.5 ve 0.8 = 0.3 MPa olarak
tespit edilmistir. Yani kriyojeller, yapilan sikistirma testinin yoniine gore 4 kattan fazla
degisen bir mekanik Ozellige sahiptir. Ek olarak kriyojeller her iki yonde de
par¢alanmadan tamamen ardisik olarak sikistirilabilmektedir.

Ikinci makalede ise ayni reaksiyon ¢ozeltisini daha etkili bir sekilde tek yonlii olarak
dondurmak ve dolayist ile anizotropiklik oranini arttirmak ic¢in farkli bir deney
diizenegi tasarlanmis ve kullanilmistir. Bu diizenek, s1v1 azot ile temas eden bakir bir
plaka ve bu plakaya sabitlenmis reaksiyon c¢ozeltisinin konuldugu silindirik
politetrafloroetilen (Teflon) bir borudan olugsmaktadir. Bakir ile teflonun segilmesinin
nedeni, 1s1 iletkenlik katsayilari arasinda yaklasik 1600 kat fark olmasi ve dolayisi ile
¢ozeltinin asagidan yukartya dogru donarken radyal olarak donma ihtimalini
minimuma indirerek anizotropiklik oranini arttirmaktir. Ayrica, bir 6nceki ¢alismadan
farkli olarak bu makalede ipek fibroin konsantrasyonu %2.1 ile %16.7 ag/hac arasinda
degistirilerek ipek fibroin miktarinin da kriyojeller lizerine etkisi incelenmistir. Tiim
kriyojeller yonlenmis gozeneklerinden dolayr anizotropik mekanik ve sisme
ozelliklerine sahip olup, en yiiksek modiil anizotropiklik orani en diisiik ipek fibroin
konsantrasyonunda (%2.1 ag/hac) sentezlenen kriyojelde elde edilmistir. Soyle ki,
kuru durumdaki kriyojel i¢in donma yoniine paralel ve dik yapilan sikistirma
testlerinde Young’s modiil degerleri sirasi ile 2.30 + 0.50 ve 0.11 + 0.03 MPa olarak
belirlenmistir. Bu degerler 20 kattan fazla bir farka karsilik gelip, bu anizotropiklik
orani simdiye kadar literatiirde rapor edilen en yiiksek oranlardan biridir. Diger yandan
tiim kriyojeller %85’in lizerinde bir gozeneklilige sahiptir ve parcalanmadan %100’e
kadar tekrar tekrar sikistirilabilmektedir. Yapilan dongiisel testler ile fibroin
konsantrasyonundan ve test yoniinden bagimsiz olarak malzemeye verilen mekanik
enerjinin de yaklasik %60’inin dagildigi hesaplanmistir. Bu yiiksek enerji dagitim
yetenegi kriyojellerin makrogozenekli mimarisi ile ilgilidir ve dokularda da enerji
dagilim mekanizmasi olarak karsimiza ¢ikan poroelastisite adli olgu ile agiklanabilir:
Gozeneklerin icindeki su, sikistirilamazlhigindan Gtiirii kuvvet altinda ezilen
malzemeden disar1 ¢cikmaya baglar. Verilen enerjinin bir kimi da suyun gézeneklerden
¢ikmasi esnasinda olusan sivi-katt (Su-gozenek) ve kati-kati (gézenek-gozenek)
sirtinmesinden dolay1 dagilmaktadir. Ayrica, yapilan reolojik Olgiimler ile bir
deformasyon altinda malzemeden disar1 ¢ikan suyun malzemeyi kayma gerinimine
kars1 korudugu da ortaya koyulmustur. Diger bir degisle, yaklasik %10’luk bir kayma
gerinimin iizerinde malzemenin fan ¢ degerinin 1’in iizerine ¢iktig1, yani sanki kati
halden s1v1 hale ge¢mis gibi davrandigi goriilmiistiir. Bu bulgu, cihazin gozeneklerden
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c¢ikan suyu Olgmesi, dolayist ile kriyojelin sivilagsmis gibi goriilmesi ile
iliskilendirilmistir. Devaminda yapilan Olgiimler, kayma geriniminin tekrardan
diisiiriilmesi ile malzemenin gézeneklerinden ¢ikan suyu tekrardan emerek, ilk halini
tamamen geri kazandigini gostermistir. Sonug¢ olarak, gozeneklerden ¢ikan su,
mekanik enerjinin dagilimina katki saglarken, malzemeyi yliksek kayma gerinimlerine
kars1 da korumaktadir.

Uciincii makalede ise farkli nesil gézenek yapilarina sahip biitil kauguk organo-
kriyojelleri, su ortamindan polisiklik aromatik hidrokarbon (PAH)’larin 6rneklenmesi
amactyla bir “pasif ornekleyici” olarak gelistirilmistir. Pasif 6rnekleme, canlilar i¢in
cok ciddi zararlara sebep olabilen organik kirleticilerin su, hava gibi ortamlardan
izlenmesi ve denetlenmesi icgin gelistirilmis bir yontem olup, diger ornekleme
tekniklerine gore listiin avantajlara sahiptir. Ancak, literatiirde simdiye kadar rapor
edilen ve ticari olarak kullanilan pasif 6rnekleyiciler ¢ok fazli malzemelerdir. Yani,
yapilarinda drnekleme islemini karmasiklastiran birden fazla bilesen bulunmaktadir.
Diger yandan bu ornekleyiciler gézenekli bir yapiya sahip olmadiklari i¢in, organik
kirleticileri absorplamasi ve orneklemesi uzun zaman almaktadir. Bu sorunlarin
istesinden gelebilmek icin, temel bilesen olarak yalnizca biitil kauguk igeren tek fazli
ve makrogozenekli organo-kriyojeller tez kapsaminda iretilmistir. Kriyojellerin
gozenek boyut ve dagilimlarinin farkli sayida aromatik halka i¢ceren PAH’lar igin
uygun olabilmesi i¢in, tek agyapili kriyojelin yaninda ¢ift ve ili¢ agyapili kriyojeller de
tasarlanmustir. [1k olarak tek agyapil biitil kauguk kriyojeli benzen ¢ozeltilerinden, %35
ag/hac kauguk konsantrasyonunda ve siilfiir monokloriir (S2Cl2) capraz baglayicisi
varliginda sentezlenmistir. Elde edilen kriyojelin benzer kauguk c¢ozeltisine
daldirilmasi ve ardindan yapilan kriyojellesme islemi ile ¢ift agyapili kriyojel
sentezlenmistir. Yani, ikinci kriyojellesme tek agyapili kriyojelin gozenekleri
icerisinden gerceklestirilmis, bdylece yeni nesil gozenekler olusturulmustur. Ug
agyapili kriyojel ise benzer sekilde ¢ift agyapili kriyojelden iiretilerek, kriyojel
yapisinda {giincli nesil gozenekler yaratilmistir. Tiim kriyojeller yiiksek mekanik
mukavemete sahip olup; yiiksek sikistirilabilirlik 6zelliklerinin yaninda %400’den
fazla bir oranda da gekilebilmektedir. Naftalin, fenantren, floranten ve piren gibi
PAH’lar ile yapilan 6rnekleme testlerinde ise tiim kriyojellerin ticari olarak kullanilan
gozeneksiz Ornekleyici PDMS’den daha iyi bir performans gosterdigi gozlenmistir.
Kriyojellerin kendi i¢indeki 6rnekleme performanslart ise dogrudan gozenek yapilar
ile iliskilidir. Soyle ki, en biiyiik gdzenek boyutlarina ve hacmine sahip olan tek
agyapili kriyojel, PAH’lar1 en hizli sekilde absorbe ederken; en kiiciik gozenek boyut
ve hacmine sahip ii¢ agyapili kriyojel ise yavas bir sekilde PAH’lar1 absorplamaktadir.
Diger yandan, tek agyapili kriyojel hizli bir sekilde absorplama yapmasina ragmen,
bliyiik gozeneklerinden dolayr PAH’larin bir kismimi tekrardan su fazina verdigi,
ancak li¢ agyapili kriyojelin daha kiigiik gozenekleri sayesinde daha fazla PAH’1
yapisinda biriktirebildigi ortaya konmustur.

Sonug olarak, bu doktora tezi kapsaminda sulu ve organik ¢dzeltilerden hidro- ve
organo-kriyojeller iiretilmis ve basarili bir sekilde karakterizasyonlar1 yapilmistir.
Biyouyumlu hammaddelerden sentezlenen ipek fibroin hidro-kriyojellerinin sahip
oldugu anizotropik iistiin mekanik 6zellikleri ile doku miihendisligi uygulamalarinda
uygun oldugu diistiniilmektedir. Diger yandan, gozenek boyut ve dagilimlarinin
ayarlanabildigi, yiiksek tokluk ile ¢ekilebilme 6zelligine sahip biitil kauguk organo-
kriyojellerinin ise PAH gibi organik bilesiklerin su fazindan 6rneklenmesi i¢in tek fazli
ve makrogdzenekli bir pasif drnekleyici olarak kullanilabilecegi gosterilmistir.
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1. INTRODUCTION

We know that the planet earth is more than 4- billion- years- old and the showing up
the earliest life forms on our planet dates to 3.5 billion years ago. During these
enormous time scales, the environment has inevitably changed and living beings have
to adapt their surroundings via evolution to survive. Over billions of years of evolution,
nature has thus crafted all living creatures into their most proper forms and we can
meet with several millions of different species living today [1]. Even though these
living species are obviously considered as a work item for biology, they can be also
investigated from perspectives of chemistry and physics as they are actually a
combination of soft and hard materials that hierarchically originated from well-

arranged atoms and molecules.

Cells and tissues, for instance, are nature’s life-sustaining jelly-like soft materials that
withstand significant mechanical stresses during the lifespan of a living creature. Their
mechanical resilience and stability are based upon two viscoelastic composite
networks originated from interconnected biopolymers, namely the cytoskeleton and
the extracellular matrix (ECM), located inside and outside of a cell, respectively [2].
For instance, in the cytoskeleton, actin filaments are crosslinked by unique proteins
such as a-actinin and fascin to generate a skeletal framework within the cell [3,4]. In
the ECM, collagen, which is a fibrous structural protein mainly found in connective
tissues, is crosslinked through lysine residues via lysyl oxidase enzyme to form a
highly stiff and elastic protein network, while glycosaminoglycans form a soft gel
providing an energy dissipation within the collagen network [5,6]. These highly well-
organized biological materials thus possess exclusive mechanical properties such as a
high toughness, high stretchability and compressibility, and fatigue resistance.
Moreover, most tissues have direction-dependent mechanical and viscoelastic

properties, i.e. anisotropy, due to fine alignment of the fibers and filaments [7-10].

Hydrogels are man-made tissue-like soft materials composing of a hydrophilic
polymer network diffused by a high amount of water [11]. Therefore, it is not a surprise

that hydrogels have been commonly researched and utilized in several biological



applications such as drug delivery [12], wound dressing [13] and tissue engineering
[14]. Although hydrogels were discovered almost a half-century ago, they have been
still intensively and progressively studied by material scientists. Apart from their great
potentials in numerous application areas, one of the main reasons for that intense
research is to overcome their mechanic deficiencies. In another word, hydrogels
prepared by traditional approaches suffer from mechanical weakness and brittleness
due to their non-energy dissipative network [15]. As a consequence, material scientists
have developed various techniques for years to enhance the mechanical properties of
the hydrogels and to bring them the ability of mimicking nature’s soft materials
literally.

Gels with multiple networks (double network, triple network, etc.), interpenetrating
gel systems, nanocomposite gels and topological (slide-ring) gels are amongst these
techniques, which improve the mechanical stability of a traditional gel dramatically by
using different approaches [16-20]. For instance, multiple network gels and
interpenetrating gels contain at least two individual but interwoven polymer networks,
in which one of them sacrifices itself and dissipate the mechanical energy [17]. This
phenomenon thus prohibits the instantaneous disintegration of the complete gel under
deformation and inevitably improves the toughness of the gel. On the other hand, a
nanocomposite gel contains clay nanoparticles within the gel system, which serve as
dynamic (physical and reversible) multifunctional crosslinking points enhancing the

mechanical properties of traditional hydrogels and providing self-healing ability [19].

Cryogelation is also considered amongst these techniques as it unbelievably improves
the mechanical durability of a gel, especially its compressibility. Cryogelation is a
liqguid phase gelation method taking place in the unfrozen fractions of a
macroscopically frozen system. In order to obtain a gel via cryogelation, solutions or
colloidal dispersions of appropriate precursors are first cooled down to a subzero
temperature, i.e. below the crystallization point of the solvent. During freezing,
reactant-enriched unfrozen liquid microphase which is surrounded by the solvent
crystals is formed, that is, “cryoconcentration” takes place. Gelation reactions can only
occur in these unfrozen microparts of the system. After thawing, a cryostructured
macroporous gel called “cryogel” is formed due to the in-situ template effect of the

frozen solvent [21].



The main difference of the cryogelation from the aforementioned toughening
techniques is that, it does not only improve the mechanical performance of gels, it also
creates a macroporous architecture. This kind of interconnected porous morphology
not only provides a high toughness via poroelasticity effect, but it also accelerates
stimuli responsivities of the material [22]. For instance, a cryogel can easily reach the

weight and volume swelling equilibrium in a good solvent within seconds.

While water-based cryogels (hydro-cryogels) are very popular and demanded in
several biological applications, organic solvent-based cryogels (organo-cryogels) can
also be prepared and used in other applications [21,22]. In the scope of this thesis,
mechanically durable hydro- and organo-cryogels were prepared by using silk fibroin
(SF) and butyl rubber (lIR), which are considered suitable materials for tissue

engineering and environmental applications, respectively.

1.1 Purpose of The Thesis

The aim of this thesis is to fabricate SF-based hydro-cryogels and 1IR-based organo-
cryogels that are suitable for different application areas. The thesis based on three
publications consists of two main parts associated with the hydro- and organo-
cryogels. The first two publications are related to SF hydro-cryogels and the last one
is on the preparation of IIR organo-cryogels.

Hydro-cryogel part of the thesis composes of two publications as mentioned above, in
which anisotropic SF cryogels possessing aligned pore morphology were reported.
Creating anisotropic mechanical properties in synthetic materials as observed in
tissues has been a real challenge for scientists. In contrast to non-porous materials, it
is more feasible to create anisotropy in porous materials via manipulation of their pores
to align throughout one specific direction by using uniaxial freezing. Consequently,
we prepared anisotropic SF based cryogels within the scope of the thesis. SF is a
natural biopolymer produced by some spiders and silkworms [23]. Due to its
extraordinary properties such as biocompatibility, easy processability and excellent
mechanical properties, SF has become one of the most demanded biopolymers in

biological applications [23].

On the other hand, organo-cryogel part of the thesis is based on IIR cryogels, as
revealed in the third publication. 1IR is an isobutylene-isoprene copolymer and it has



become an important raw material intensely utilized in both industry and academia
[22]. Within the scope of the thesis, organic solutions of IIR were exploited to fabricate
hydrophobic organo-cryogels as single-phase macroporous passive samplers, which

can easily compete with commercial passive samplers.

In the first publication, anisotropic SF cryogels were obtained after immersing the
reactors containing aqueous SF reaction solutions into liquid nitrogen directly at
various immersion rates. Obtained cryogel scaffolds exhibited a Young's modulus in
the range of MPa and sustained up to 20 MPa compressive stresses. In addition to their
high mechanical strength, they also had anisotropic microstructure and hence
anisotropic mechanical properties, e.g., the Young's modulus (E) is 3.4 + 0.5 MPa and
0.8 + 0.3 MPa when measured along the directions parallel and vertical to the freezing

direction, respectively.

In the second publication, we presented a different experimental set-up consisting of a
copper bottom plate and a cylindrical polytetrafluoroethylene (PTFE) mold in order to
fabricate new series of anisotropic SF cryogels. The copper bottom plate was
immersed in a cold bath at -30 or -196 °C, whereas the cylindrical PTFE mold locating
outside of the cold bath was filled with aqueous solutions of SF of various
concentrations. Unidirectionally frozen SF solutions were then subjected to
cryogelation at -18 °C. Finally, we obtained mechanically strong SF scaffolds
exhibiting microstructural, swelling and mechanical anisotropies. The scaffolds
exhibited the highest modulus anisotropy so far reported to our knowledge, 21 + 5,
with moduli E = 2.3 + 0.5 and 0.11 + 0.03 MPa measured along parallel and
perpendicular to the freezing direction, respectively. We also demonstrated that,
independent on the fibroin concentration or direction of the measurements, 60% of the
mechanical energy given to the cryogels are dissipated due to the friction between the
fibroin pore walls (i.e. poroelasticity), which is responsible for their squeezability and

self-recoverability.

In the third publication, i.e. the organo-cryogel part of the thesis, cryogelation
technique was applied on organic solutions of butyl rubber (1IR) to obtain macroporous
IR cryogels for passive sampling applications. Passive sampling is an efficient
technique for monitoring the dissolved concentration of polycyclic aromatic
hydrocarbons (PAHS) in aquatic systems. Here, a series of novel macroporous rubber

cryogels, i.e. sorbents, with single (SN), double (DN) and triple (TN) network



structures, as passive samplers with tunable pore morphologies, extraordinary
mechanical properties, and high sorption rates and capacities for PAHs were presented.
Sorbent materials based on SN, DN, and TN butyl rubber were prepared via
cryogelation technique from butyl rubber solutions in benzene as the solvent at -18 °C
using sulfur monochloride (S2Cl2) as a cross-linker. To obtain rubber sorbents with
DN and TN structures, cryogelation reactions were conducted within the pores of dry
SN and DN rubber cryogel networks, respectively. It was shown that the SN rubber
cryogel absorbs most rapidly PAHs which are attributed to its largest porosity and pore
volume. Moreover, the TN cryogel had the highest sorption capacity because of its
smaller pores and low porosity, preventing the escape of PAHs from the cryogel to the
solution phase. Besides, all rubber-based organo-cryogels possessed high mechanical
properties, such as stretchability above 400%, compressibility up to 40 MPa stress and

fatigue resistance.






2. HIGH-STRENGTH SILK FIBROIN SCAFFOLDS WITH ANISOTROPIC
MECHANICAL PROPERTIES!

Hydrogels are chemically or physically cross-linked polymers absorbing large
quantities of water without dissolving [24]. Softness, smartness, high water sorption
capacity, and similarity to biological tissues make hydrogels unique soft materials.
However, there is still a clear distinction between synthetic hydrogels and biological
tissues with regard to the microstructure and structure-related mechanical properties.
In contrast to the isotropic morphologies of synthetic hydrogels, many tissues
including muscles [25], tendon [26], cartilage [27], intervertebral disc [28], and cornea
[29] possess anisotropic hierarchical morphologies leading to extraordinary
mechanical properties that cannot be mimicked by synthetic materials. Biocompatible
anisotropic hydrogels with a good mechanical performance have a broad range of
potential applications in tissue engineering, bioseparation, microfluidics, and organic

electronics [30].

To prepare gels with anisotropic properties, several strategies have been presented in
the past years including directional freezing [30,31], strain-induced reorientation [32-
37], self-assembly [38-40], dielectrophoresis [41], micropatterning [42], and 3D
printing [43]. Directional freezing is a simple and promising approach to the
preparation of aligned porous materials [30,31]. By this technique, the growth of
solvent crystals during freezing of a polymer solution is controlled in one direction,
e.g., by immersing the reactor containing the solution into a cold bath at a controlled
rate. Uniaxial freezing of the solutions of synthetic and natural polymers such as
polyvinyl alcohol (PVA) [44], agar [45], agarose [46], chitosan [47], alginate [48,49],
collagen [50], gelatin [51], soy proteins [52], silk fibroin [53,54], or colloidal solutions
of polymers and nanoparticles [31], such as PVA and silica in a cold bath followed by

removing oriented solvent crystals via freeze-drying produce aligned porous materials

1 This chapter is based on the paper “Yetiskin, B., & Okay, O. (2017). High-strength silk fibroin
scaffolds with anisotropic mechanical properties. Polymer, 112, 61-70.”



with various microstructures. However, such materials generally dissolve in good
solvents and exhibit poor mechanical properties due to the absence of chemical cross-
links interconnecting the polymer chains or the particles, limiting their application
areas. For instance, anisotropic scaffolds based on chitosan/alginate produced by
directional freezing exhibit a Young's modulus of around 5 kPa [49], while gelatin
scaffolds rupture under 0.23 MPa compressive stresses [51]. However, anisotropic
scaffolds suitable for tissue engineering applications should sustain high stresses in the

order of MPa to protect their integrity.

An alternative strategy is to combine the directional freezing with the cryogelation
technique to prepare mechanically strong anisotropic gels. Cryogelation is a simple
route to produce 3D highly porous polymer networks of high toughness and superfast
responsivity [55,56]. Cryogelation reactions are conducted below the freezing point of
the reaction solution, during which the solvent crystals are in equilibrium with the
unfrozen liquid microchannels containing cryo-concentrated reactants [55]. Thus, the
reactions only proceed in the unfrozen microchannels leading to the formation of
macroporous gels with thick pore walls. The combined directional freezing -
cryogelation approach was first reported by our group in 2008 to produce butyl rubber
(IIR) organogels with an aligned porous structure [57]. IIR solution in cyclohexane
was first directionally frozen below the melting point of the solution and then IIR
chains are intermolecularly cross-linked in the frozen solution using sulfur
monochloride as a cross-linker. The anisotropic IR organogels are very tough and can
be compressed up to about 99% strain without any crack development [57]. Several
research groups have recently reported the combination of the directional freezing
technique with redox-, gamma-, or UV-initiated crosslinking cryopolymerization to
prepare hydrogels based on chemically cross-linked poly (meth)acrylates with
anisotropic morphologies and mechanical properties [58-63]. For instance, poly
(ethylene glycol) diacrylate scaffolds produced by directional freezing -
cryopolymerization technique exhibit a Young's modulus of 8 kPa and 80 kPa during
compressions along the directions perpendicular and parallel to the freezing direction,

respectively [59].

Silk fibroin gels are important materials due to their attractive properties such as a high

mechanical strength, biocompatibility, and controlled degradability [64-66]. Gelation



of silk fibroin in aqueous solutions mainly occurs by self-assembly of fibroin
molecules via intermolecular B-sheet crystallites acting as physical cross-links. The
formation of B-sheets and hence fibroin gelation can be induced by several triggers
such as pH [67], temperature [68], fibroin concentration [69], cations [70], diepoxide
crosslinkers [71], vortexing [72], and electrical field [73]. In tissue engineering
applications, a high mechanical strength and an interconnected open pore structure
with micrometer-sized pores are essential considerations in the development of silk
fibroin gels and scaffolds. In addition, an anisotropic microstructure and anisotropic
mechanical properties are also required in fibroin scaffolds to mimic the biological
tissues. To our knowledge, there is only one report on the preparation of silk fibroin
scaffolds with anisotropic mechanical properties [53]. These scaffolds were prepared
by uniaxial freezing of aqueous fibroin solutions followed by freeze drying to fix the
anisotropic microstructure formed due to the ice template. Because the scaffolds are
soluble in aqueous environment, they were finally treated with methanol to induce the
formation of B-sheets [53]. The scaffolds thus produced exhibit a low mechanical
strength, e.g., their Young's modulus is below 4 kPa [53]. This is expected due to the
fact that the cross-linking occurs after forming the pore walls of the scaffold leading
to the formation of weak intermolecular bonds.

The aim of this study was to prepare high-strength biocompatible scaffolds with
anisotropic mechanical properties. Here, we describe preparation of anisotropic silk
fibroin cryogels and scaffolds exhibiting a Young's modulus in the range of MPa that
sustain up to 20 MPa compressive stresses. The cryogels were prepared by a combined
directional freezing - cryogelation process starting from an aqueous 4.2 wt% fibroin
solution containing butanediol diglycidyl ether (BDDE) cross-linker and N,N,N’,N -
tetramethylethylenediamine (TEMED). In the first step, the reactor containing the
aqueous solution of fibroin, cross-linker, and TEMED was immersed into liquid
nitrogen at a controlled rate to create a directionally frozen ice template. In the second
step, the cryogelation reactions were conducted in this frozen solution at -18 °C
whereby the cryoconcentrated fibroin in the unfrozen microzones of the reaction
system forms a 3D fibroin network. The scaffolds exhibit anisotropic microstructure
and hence anisotropic mechanical properties, e.g., the Young's modulus is 3.4 + 0.5
MPa and 0.8 + 0.3 MPa when measured along the directions parallel and vertical to

the freezing direction, respectively. As will be seen below, all the cryogels could



completely be compressed due to squeezing out of water from their pores. Upon
removal of the load, the compressed cryogels immediately recover their original

dimensions and mechanical properties by absorbing the released water into their pores.

2.1 Experimental Section

2.1.1 Materials

The cross-linker butanediol diglycidyl ether (BDDE, Sigma Aldrich), N,N,N’,N’-
tetramethylethylenediamine (TEMED, Sigma Aldrich), Na,CO3z (Merck), and LiBr
(Merck) were used as received. Bombyx mori cocoons were purchased from Bursa
Association of Agricultural Sales Cooperatives for Silk Cocoons (Kozabirlik, Turkey).
Silk fibroin was separated from cocoons by boiling them for 1 h in aqueous solution
of 0.02 M Na2COs to remove the sericin proteins followed by washing the remaining
fibroin three times with distilled water at 70 °C, for 20 min each [67]. Silk fibroin was
dissolved in aqueous 9.3 M LiBr at 60 °C for ~2 h and then dialyzed using dialysis
tubing (10000 MWCO, Snake Skin, Pierce) for 3 days against water that was changed
three times a day [67]. After centrifugation, the final concentration of silk fibroin in
aqueous solution was about 5 w/w%, which was determined by weighing the

remaining solid after drying.
2.1.2 Preparation of fibroin cryogels

Anisotropic fibroin cryogels were prepared by directional freezing of aqueous 4.2 wt%
fibroin solution containing BDDE crosslinker and TEMED (0.25 v/v%) in liquid
nitrogen followed by conducting the cryogelation reactions at -18 °C for 24 h. BDDE
concentration in the fibroin solution was set to 20 mmol epoxy per gram of fibroin
[71]. Typically, 5 mL of 5 wt% fibroin solution were mixed with BDDE (0.50 mL),
TEMED (15 mL), and water to make the final volume 6 mL. The homogeneous fibroin
solution was then transferred into several 1 mL plastic syringes of 4 mm internal
diameter. Each plastic syringe containing the gelation solution was then connected to
the upper clamp of the Zwick-Roell test machine, which was moved downward at a
constant rate R into a cold bath containing liquid nitrogen. Experimental apparatus for
directional freezing of aqueous 4.2 wt% fibroin containing BDDE and TEMED is
shown in Figure 2.1a. The immersion rate R of the syringes into liquid nitrogen
controlled by the software of the test machine was varied between 2.5 and 35 mm.min"

!, The syringes were then placed in a cryostat at -18 °C to conduct the cryogelation

10



reactions for 1 day. Control experiments were also carried out as described above,
except that the directional freezing step was not applied to the fibroin solutions.
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Figure 2.1 : (a): Experimental apparatus for the directional freezing of aqueous
fibroin solutions. The syringes containing aqueous solution of fibroin, BDDE and
TEMED are immersed in liquid nitrogen at a controlled rate R before conducting the
cryogelation reactions at -18 °C. (b): Amide I region of ATR-FTIR spectra of freeze-
dried silk fibroin before (dashed curve), and after directional freezing - cryogelation
(solid curves) at R=2.5 (dark red) and 35 mm.min (dark blue). (c): Typical stress-
strain curves of cryogel samples up to around 99% compressions where the nominal
stress onom and true stress orue are plotted against the compressive strain . R=20
mm.mint. The samples were compressed parallel to the freezing direction. The blue
arrows indicate calculations of the fracture nominal stress o and fracture strain &
from the maximum in aire - A plot.

2.1.3 Swelling and gel fraction measurements

The frozen cryogel samples after preparation were first thawed at room temperature
for 30 min and then immersed in a large excess of water for at least 3 days by replacing
water several times to extract any soluble species. The swelling equilibrium was tested
by weighing the gel samples as well as by measuring the diameter of the gel samples
using a calibrated digital compass (Mitutoyo Digimatic Caliper, Series 500, resolution:
0.01 mm). The equilibrium swollen gel samples were taken out of water and
immediately frozen at -25 °C for 1 day. The samples were freeze-dried at -40 °C under
0.12 mbar vacuum for 1 day and at -60 °C under 0.011 mbar for an additional 1 day.
The freeze-drying system consisted of a freeze-dryer (Christ Alpha 2-4 LD plus)
connected to a vacuum pump (Vacuubrand RZ 6). The pressure during freeze-drying
was adjusted using a valve controller and monitored by an active digital controller. All

cryogel samples were freeze-dried under the same conditions. The equilibrium weight
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qw and volume swelling ratios gy were calculated as dw= Mswi/Mary and dy=(Dswi/Dary)°,
respectively, where mswi and Dswi are the mass and the diameter of the equilibrium
swollen gel sample, respectively, and mary and Dary are the same quantities for the
freeze-dried sample. The gel fraction Wy, that is, the conversion of fibroin to the 3D
fibroin network (mass of water-insoluble fibroin/initial mass of the fibroin in the feed)
was calculated from the masses of dry fibroin network and from the fibroin in the feed.

2.1.4 ATR-FTIR measurements

Fourier-transform infrared (FTIR) spectra of the freeze-dried samples were obtained
using a single bounce diamond attenuated total refractance (ATR) module on a FTIR
spectrometer (Nicolet Nexus 6700) equipped with a liquid nitrogen cooled

mercurycadmium-telluride (MCT) detector.
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Figure 2.2 : Typical ATR-FTIR spectra of freeze-dried silk fibroin cryogel samples
formed at various immersion rates R indicated. The original data are shown by the
filled blue circles while solid curves are the results of curve fitting for the original

spectra (thick red curves) and hidden peaks (thin black curves).

The resolution of each spectrum was 4 cm™, and 64 interferograms were coadded in
the range of 500-4000 cm™. The dashed and solid curves in Figure 2.1b present the
Amide | band region (1580-1720 cm™) of FTIR spectra of freeze-dried fibroin before
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and after directional freezing - cryogelation, respectively. The peak at 1640 cm™
corresponding to the random coil conformation disappears after cryogelation and a
new peak at 1620 cm™ appears which was assigned to B-sheet conformation [74,75].
In addition to this peak, shoulders at 1660 and 1698 cm™ are seen after cryogelation,
which were assigned to the a-helix and B-turn conformations, respectively. To estimate
the conformation of fibroin, FTIR spectra of the samples were analyzed using PeakFit
software (Version 4.12, SeaSolve Software Inc.). Linear baseline correction was
applied to the Amide I region before the band was deconvolved by Gauss Amplitude
function [71]. For the curve fitting procedure, the initial band positions at 1620, 1640,
1660, and 1698 cm™, representing B-sheet, random coil, o-helix, and pB-turn
conformations, respectively, were fixed, allowing their widths and heights to vary
(Figure 2.2).

2.1.5 Mechanical tests

Uniaxial compression measurements were conducted on cryogel samples both in
equilibrium swollen and dried states. The samples were cut from the directions parallel
and vertical to the freezing direction to obtain a rectangular shape of dimensions 33 +
6 mm x 32 + 4 mm x 2.2 = 0.4 mm. The compression tests were performed at 23 + 2
°C on a Zwick Roell test machine using a 500 N load cell [76]. An initial compressive
contact to 0.05 N was applied to ensure a complete contact between the sample and
the surface. Load and displacement data were collected during the experiments at a
constant crosshead speed of 0.3 mm.mint. Compressive stress was presented by its
nominal onom and true values atue, Which are the force per cross-sectional area of the
undeformed and deformed specimen, respectively. Assuming the sample volume
remains constant during deformation, the true stress owrye Was calculated as otrue=4 onom
where 1 is the deformation ratio (deformed length/original length). The compressive
strain is given by the compression ratio ¢ which is the change in the sample length
relative to its initial length, i.e., e=1-A. Figure 2.1c shows typical stress-strain curves
of fibroin cryogels, where the nominal onom and true stresses atrue are plotted against
the strain ¢. It is seen that although onom increases continuously with increasing strain
up to about 99% compression, the corresponding owue - A plot passes through a
maximum revealing the onset of a failure in the cryogel specimen [76]. Therefore, the
fracture nominal stress of and the fracture strain ¢f were calculated from the maxima in

atrue - A plots, as indicated by the blue arrows in the figure. The compression modulus
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E was calculated from the slope of stress-strain curves between 2 and 4% compressions
while the stress at 3% compression was reported as the compressive stress ocomp. FOr
reproducibility, at least six samples were measured for each sample and the results

were averaged.

2.1.6 Texture determination

Cross-sectional scanning electron microscopy (SEM) studies were performed on
freeze-dried cryogel samples at various magnifications between 20 and 1000 times in
a field emission scanning electron microscope (JEOL JSM-6510LV). All samples
were coated with gold for 3 min using a Sputter coater (S150 B Edwards) prior to the
measurements. Texture determination of the freeze-dried and swollen cryogel samples
was also carried out using an image analyzing system consisting of a microscope (XSZ
single Zoom microscope), a CDD digital camera (TK 1381EG) and a PC with the data
analyzing system Image-Pro Plus. For this purpose, cylindrical gel samples of 3.7 mm
in diameter were cut into thin slices of about 1 mm in thickness. The measurements

were conducted at magnifications between 10 and 100 times.

2.2 Results and Discussion

Anisotropic silk fibroin scaffolds were prepared by lowering the reactor containing an
aqueous solution of fibroin, BDDE crosslinker, and TEMED into liquid nitrogen at a
controlled rate followed by conducting the cryogelation reactions at -18 °C for 24 h
(Figure 2.1a). The immersion rate R of the gelation solution into liquid nitrogen was
varied between 2.5 and 35 mm.min*. In control experiments, cryogelation reactions
were conducted without the immersion period, i.e., by cooling the solution from 23 +

2 to -18 °C and keeping at this temperature for 24 h to obtain isotropic cryogels.

Figure 2.3a shows the equilibrium weight qw and volume swelling ratios qv of the
cryogels and the gel fraction Wy plotted against the immersion rate R. The data for
isotropic cryogels are shown at R=0, as indicated by an arrow. The gel fraction Wy
representing the conversion of water-soluble fibroin to a 3D fibroin network is 1.3 +
0.2 indicating a complete conversion, and the presence of bound water that cannot be
separated by freeze-drying [77]. As detailed before [71,78], BDDE reacts with the
amino groups on fibroin to form intermolecular cross-links, whereby the mobility of

fibroin molecules significantly reduces triggering the conformational transition in
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fibroin from random coil to B-sheet structure. The insolubility of fibroin after the
directional freezing - cryogelation process also suggests formation of p-sheet

crystallites acting as interstrand cross-links.
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Figure 2.3 : (a) The gel fraction Wy (open symbols), equilibrium weight qw (filled
circles) and volume swelling ratios gv of the cryogels (filled triangles) shown as a
function of the immersion rate R. The data at zero immersion rate are for isotropic
cryogels. (b) Spacing between fibroin layers, i.e., channel width in anisotropic
cryogel scaffolds shown as a function of R.

Indeed, the results of B-sheet contents estimated from the analysis of the Amide | band
region of FTIR spectra show that fibroin chains before gelation have 12 + 2% [B-sheet
structures, while their contribution increases to 28 + 1 and 31 + 2% in isotropic and
anisotropic cryogels, respectively (Figure 2.4). The higher p-sheet content of
anisotropic cryogels as compared to the isotropic ones indicates that freezing in liquid
nitrogen before cryogelation promotes B-sheet crystallization. Figure 2.3a also reveals
that both the weight gw and volume swelling ratio qv of anisotropic cryogels are
independent on R and they equal to 12.3 £ 0.4 and 1.2 + 0.1, respectively. Isotropic
cryogels exhibit a slightly higher degree of swelling and a gel fraction Wy of 1.1 + 0.1
indicating that the immersion period increases the amount of bound water in the

cryogels.

The fact that the mass of the cryogels 12-fold increases upon swelling in water while
their volume remains almost constant suggests that the swelling process of the cryogels
is mainly governed by filling of their pores with water [79]. Assuming the pore volume

remains constant during swelling, the total porosity P can be estimated from the weight
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and volume swelling ratios using the equation [79]: P = 1 — qv[1+(quw-1)p] where p is
the fibroin density (1.35 g.mL™) [80]. Calculations show that the porosity P of both

isotropic and anisotropic cryogels is 93 £ 1% indicating their highly porous structure.
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Figure 2.4 : Contents of B-sheets, B-turns, a-helix and random coil conformations of
silk fibroin network strands in freeze-dried cryogels plotted against the immersion
rate R.

Indeed, cross-sectional optical images of isotropic and anisotropic cryogel samples
shown in Figure 2.5a and 2.5b-d, respectively, reveal existence of micrometer-sized
pores. The isotropic cryogel has a disordered pore structure within an interconnected
3D fibroin network while all cryogels prepared after directional freezing e cryogelation

process possess long aligned fibroin layers interconnected with fibroin branches

forming a 3D network containing macropores.

Figure 2.5 : Optical images of isotropic (a) and anisotropic fibroin cryogels (b-d).
R=10 (b), 25 (c), and 35 (d) mm.min. Scaling bars in 2.5a-d are 1 mm (left) and 100
um (right).
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The images in Figure 2.5b-d also show that increasing immersion rate R of the reaction
solution into liquid nitrogen prior cryogelation decreases the spacing between the

fibroin layers, i.e., the width of microchannels.

Figure 2.6a and b shows typical scanning electron micrographs of cross-sections of

isotropic (a) and anisotropic cryogel scaffolds formed at R=30 mm.min (b).
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Figure 2.6 : SEM images of isotropic (a) and anisotropic cryogel scaffolds (b-d).
Scaling bars are 100 um (a,b) and 500 um (c,d). R = 20 (c), 25 (d), and 30 mm.min™*
(b).

Isotropic cryogel sample consists of randomly oriented spherical and ovaloid pores of
30 £ 11 pum in diameter while the anisotropic sample possesses several hundred
micrometers long, aligned fibroin layers producing a channel-like porous structure.
The fibroin layers are interconnected by perpendicularly oriented branches to form a
“fishbone” morphology. We have to mention that all the SEM and optical images
presented here are cross-sectional views of the scaffolds and therefore, the aligned
layers and channels are perpendicularly oriented to the immersion direction. For
instance, Figure 2.6¢ and d showing SEM images of the cryogels formed at R = 20 and
25 mm.min, respectively, at a low magnification reveals radially oriented pore
structure of the scaffolds. These results suggest that the growth of ice crystals occurs
from the surface of the syringes which is in conduct with the cooling liquid at -196 °C
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to its interior rather than in the direction in which the syringe is lowered into liquid
nitrogen. A similar observation was recently reported by Arrua and Hilder in the
preparation of cross-linked polyacrylates by directional freezing and photoinitiated
cryocopolymerization [62]. We attribute the directional freezing in radial direction to
the higher effective thermal conductivity in radial direction as compared to the
longitudinal (immersion) direction because the heat flux must travel a shorter path in

the former direction.

Figure 2.7 shows a scheme representing the unidirectional growth of ice crystals and
formation of fibroin layers interconnected by branches. The temperature gradient in
the fibroin solution induced by the contact with liquid nitrogen results in growing of
ice from the surface of the cylindrical reactor toward the center. As water freezes,
fibroin molecules together with BDDE cross-linker and TEMED are expelled from the
formed ice crystals and accumulate around the growing crystals to form unfrozen
domains of the reaction system. Thus, in addition of the temperature gradient, a
concentration gradient is established across the moving freezing front due to the cryo-
concentration of the reactants. This causes Mullins-Sekerka instability leading to the
collapse of the moving freezing front leaving behind pockets of unfrozen concentrated
fibroin solution [30,31,81].

(a) Fibroin, BDDE, TEMED  (b) Ice (©)  Fibroin network
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Figure 2.7 : Cartoon representing formation of aligned porous structure in fibroin
cryogels under directional freezing. Fibroin solution before (a) and after directional
freezing (b), and after cryogelation (c) is presented.

After the cryogelation reactions at -18 °C, the cryo-concentrated unfrozen fibroin
solution between the aligned ice crystals turns to a dense gel making the fibroin layers
and branches while ice act as template to form pores after thawing and freeze-drying.

The primary periodicity of the aligned porous structures is defined by the Mulling-
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Sekerka instability wavelength [81]. This wavelength is determined by competition
between the destabilizing solute interfacial concentration gradient and the stabilizing
effects acting to preserve the planarity of the interface, e.g., the imposed temperature
gradient and surface energy of the solid/liquid interface [81]. The layer spacing, i.e.,
the channel diameter of 14 £ 7 um in Figure 2.6b well compares with the instability
wavelength of 15 um for aqueous PV A solutions [31].

The results also show that the spacing between the fibroin layers strongly depends on
the immersion rate R. Figure 2.8 showing SEM images of fibroin scaffolds formed at
various R between 2.5 and 35 mm.min! indicate that the layer spacing is inversely

proportional to the immersion rate.

Figure 2.8 : SEM images of anisotropic cryogel scaffolds. R = 2.5 (a), 10 (b), 20 (c),
25 (d), 30 (e), and 35 mm.min (f). Scaling bars = 100 um (Magnification = x100).

The average spacing between the layers were calculated by analyzing SEM images at
various magnifications. The results are collected in Figure 2.3b where the layer spacing
is plotted against R. At low immersion rates R, the layer spacing approaches to 70 um
with a broad length distribution while at R > 20 mm.min, it is rather uniform and
around 15 pum. Decreasing layer spacing with increasing immersion rate is due to the
simultaneous increase of the freezing rate leading to the formation of a larger number
of growing ice crystals [55]. Some internal microcracks were also observed in the
cryogel samples formed at high immersion rates (>25 mm.min*) which we attribute

to rapid cooling of the fibroin solution (Figure 2.9).
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Figure 2.9 : SEM images of anisotropic cryogel scaffolds formed at various R
indicated. Scaling bars are 500 um.
Anisotropic microstructure of the cryogels resulted in anisotropic mechanical
properties, as demonstrated by uniaxial compression tests. The tests were performed
by cutting dry and swollen cryogel specimens from the directions parallel and vertical
to the freezing direction and compressing them at a constant speed up to complete
compression. Figure 2.10 shows stress-strain curves of the cryogel scaffolds formed at
various R where the nominal stress anom is plotted against the deformation ¢. Note that
the curves were corrected by considering the onset of microcracks in true stress otrue -
¢ plots as detailed in the experimental section and in Figure 2.1c. Solid and dashed
curves represent the results of the measurements along the directions parallel and
vertical to the freezing direction, respectively. The insets show the portion of the
curves below anom = 0.6 MPa. The cryogels sustain up to ~90% compression at ~20
MPa compressive stresses. This extraordinary mechanical strength is due to the cryo-
concentration of fibroin producing dense pore walls of high fibroin concentration
[55,56]. For instance, freezing of an aqueous 6 wt% fibroin at -18 °C results in a frozen
system composed of 88% ice and the rest being a concentrated unfrozen solution
containing 37 wt% fibroin, which is about 6-fold larger than the nominal fibroin
concentration [78]. Figure 2.10 also shows that, at below R = 30 mm.min, the initial

slope of stress-strain curves corresponding to the Young's modulus E is higher in
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parallel direction as compared to the vertical direction. Another point is the appearance
of a near-plateau regime at around 5% compression in parallel direction during which
the scaffolds easily deform under force. As reported before [78], the appearance of a
plateau regime indicates that the porous structure is mechanically stable up to the onset
of the plateau while it starts to collapse with the onset of the plateau. The results reveal
higher mechanical stability of 3D porous structure during compression in parallel

direction as compared vertical direction.
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Figure 2.10 : Stress - strain curves of fibroin scaffolds as the dependence of the
nominal stress anom ON the compressive strain . The measurements were conducted
parallel (solid curves) and vertical to the freezing direction (dashed curves).
Immersion rate R = 10 (a), 15 (b), 20 (c), and 30 mm.min (d).

The mechanical properties of the cryogels are compiled in Figure 2.11 where the
Young's modulus E, compressive ocomp and fracture stresses of of dry (left panel) and
swollen cryogels (right panel) are plotted against the immersion rate R. The circles and
triangles represent the data obtained from parallel and vertical directions, respectively.
Moreover, the data of isotropic cryogels in both directions shown at R = 0 are presented
by the filled and open squares. For both dry and swollen cryogel samples, the extent

of anisotropy first increases with increasing immersion rate R up to 20 mm.min**and
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then decreases again with a further increase in R. The modulus E of scaffolds in parallel
direction attains a maximum value of 3.4 + 0.5 MPa at R = 20 mm.min, which is
about four-fold larger than that measured in perpendicular direction (0.8 + 0.3 MPa).
Considering the Young's modulus of human cornea is around 3 and 1 MPa in
horizontal and vertical directions, respectively [29], the results show that the cryogel

scaffolds formed at 20 mm.min! possess a comparable modulus.
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Figure 2.11 : The compressive modulus E, compressive acomp and fracture stresses ot
of dry (left panel) and swollen cryogels (right panel) plotted against the immersion
rate. The circles and triangles represent the data obtained from parallel and
perpendicular directions, respectively, while the data of isotropic cryogels in both
directions are shown by the filled and open squares.

The results also show that the anisotropic pore structure of the scaffolds mainly affect
the initial part of the stress-strain curves represented by the modulus E and the
compressive stress acomp at 3% compression while the ultimate properties such as the

fracture stress of and fracture strain remain unaffected. This could be explained by

22



considering the microstructure of anisotropic cryogels (Figures 2.5, 2.6 and 2.8):
Compressing in parallel to the freezing direction means vertically compressing several
hundred nanometers long, radially oriented fibroin layers while, in vertical direction,
the branches between the layers are compressed, which are only tens of nanometers.
Thus, a much larger stress is initially required to compress the fibroin layers as
compared to their branches. As the strain is increased, the porous structure starts to
collapse resulting in a decrease of the channel width so that the stress required to
deform the cryogel becomes independent of direction. The results also show that all
anisotropic scaffolds formed at R = 20 mm.min-* sustain at least 20 MPa compressive
stresses as compared to 8 + 1 MPa for the isotropic scaffold (Figure 2.11). The results
of swollen cryogels shown in the right panel of Figure 2.11 reveals that the modulus,
compressive and fracture stresses of the cryogels decrease by one order of magnitude

after swelling in water.

The key advantage of the present directional freezing - cryogelation process is the
shape and mechanical property recoverability of anisotropic cryogels subjected to
complete compressions. This is presented in Figure 2.12a and b showing successive
compression test results conducted up to about 99% compression. Here, the solid
curves show stress-strain curves of cryogel samples prepared at R = 20 mm.min as
the dependences of the nominal onom and true stresses atwue ON the compressive strain &,
respectively. The cryogel samples were compressed parallel (left panel) and vertical
to the freezing direction (right panel). It is seen that, although the cryogel sample could
completely be compressed, a maximum in owe VS ¢ plot appears at 95% compression
suggesting the formation of microcracks in the sample. After this compression test, the
cryogel sample remained in a compressed state due to squeezing out of water from its
pores, as seen in the images in Figure 2.12¢ (c1/c3). After release of the piston, the
compressed sample absorbs the released water (c3/c5) while adding water completely
recovers its original dimension by sucking up water in its pores (c6), so that it can be
subjected to the next compression test. Dashed and dash-dot curves in Figure 2.12a
and b represent 2nd to 4th compression test results, each conducted after adding water
to the gel sample. The insets to the figures reveal a good superposition of the
successive stress-strain curves demonstrating that the damage in the cryogel is self-
healed upon removing the stress. The average compression at break and fracture stress

of four successive tests are 94 + 1% and 8.4 + 1.4 MPa, respectively. Similar results
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were also obtained for isotropic and anisotropic cryogels formed at various immersion
rates. Thus, all fibroin cryogels can be compressed up to about 99% strain without any

permanent failure.
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Figure 2.12 : (a, b) Four successive compression test results conducted on
anisotropic cryogel samples up to around 99% compression where onom (a) and otrue
(b) are plotted against the strain ¢. The gel samples were prepared parallel (left) and
perpendicular to the freezing direction (right). R = 20 mm.min™%. (c) Images showing

the initial dimension of the cryogel sample (cl), its compressed state (c2), and the
recovery of the initial dimension after release of the piston (c2/c5), and after adding
water (c6).

2.3 Conclusion

Silk fibroin cryogels and scaffolds with anisotropic microstructures and anisotropic
mechanical properties could be obtained by a combined directional freezing -
cryogelation technique starting from aqueous 4.2 wt% fibroin solutions containing
BDDE crosslinker and TEMED. In the first step, the reactor containing the aqueous
solution of fibroin, cross-linker, and TEMED was immersed into liquid nitrogen at a
controlled rate to create a directionally frozen ice template. In the second step, the
cryogelation reactions were conducted in this frozen solution at -18 °C whereby the
cryoconcentrated fibroin in the unfrozen microzones of the reaction system forms a

3D fibroin network. The scaffolds exhibit a Young's modulus in the range of MPa and
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sustain up to 20 MPa compressive stresses. In addition to high mechanical strength,
they also exhibit anisotropic microstructure and hence anisotropic mechanical
properties, e.g., the Young's modulus is 3.4 £ 0.5 MPa and 0.8 + 0.3 MPa when
measured along the directions parallel and vertical to the freezing direction,
respectively. All the cryogels could completely be compressed due to squeezing out of
water from their pores. Upon removal of the load, the compressed cryogels
immediately recover their original dimensions and mechanical properties by absorbing
the released water into their pores. Because many biological tissues possess anisotropic
hierarchical morphologies, high-strength anisotropic fibroin cryogels and scaffolds
presented here have a broad range of potential applications in tissue engineering,

bioseparation, microfluidics, and organic electronics.
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3. HIGH-STRENGTH AND SELF-RECOVERABLE SILK FIBROIN
CRYOGELS WITH ANISOTROPIC SWELLING AND MECHANICAL
PROPERTIES?

Hydrogels as soft and smart materials have important functions in a variety of
biological and biomedical applications [82]. Significant progress has been made in the
past decade in the development of mechanically strong and tough hydrogels with
mechanical performances approaching those of biological systems [15]. The next
important challenge to be addressed in the gel science is to create anisotropic
microstructures and mechanical properties in high-strength hydrogels as observed in
many tissues such as skin, muscle, and articular cartilage [83]. To evaluate the degree
of mechanical anisotropy in natural and synthetic materials, one may measure a
mechanical parameter such as the Young's modulus E in the directions parallel (|I) and
perpendicular (1) to the orientation direction of the materials, and the ratio E/E. is
referred to as the “modulus anisotropy” [83]. For instance, tendon, the connective
tissue joining muscle to bone has a compressive E/E. ratio of around 20 [26], whereas
human annulus fibrosus of intervertebral disk exhibits tensile circumferential moduli
of 17.4 and 5.6 MPa at outer and inner sites, respectively, corresponding to EW/E. =
3.1[84].

To create hydrogels with anisotropic microstructure and mechanical properties,
several techniques have been developed such as stress induced orientation, directional
freezing, and self-assembly [30-40,59,83,85-87]. Hydrogels containing oriented clay
nanotubes or fibrils exhibit modulus anisotropy EW/E. of 3.0 and 7.0, respectively
[86,87]. Modulus anisotropies between 2 and 4 were also reported in polyvinyl alcohol
and double network hydrogels [32,38]. To our knowledge, the highest modulus
anisotropy reported so far is 10.4, which was observed in polyacrylic acid hydrogels

prepared by directional ice-crystal growing and subsequent polymerization [59]. These

2 This chapter is based on the paper “Yetiskin, B., & Okay, O. (2019). High-strength and self-
recoverable silk fibroin cryogels with anisotropic swelling and mechanical properties. Int. J. Biol.
Macromol., 122, 1279-1289.”
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hydrogels are however mechanically weak, i.e., their moduli E; and E. are 80.5 and
7.7 kPa, respectively. The utilization of anisotropic scaffolds as a biomaterial in tissue
engineering applications should exhibit a modulus in the order of MPa to protect their

integrity.

Silk fibroin is a promising and popular biomaterial due to its impressive
biocompatibility, tunable biodegradability, outstanding thermomechanical stability,
ease of processability, and remarkable mechanical properties [23,64-66]. Preparation
of fibroin scaffolds with anisotropic mechanical properties is important in tissue
engineering and bioseparation [60,88]. Anisotropic fibroin scaffolds were fabricated
by directional freezing of aqueous fibroin solutions followed by freeze-drying to fix
the oriented microstructure [53,54,89]. To render the scaffolds water-insoluble, they
were then treated with methanol to induce the B-sheet formation. Although such
scaffolds exhibit a high modulus anisotropy (up to 14), their Young's moduli are below
kPa level, i.e., E; = 0.28 kPa, and E. = 0.02 kPa [53].

We recently reported an alternative strategy to create anisotropic fibroin scaffolds by
combining directional freezing and cryogelation of aqueous fibroin solutions [90].
Cryogelation is a simple technique that provides formation of macroporous gels below
the freezing point of the gelation solution [55,56]. We have to mention that
cryogelation and freezing/thawing are different techniques with respect to the
formation mechanism and mechanical properties of polymeric scaffolds [55,56].
During cryogelation, the reactions occur in the unfrozen domains of the apparently
frozen system occupying about 5% of the whole volume. Thus, the reactants such as
fibroin are cryo-concentrated in these unfrozen domains where the gelation reactions
proceed. The pore wall produced by cryogelation is a dense polymeric gel because of
the cryoconcentrated fibroin solution around the ice crystals. In contrast, the pore wall
formed after freezing/thawing of a conventional gel is a loosely crosslinked gel due to
the absence of cryoconcentration. As a consequence, the porous structures produced
during cryogelation are much stronger than those formed during freezing/thawing. For
instance, Young's moduli of fibroin scaffolds formed via cryogelation and
freezing/thawing of 4.2 wt% fibroin solutions are 8 + 1 and 1.0 £ 0.3 MPa,
respectively, highlighting the effect of cryoconcentration on the scaffold properties

[78]. Moreover, cryogels can be squeezed almost completely without any crack
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propagation making them one of the toughest materials so far reported. We recently
fabricated anisotropic silk fibroin scaffolds by immersing the reactor containing
fibroin solution into a cold bath at a controlled rate followed by the cryogelation
reactions [90]. By adjusting the immersion rate of the reactor into the cold bath, we
were able to create anisotropic silk fibroin scaffolds with Young's moduli E in the
range of MPa. However, their modulus anisotropy was below 4.3 due to the heat

transfer to the reactor walls both in axial and radial directions [90].

Herein we report the preparation of silk fibroin scaffolds with a high degree of
mechanical anisotropy similar to that of tendon together with a high mechanical
strength and rapid self-recoverability. To prepare such hydrogels we designed a reactor
consisting of a copper bottom plate and a cylindrical polytetrafluoroethylene (PTFE)
mold exhibiting a thermal conductivity ratio of 1600 (Figure 3.1a). Copper bottom
plate was immersed in a cold bath at -30 or -196 °C, whereas the cylindrical PTFE
mold locating outside of the cold bath was filled with aqueous solutions of silk fibroin
of various concentrations together with butanediol diglycidyl ether (BDDE) and
N,N,N' N'-tetramethylethylenediamine (TEMED) as a crosslinker and pH regulator,
respectively [71,78,91]. Unidirectional frozen fibroin solution was then subjected to
cryogelation at -18 °C to induce a conformational transition in fibroin from random
coil to B-sheet structures and hence water stability [71]. As will be seen below, we
were able to create mechanically strong silk fibroin scaffolds exhibiting
microstructural, swelling and mechanical anisotropies. The scaffolds exhibit the
highest modulus anisotropy so far reported, 21 £ 5, with moduli E=2.3 £ 0.5 and 0.11
+ 0.03 MPa measured along parallel and perpendicular to the freezing direction,
respectively. We also demonstrate that, independent on the fibroin concentration or
direction of the measurements, 60% of the mechanical energy given to the cryogels
are dissipated due to the friction between the fibroin pore walls, which is responsible

for their squeezability and self-recoverability.

3.1 Experimental
3.1.1 Materials
Butanediol  diglycidyl  ether  (BDDE, Sigma  Aldrich), N,N,N'N'-

tetramethylethylenediamine (TEMED, Sigma Aldrich), LiBr (Merck), and Na>COs
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(Merck) were used without further purification. Silk fibroin (SF) was isolated from
Bombyx mori cocoons (Kozabirlik, Turkey) as described before [67]. Briefly, cocoons
were first boiled in aqueous solution of 0.02 M Na>COsz for 1 h to remove sericin
followed by rinsing the remaining SF with water at 70 °C. After dissolving SF in
aqueous solution of 9.3 M LiBr at 60 °C for 2 h, the solution was dialyzed using a
10000 MWCO dialysis tubing (Snake Skin, Pierce) for 3 days against water that was
changed three times a day. After centrifugation, the final SF concentration was ~5
wit%, which was determined by weighing the remaining solid after drying. Aqueous
solutions with a higher SF concentration were prepared by concentrating 5 wt% SF
solution via dialysis against aqueous solutions of 10 and 15 w/v% poly(ethylene
glycol) (PEG, Sigma-Aldrich, molecular weight: ~10000 g.mol™?) using 3500 MWCO
dialysis tubing (Snake Skin, Pierce). All SF solutions were stored at 4 °C and used

within 2 weeks.

3.1.2 Preparation of anisotropic fibroin cryogels

Fibroin cryogels were prepared from aqueous solutions of fibroin at various
concentrations Csr in the presence of BDDE (20 mmol epoxide groups per gram of
fibroin) and TEMED (0.25 v/v%). At Csr = 16.7 wt%, BDDE concentration was
decreased to 10 mmol.g™ to prevent early gelation. As detailed before [71,78], BDDE
acts as a cross linker to induce conformational transition in fibroin while TEMED is a
pH regulator accelerating this transition. We have to note that gelation of aqueous
fibroin solutions was studied before at various pH's between 6 and 11, which was
adjusted by the addition of TEMED as a pH regulator [71]. The reactions between the
amino groups on silk fibroin and the diepoxide crosslinker was found to be very fast
and the resulting gels were mechanically strong in the presence of 0.25 v/iv% TEMED
producing a pH in the reaction solution of 10.2. We fixed this pH value together with

the type of the pH-regulator throughout this study.

Typically, to obtain cryogels at Csr = 4.2 wt%, BDDE (0.50 mL) and TEMED (15 pL)
were added to 5 mL of 5 wt% SF solution followed by adjusting the final volume to 6
mL with water. The homogeneous solution was then pipetted into a cylindrical
polytetrafluoroethylene (PTFE) mold of 12 mm in internal diameter fitted with a
copper bottom plate, as schematically shown in Figure 3.1a. Preliminary experiments

showed that the diameter of PTFE mold is also critical because thinner molds resulted

30



in the formation of randomly distributed pores (Figure 3.2). To further reduce the heat
transfer in radial direction, a polypropylene (PP) pipe was placed around the PTFE
mold and the copper part of the system was then immersed in a cold bath until the

reaction system completely freezes which required around 30-45 min.
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Figure 3.1 : (a): Experimental setup for the preparation of anisotropic fibroin
cryogels. (b): Directions parallel and perpendicular to the freezing direction indicated
by the white arrow. (c) Optical microscopy images of fibroin cryogels taken parallel
and perpendicular to the freezing direction. Csg = 4.2 wt%. (d) Average pore
diameter D and layer spacing | for cryogels prepared by freezing at -196 °C (circles)
and -30 °C (triangles) plotted against the fibroin concentration Csr.

Liquid nitrogen (-196 °C) and ethylene glycol/water mixture at equal volume ratio (-
30 °C) were used as the cold bath in our experiments. Because the thermal conductivity
of copper is 1600-fold larger than that of PTFE, freezing of the solution occurs in
bottom-up direction. The reactor was then removed from the cold bath and placed in a
cryostat at -18 °C to carry out the cryogelation reactions for 1 day. The gel specimens
after preparation were thawed at 24 °C for 30 min and then immersed in excess of
water for one week by refreshing water several times to extract any soluble species.
The equilibrium swollen gel samples were taken out of water and freeze-dried to

constant weight.

3.1.3 Characterization of fibroin cryogels

Swelling and gel fraction measurements as well as the conformational analysis of
fibroin in the cryogels were carried out as reported before [91]. In short, the frozen
cryogel specimens after preparation were first thawed at 24 °C for 30 min and then
immersed in a large excess of water for one week by replacing water several times to

extract any soluble species. The swelling equilibrium was tested by weighing the gel
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samples as well as by measuring the lengths of the gel samples in directions parallel
and perpendicular to the freezing direction using a calibrated digital compass
(Mitutoyo Digimatic Caliper, Series 500, resolution: 0.01 mm). The equilibrium
swollen gel samples were taken out of water and immediately frozen at -25 °C for 1
day before being freeze-dried at -40 °C/0.12 mbar for 1 day and -60 °C/0.011 mbar for
an additional 1 day. The freeze-drying system consisted of a freeze-dryer (Christ Alpha
2-4 LD plus) connected to a vacuum pump (Vacuubrand RZ 6). The pressure during
freeze-drying was adjusted using a valve controller and monitored by an active digital
controller. All cryogel samples were freeze-dried under the same conditions. The
equilibrium weight swelling ratio qw was calculated as qw = Mswi/Mdry, Where msw and
Mary are the masses of the equilibrium swollen and dried gel samples, respectively. The
volume swelling ratio of the samples was calculated as described in the text. The gel
fraction Wy, that is, the conversion of fibroin to the 3D fibroin network (mass of water-
insoluble fibroin / initial mass of the fibroin in the feed) was calculated from the masses

of dry fibroin network and from the fibroin in the feed.

Differential scanning calorimetry (DSC) measurements were conducted on a Perkin
Elmer Diamond DSC under a nitrogen atmosphere. The cryogel samples equilibrium
swollen in water were cut into specimens of about 10 mg wet weight and sealed in
aluminum pans. They were then scanned between -50 and 250 °C with heating/cooling
rates of 5 and 10 °C.mint. Thermal gravimetric analysis was conducted on a Labsys
evo SETARAM system under nitrogen by heating from 20 to 500 °C at a rate of 10°C.

mint,

Figure 3.2 : Optical images of fibroin cryogels taken parallel to the freezing
direction. The cryogels were synthesized in the reactor shown schematically in
Figure 3.1a using PTFE pipe with an internal diameter r of 6 (a) and 12 mm (b). Csr
= 4.2 wt. %. At r = 12 mm, aligned pore channels in freezing direction form while
decreasing r to 6 mm results in the formation of randomly distributed pores. Scaling
bar = 100 um.
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Rheological measurements were conducted on a Bohlin Gemini 150 rheometer system
(Malvern Instruments, UK) equipped with a Peltier device for temperature control.
The gel specimens equilibrium swollen in water were placed between the parallel
plates (diameter, 20 mm) of the instrument. During all of the rheological tests, 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 evaporation of water. To investigate the
microstructural anisotropy, cylindrical cryogel specimens after freeze-drying were cut
in directions parallel and perpendicular to the freezing direction, as schematically
illustrated in Figure 3.1b. The cut surfaces were then investigated using scanning
electron microscopy (SEM) at various magnifications in a field emission scanning
electron microscope (JEOL JSM-6510LV) after coating with gold for 3 min using a
Sputter coater. The cut surfaces were also studied using an image analyzing system
consisting of a microscope (XSZ single Zoom microscope), a CDD digital camera (TK
1381EG) and a PC with the data analyzing system Image-Pro Plus.

For the uniaxial compression tests, the cryogel specimens were cut into rectangular
shapes (3.1 =+ 0.4 x 29 + 0.3 x 2.8 + 0.4 mm) and compressed parallel and
perpendicular to the freezing direction at a constant crosshead speed of 0.3 mm.min.
The tests were performed at 24 + 2 °C on a Zwick Roell test machine using a 500 N
load cell. Before the test, an initial compressive contact to 0.01 + 0.002 N was applied
to ensure a complete contact between the gel and the plates. Compressive stress was
presented by its nominal onom and true values otrue (=Aonom) Which are the forces per
cross-sectional area of the undeformed and deformed gel specimen, respectively, and
A is the deformation ratio (deformed length/original length). The compressive strain ¢
is defined as the change in the length of the gel specimen relative to its initial length,
i.e.,, € =1 - A The Young's modulus E was calculated from the slope of stress-strain
curves between 2 and 4% compressions. The fracture nominal stress o and fracture
strain & were calculated from the maxima in ot - € plots, as detailed previously [90].
Cyclic mechanical tests were carried out with a compression step performed at a
constant crosshead speed of 0.3 mm.min to maximum strain emax (varied between 20
and 80%), followed by immediate retraction to zero displacement and a waiting time
of 5 min, until the next cycle of compression. Note that uniaxial tensile tests could not

be conducted on the cryogel specimens because they were too slippery.
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Fourier-transform infrared (FTIR) spectra of the freeze-dried specimens were obtained
using a single bounce diamond attenuated total refractance (ATR) module on a FTIR
spectrometer (Nicolet Nexus 6700) equipped with a liquid nitrogen cooled mercury-
cadmium-telluride (MCT) detector. The resolution of each spectrum was 4 cm™, and
64 interferograms were coadded in the range of 500 - 4000 cm™. The conformation of
fibroin chains was estimated by analyzing the spectra using PeakFit software (\VVersion
4.12, SeaSolve Software Inc.). Linear baseline correction was applied to the Amide |
region (1580 - 1720 cm™) before the band was deconvolved by Gauss Amplitude
function. For the curve fitting procedure, the initial band positions at 1620, 1640, 1660,
and 1698 cm representing B-sheet, random coil, a-helix, and B-turn conformations,

respectively, were fixed, allowing their widths and heights to vary [71,78,91].

3.2 Results and Discussion
3.2.1 Microstructure of fibroin cryogels

The experimental setup shown schematically in Figure 3.1a provided formation of
highly anisotropic silk fibroin (SF) cryogels. This could be achieved by use of the
copper bottom plate of high conductivity preventing ice growth in the radial direction.
Unidirectional freezing of the reaction system in liquid nitrogen (-196 °C) or ethylene
glycol/ water mixture (-30 °C) followed by cryogelation at -18 °C resulted in SF
cryogels containing pore channels aligned to the freezing direction. Figure 3.1c shows
typical optical images of cryogel specimens prepared at a fibroin concentration Csr of
4.2 wt% using liquid nitrogen as the cold bath. The images were taken parallel and
perpendicular to the freezing direction corresponding to the vertical section along the
aligned fibroin channels and the cross-section of the channels, respectively. The
parallel view shows long fibroin layers aligned to the freezing direction while the top
view of the channels visualizes the micrometer-sized pores. The average pore diameter
D and spacing | between fibroin layers were calculated from the optical images of
cryogels formed at various fibroin concentrations Csr (Figure 3.3). Figure 3.1d shows
the variations of D and | of cryogels prepared via pre-freezing at -30 and -196 °C
plotted against fibroin concentration Csr. Both the diameter of the pores and the
spacing between fibroin layers corresponding to the width of pore channels decrease
as Csr is increased. For instance, D and | of cryogels prepared using liquid nitrogen as
a cold bath decrease from 43 + 8 to 16 £ 2 um and from 48 + 8 to 17 + 3 um,
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respectively, as Csr is increased from 2.1 to 16.7 wt%. Moreover, at low Csr, cryogels
have polydisperse pores as reflected in Figure 3.1d by large error bars whereas the
pores become rather uniform as Csr is increased. The inverse relation between the pore
diameter and Csr is likely due to the variation of the water content in the reaction
solution. Increasing Csr decreases the amount of water developing the ice template in
the solution leading to the formation of smaller pores and thinner pore channels. Figure
3.1d also shows that D and | increase by increasing the cold bath temperature from -
196 to -30 °C.

Figure 3.3 : Optical images of anisotropic cryogel samples taken parallel (a) and
perpendicular to the freezing direction (b). Fibroin concentrations Csr (in wt %) are
indicated. Scaling bars = 100 um.

Figure 3.4a and b show typical scanning electron micrographs (SEMs) of cryogel
scaffolds formed at various Csr between 2.1 and 16.7 wt% taken parallel and

perpendicular to the freezing direction, respectively. At the lowest concentration of
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fibroin used (2.1 wt%, left panel), the pores are not stable so that they sandwiched
between the fibroin layers whereas at higher concentrations the cryogels possess
several hundred micrometers long, aligned fibroin layers interconnected by vertically

oriented branches producing a channel-like porous structure.

Figure 3.4 : SEM images of cryogel scaffolds formed at Csr = 2.1 (1), 4.2 (2), and
16.7 wt% (3). The images were taken parallel (a) and perpendicular to the freezing
direction (b). Scaling bars are100 pm (upper panel) and 10 um (bottom panel).

In accord with Figure 3.1d, increasing the fibroin concentration Csk decreases the size
of the pores as well as the spacing between the fibroin layers. Figure 3.5a, b show SEM
images of cryogel scaffolds formed at Csr = 8.4 wt% via freezing at -196 (a) and -30
°C (b). The images were taken perpendicular to the freezing direction. It is seen that
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the freezing temperature has an important effect on the pore size. In line with the
results obtained from the optical images (Figure 3.1d), both the pore diameter and layer
spacing increase with increasing temperature of the cold bath. Because the rate of
freezing of the reaction solution decreases with increasing cold bath temperature,
fewer but larger ice crystals will grow during freezing at a high temperature leading to
larger pores [55]. As will be discussed later, cryogels formed via freezing at -30 °C
exhibit poor mechanical properties as compared to those at -196 °C. Therefore, in the
following, we will mainly discuss the properties of cryogels prepared via prefreezing
at-196 °C.

TUBITAK

Figure 3.5 : SEM images of cryogel scaffolds formed via freezing at -196 (a) and -
30 °C (b). Csr = 8.4 wt%. The images were taken perpendicular to the freezing
direction.

3.2.2 Water stability of cryogels and possible cryogelation mechanism

All the cryogels were insoluble in water with a gel fraction close to unity revealing
that fibroin molecules are completely incorporated into 3D fibroin network.
Thermogravimetric analysis (TGA) of freeze-dried gel specimens revealed a weight
loss of 5 to 7% at around 95-100 °C due to evaporation of bound water and a peak at
315 °C due to thermal degradation of SF (Figure 3.6). DSC scans also show a broad
endothermic peak below 100 °C that disappeared after annealing from -50 to 250 °C
indicating the existence of bound water in freeze-dried cryogel specimens (Figure 3.7).

Water-insolubility of the cryogels suggests formation of B-sheets acting as crosslinks
by connecting the fibroin chains to a 3D network. FTIR measurements were conducted
on freeze-dried fibroin scaffolds to estimate the conformation of SF in the cryogels.
Figure 3.8a shows amide | region of FTIR spectra of SF before (dashed curve) and

after cryogelation (blue symbols). A peak at 1640 cm™ appears before gelation which
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is typical for random-coil conformation. This peak shifts to 1620 cm™ and two
additional minor peaks at 1660 and 1698 cm™ appear after cryogelation which are

attributed to B-sheet, a-helix and B-turn conformations [74,75].

Mass % Derivative mass
100 A -
80 |
60 - gt
C 8 Cer =
[ 6r 8.4%
40 ~ %
T ak ~ ‘\v'\ 2.1%
- ~ 4.2%
Y = 16.7%
20_ . [P NN B A -
L 4 8 12 16
Cqe /Wt %
07||||||||||||||||||||||| ILIIIIIILIIIIIIIIIIII
100 200 300 400 500 100 200 300 400
Temperature / °C Temperature / °C

Figure 3.6 : Thermogravimetric analysis (TGA) curves of anisotropic cryogel
samples. The inset shows the water content of the cryogels plotted against the fibroin
concentration Csr.

Fibroin conformation in the cryogels was estimated via peak separation of amide |
band by selecting a Gaussian model for curve fitting [71,78]. The hidden peaks after
peak separation shown in Figure 3.8a by thin gray curves with peak positions at 1620,
1640, 1660, and 1698 cm™, corresponding to B-sheet, random-coil, a-helix, and p-turn
conformations, respectively, were used to estimate the conformation of fibroin
network chains. Figure 3.8b shows conformations of fibroin in cryogels plotted against
fibroin concentration Csr, where the data at Cse = 0% correspond to fibroin before
gelation. It is seen that the content of a-helix decreases in favor of the random coil and
B-sheet contents and the fraction of B-sheets increases from 14 + 3 to 32 + 1% after
cryogelation which is, within the limits of experimental error, independent of fibroin

concentration.

Formation of water-insoluble fibroin scaffolds with an aligned porous structure can be
explained using the following scenario: Upon immersion of the bottom part of the
reactor into cold bath, ice crystals start to grow in down-to-up direction during which
the solutes silk fibroin (SF), BDDE, and TEMED are expelled from the ice and they

concentrate in the unfrozen domains of the reaction solution. This leads to the
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formation of a highly concentrated solution of SF, BDDE, and TEMED surrounding

the directionally growing ice crystals.
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Figure 3.7 : DSC scans of anisotropic cryogel samples formed at Csr = 16.7 wt. % at
a heating/cooling rate of 5 (a) and 10 °C.min! (b). The 1st and 2nd runs are shown
by dashed and solid curves, respectively.

After thermal equilibrium of the reaction system with the cold bath at -196 °C, the
completely frozen system consists of two phases, namely frozen solution phase
containing all the reactants, and pure ice crystal phase aligned to the freezing direction.
Upon heating to -18 °C to conduct the cryogelation reactions, frozen solution phase
containing all solutes will partially melt to attain thermal equilibrium with the cryostat
temperature of -18 °C. It was reported that when an aqueous solution containing 6 wt%
SF is cooled to -18 °C, at thermal equilibrium it consists of 88 wt% ice and the rest
being an unfrozen solution containing 37 wt% fibroin [78]. This process, called
cryoconcentration is due to the high solute concentration preventing the freezing of the
whole system [55]. Thus, during the incubation period at -18 °C, cryogelation in
unfrozen fibroin channels containing BDDE and TEMED leads to the formation of a
3D fibroin network filled with ice template forming pores after melting at room
temperature. Previous work shows that the amine groups on fibroin molecules are
responsible for the crosslinking reactions of fibroin with diepoxide crosslinkers such
as BDDE [71]. Introduction of BDDE crosslinks between fibroin molecules decreases
the mobility of the chains, which triggers the conformational transition from
randomcoil to B-sheet structure and hence fibroin gelation [71,78]. The occurrence of
gelation reactions at such a low temperature is due to the cryoconcentration
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phenomenon producing a high concentration of reactants. Thus, decreasing the
reaction rate due to low temperature is compensated by the increasing concentration

of the reactants.
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Figure 3.8 : Typical ATR-FTIR spectra of freeze-dried silk fibroin sample before
(dashed curve) and after cryogelation at Csr = 8.4 wt% (filled blue circles). The
result of curve fitting for the original spectrum after cryogelation is shown by the
thick gray curve. The thin gray curves represent the hidden peaks after peak
separation with peak positions at 1620, 1640, 1660, and 1698 cm™. (b): Fractions of
random coil, B-sheet, a-helix and B-turn conformations in cryogels plotted against
Csr.

3.2.3 Swelling anisotropy and swollen state porosity of cryogels

To highlight the effect of the microstructural anisotropy on the swelling behavior of
the cryogels, we conducted swelling measurements both parallel and perpendicular to
the freezing direction. The degree of volume swelling was determined by measuring
the lengths of the gel specimens in directions parallel Ix and perpendicular to the
freezing direction ly. (Figure 3.9a). Volume swelling ratios in these directions denoted
by qvx and gy, respectively, were calculated as qux = (Ix / Ixo)® and quy = (ly / ly0)®,
where the subindex O denotes the initial sample length in dry state. Figure 3.9b
compares qvxand qu,y ratios of cryogels formed at various fibroin concentrations Cse.
All cryogels exhibit a larger degree of swelling in the x-direction, that is, parallel to
the freezing direction, as compared to the y-direction. This could be related to the pore
channels in the cryogels aligned to the freezing (x-) direction so that the expansion of
the sample in water occurs in the same direction rather than the radial direction.

Moreover, the swelling anisotropy calculated as qvx / Qvy decreases as fibroin
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concentration is increased, and the largest swelling anisotropy of 1.17 + 0.02 was
observed at Cse = 4.2 wt%. In Figure 3.9c, the average of the volume swelling ratios
in both direction gy together with the weight swelling ratio gw of the cryogels are

plotted against the fibroin concentration Csr.
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Figure 3.9 : (a): Cartoon showing swelling of gel specimen along parallel and
perpendicular to the freezing direction. (b): The volume swelling ratio of cryogels
measured parallel gvxand perpendicular to the freezing direction qv,y plotted against
Csr. (c): The weight qw and volume swelling ratios gy of cryogels and their swollen
state porosities P plotted against Csr.

The average volume swelling ratio gv of all cryogels is 1.2 + 0.1, whereas the weight
swelling ratio qw is between 14 and 21, and it increases as Csr is decreased. Because
the volume expansion of gels is related to their crosslink density, the low degree of
volume swelling indicates highly crosslinked structure of fibroin network, i.e., pore
walls, restricting its expansion due to the favorable mixing entropy effect. A much
larger weight swelling as compared to the volume swelling is due to the interconnected
open pores that are filling and emptying during swelling and drying, respectively,
without changing much the gel volume. Swollen state porosity can be calculated from
the swelling ratios as P = 1 — qv [1+(qw-1)p] where p is the fibroin density (1.35 g/mL)
[79]. Open symbols in Figure 3.9c showing porosities reveal that all cryogels are
highly porous and the porosity decreases from 96 to 85% with increasing fibroin

concentration.
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3.2.4 Viscoelasticity of cryogels

Viscoelastic properties of the cryogels were investigated by oscillatory deformation
tests at a strain amplitude yo of 1%, which is in the linear regime of the cryogels (Figure
3.10).
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Figure 3.10 : Storage modulus G’ (filled circles), loss modulus G’ (open symbols),
and loss factor tan ¢ (curves) of cryogels plotted against the strain amplitude yo. @ =
6.28 rad.s™. Cse = 2.1 (a), 4.2 (b), 8.4 (c), and 16.7 wt. % (d).

Figures 3.11a, b show the storage modulus G' and loss factor fan 6 of the cryogels
formed at various Csr plotted against the frequency w. Both G' and fan ¢ exhibit weak
frequency dependencies reflecting the elastic nature of the cryogels. The modulus G’
increases from ~1 to ~50 kPa with increasing Csr due to the simultaneous increase of
the B-sheet amount in unit volume of cryogel. Moreover, the loss factor tan o is above
0.1 for all cryogels, which is around one order of magnitude larger than that of
nonporous fibroin hydrogels [71]. Because fan ¢ is a measure of energy dissipation,
this suggests a larger extent of energy dissipation in cryogels as compared to
hydrogels. This behavior is likely due to the squeezability of fibroin cryogels which is
comparable to squeezing out a sponge. The images in Figure 3.11c demonstrate a
macroscopic visualization of this behavior for a cryogel specimen formed at Csg = 16.7
wit%. The specimen could be compressed by a strain ¢ of 80% and, upon unloading, it
recovers its original shape immediately by soaking up the released water back into its
pores. Similar to this macroscopic view, within each cycle of the oscillatory
deformation tests, pore walls of fibroin cryogel approach each other and move away
again, during which the pore water is squeezed out and soaked up back. This creates
viscous stresses and energy dissipation as reflected by increased loss modulus and
hence loss factor as compared to nonporous fibroin gels having the same storage
modulus [71].
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To further demonstrate the energy dissipation, cyclic strain-sweep tests between strain
amplitudes yo 1% and 1000% were conducted at a fixed frequency of 6.28 rad.s™. The
results are shown in Figure 3.11d where G’ (filled symbols) and the loss modulus G"
(open symbols) are plotted against strain yo. Results of up and down strain sweep tests

are shown by circles and triangles, respectively.
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Figure 3.11 : (a, b): Storage modulus G' (a) and loss factor tan ¢ (b) of the cryogels
plotted against frequency w. Strain amplitude yo = 1%. Fibroin concentrations Csk (in
wt%) are indicated. (c): Images of a cryogel specimen during uniaxial compression
up to a strain ¢ of 80% followed by unloading to zero strain during which the sample
soak up the squeezed water back into its pores. (d): G' (filled symbols) and loss
modulus G" (open symbols) of the cryogels formed at Csk = 16.7 wt% plotted as a
function of strain y, at = 6.28 rad.s™’. Results of up and down strain sweep tests are
shown by circles and triangles, respectively. Temperature = 25 °C. The cartoon in the
inset shows formation of a water layer between the gel phase and the upper plate of
the rheometer at high strains.

An apparent gel-to-sol transition occurs at around 10% strain and the cryogel behaves
like a liquid with a loss factor of around 6 at 1000% strain. This transition is reversible,

that is, if the strain is reduced back to 1%, the cryogel recovers its initial viscoelastic
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properties. We can explain this unusual behavior with the squeezability of the cryogels.
As depicted in the inset to Figure 3.11d, as the strain is increased at a fixed frequency,
pore water is gradually squeezing out of the cryogel forming a water layer between the
gel phase and the upper plate of the rheometer. Thus, the released water instead of the
densified cryogel is measured at high strains while reducing the strain results soaking
up water back into the gel sample so that the initial properties are recovered.

3.2.5 Mechanical anisotropy of cryogels

Figures 3.12a, b show representative stress-strain curves of cryogels formed at Csr =
8.4 and 16.7 wt%, respectively, in dry (left panel) and swollen states (right panel). As
illustrated in the inset images, the measurements were performed along parallel (solid
curves) and perpendicular to the freezing direction (dotted curves). Comparing the
results in both directions, the cryogels exhibit a higher stiffness in the parallel direction
at a small strain, whereas the difference observed between parallel and perpendicular
directions vanishes at large strains. Moreover, stress-strain curves of both dry and
swollen cryogels can be divided into three zones: (i) Elastic region up to a strain of
about 10% during which stress linearly increases with strain, (ii) Plateau region
between 10 and 60% strains during which the cryogel easily deforms, and (iii)
Densification region above 60% strain.

The elastic region is expected for any porous or nonporous elastic material at small
strains and indicates that the pore walls of the cryogel remain stable. In the following,
this regime was characterized by Young's modulus E calculated from the slope of the
curves between 2 and 4% compressions, and the compressive stress ocomp Which is the
stress at 3% strain. In the second region, the fibroin channels building the porous
structure of cryogels start to collapse by elastic buckling and continues until the
majority of them have done so. As a consequence, the cryogel easily deforms in the
plateau region due to squeezing out air or pore water for dry and swollen cryogels,
respectively. This region was characterized by the plateau stress op, Which is a measure
of the mechanical stability of the porous structure. Figure 3.12c showing the
dependence of the plateau stress op of dried cryogels on the fibroin concentration Csg
in directions parallel (circles) and perpendicular (triangles) to the freezing direction
reveals that oy is larger in parallel direction and it increases from 102 - 10 to 10° MPa

with increasing Csr from 2.1 to 16.7 wt% reflecting increasing mechanical stability of
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the porous structure at high fibroin concentration. However, swelling of cryogels
decreases the plateau stress op and the plateau becomes less visible due to the glassy-
to-rubbery state transition in fibroin network. In the final densification regime, most
of the air or pore water in the cryogel is squeezed out so that a nearly nonporous fibroin
network is compressed, as manifested by an upward growth of stress (strain-
hardening). Because of the disappearance of the pores in this regime, stress-strain
curves recorded parallel and perpendicular to the freezing direction approach each
other and similar ultimate properties were obtained. This is also illustrated in Figure
3.12d showing the fracture stress of of dry and swollen cryogels measured at two
directions plotted against Csk. of slightly increases with Csr and no directional

dependence is observable over the whole range of fibroin concentration.
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Figure 3.12 : (a, b): Compressive stress-strain curves of cryogels formed at Csg = 8.4
(@) and 16.7 wt% (b) in dry (left panel) and swollen states (right panel). Uniaxial
compression tests were performed parallel (solid curves) and perpendicular to the

freezing direction (dotted curves). (c, d): Plateau stress o, (¢) and fracture stress ot (d)

of cryogels measured in parallel (circles) and perpendicular to the freezing direction

(triangles) plotted against the fibroin concentration Csg. The o, data are from dried
cryogel samples while o data are from dried (filled symbols) and swollen cryogels
(open symbols).

Figure 3.13a, b show Csk dependences of Young's modulus E (upper panel) and
compressive stress ocomp (bottom panel) of dry and swollen cryogels, respectively,
measured along parallel (circles) and perpendicular to the freezing direction

(triangles). In both directions, increasing fibroin concentration Csg improves the
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mechanical performance of cryogels both in their dry and swollen states. The modulus
E and compressive stress acomp in the parallel direction are much higher than those in
the perpendicular direction. For instance, at Csr = 16.7 wt% the moduli Ej and E. are
18 £ 3 and 5.8 = 0.3 MPa, respectively. Moreover, the difference in the modulus
becomes larger with increasing Csr. Figure 3.13c, d show the anisotropies in modulus,
compressive stress ocomp, and fracture stress of of dry and swollen cryogels,
respectively, plotted against Csr. The anisotropy in the fracture stress is close to unity
revealing the isotropic behavior of cryogels at large strains whereas both the modulus
and compressive stress show directional dependences. In dry state, the maximum
degree of anisotropy in the modulus Ey/E. is 21 + 5 which was observed at the lowest
fibroin concentration (2.1 wt%), i.e., Ey = 2.3 = 0.5 MPa and E1 = 0.11 = 0.03 MPa.
This value is the highest modulus anisotropy reported so far in the literature. The
anisotropy in the compressive stress also attains a maximum value of 7 + 2 at 2.1 wt%
fibroin. In swollen state, the maximum modulus and compressive stress anisotropies

are 8 £ 2 and 1.9 + 0.5, respectively, observed at 4.2 wt% Csr.
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Figure 3.13 : (a, b): Young's modulus E (upper panel) and compressive stress ocomp
(bottom panel) of dried (a) and swollen cryogels (b) measured in parallel (circles)
and perpendicular to the freezing direction (triangles) plotted against fibroin
concentration Csr. (c, d): Anisotropies in modulus E, compressive stress ocomp, and
fracture stress ot of dry (c) and swollen cryogels (d) plotted against fibroin
concentration Csr.

As mentioned in the experimental part, Young's modulus E of the cryogels was
calculated from the slope of the stress-strain curves between 2 and 4% strains. Detailed
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calculations revealed that the slope of the curves continuously varies even in the elastic
region. For instance, Figure 3.14a shows stress-strain curves of fibroin cryogels
formed at various SF concentrations up to a strain of 10%. The measurements were
conducted along parallel (solid curves) and perpendicular to the freezing direction
(dashed curves). From these curves the instantaneous moduli E; was calculated as the
slope between two consecutive data points and plotted against the strain ¢ in Figure
3.14b.
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Figure 3.14 : Stress-strain curves up to a strain of 10% (a) and instantaneous
modulus E; of the cryogels (b) plotted against the strain ¢. Solid and dashed curves
are the results obtained from parallel and perpendicular to the freezing direction,
respectively. The symbols represent the Young's modulus of the cryogels and the
vertical bars indicate the range between 2 and 4% strain where the modulus was
calculated.

To eliminate noise in the data series, they were smoothed using the negative
exponential procedure with a sampling proportion of 0.4, i.e., 10 data points for 4
smoothed values (Figure 3.15) [92]. The solid circles in Figure 3.14b show Young's
moduli E of the cryogels. It is seen that, similar to the cancellous bone [93], all fibroin
scaffolds exhibit peak moduli at a critical strain which are larger than their Young's
moduli E. For instance, E; of the cryogel formed at Csr = 16.7 wt% is 45 MPa which
is about 2.5-fold larger than its Young's modulus. Moreover, the modulus anisotropy
at the peak position, i.e., the Ei,i/Ei,» ratio is also larger than that calculated from
Young's modulus as E\/E.. For instance, Ei,i/Ei,. and Ey/E. ratios are 3.1 £ 0.5 and 5.4

+ 0.3, respectively, for the cryogels formed at Csr = 16.7 wt%.
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Figure 3.15 : Instantaneous modulus E; of the cryogels plotted against the strain &.
Solid red and dashed blue curves are the results obtained from parallel and
perpendicular to the freezing direction, respectively. They were obtained after
smoothing the raw data shown by black and gray scattering data using negative
exponential procedure with a sampling proportion of 0.4.

3.2.6 Mechanism of energy dissipation

Cyclic mechanical tests are a mean to investigate the anisotropy in viscous energy
dissipation of the cryogels. We conducted uniaxial compression tests at a strain rate of
0.3 mm.min’t up to a maximum strain emax followed by unloading at the same rate to
zero strain. This loading/ unloading cycle was successively repeated with a waiting
time of 5 min between the cycles during which a few drops of water was added to the

gel specimen to eliminate water loss by evaporation.

Figure 3.16a, b show typical stress-strain curves from four successive cyclic
compression tests to a fixed maximum strain emax 0of 80% (a) and with increasing emax
from 20 to 80% are shown (b). The tests were conducted parallel to the freezing
direction on the cryogels formed at Csr = 4.2 wt%. The loading and unloading curves
are shown by the solid and dotted lines, respectively. The general trend is that the
unloading curves follow a different path from the loading ones revealing energy
dissipation during the mechanical cycles. Moreover, each loading curve follows
previous loading indicating that the cycles are reversible, i.e., the original
microstructure of the cryogel is recovered after the cycle. This is an indication of self-
recoverability of fibroin cryogels, as also illustrated in Figure 3.11c showing a
macroscopic visualization of this behavior. Indeed, for emax = 80% the dissipated
(hysteresis) energy Unys calculated from the area between loading and unloading

curves is independent on the number of cycles and equals to 4 £ 1 kJ.m?,

Figure 3.16¢ shows the hysteresis energies Unys of the cryogels formed at various

fibroin concentrations Csr plotted against the maximum strain emax. Unys data were
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calculated from cyclic mechanical tests conducted parallel (filled symbols) and
perpendicular to the freezing direction (open symbols). For the sake of clarity, the data
were vertically shifted by a factor K. It is seen that at small maximum strains emax, Unys
is about one order of magnitude larger in the parallel direction reflecting larger viscous
energy dissipation as compared to the perpendicular direction. The directional
dependence of Unys decreases with increasing strain and disappears at emax = 80%. This
finding is in accord with the mechanical test results given in Figure 3.12 showing that

the ultimate properties of cryogels are almost independent of direction.
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Figure 3.16 : (a, b): Nominal stress anom VS elongation ratio ¢ curves from cyclic
compression tests of swollen cryogels conducted parallel to the freezing direction.
Csr = 4.2 wt%. Four successive cycles to a maximum strain emax = 80% (@) and with
increasing emax from 20 to 80% are shown (b). Temperature = 24 + 1 °C. (c):
Hysteresis energies Unys calculated from the cyclic test results shown as a function of
emax. The measurements were conducted parallel (filled symbols) and perpendicular
to the freezing direction (open symbols). For the sake of clarity, the data were
vertically shifted by a factor K, which is 1, 10, 70, and 60 for Csr = 2.1, 4.2, 8.4, and
16.7 wt%, respectively. (d): Dissipated energy u per loading energy in parallel (filled
symbols) and perpendicular directions (open symbols) plotted against emax.

We can explain the above results with the friction-induced energy dissipation in the

cryogels. Because of the squeezability of the cryogels, high friction between fibroin
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pore walls can be produced when water moves through the pores, as reported
previously [94]. Thus, the friction seems to be a primary factor responsible for the
energy dissipation. According to the Amonton's law, frictional force F between two
solids is related to the load W forcing them together by F = 41 where  is the frictional
coefficient and is generally between 0.5 and 1.0 [95]. Although the frictional behavior
of hydrogels deviates from the Amonton's law [96], swelling of fibroin cryogels
mainly occurs by filling of the pores with water rather than volume swelling, and the

pore walls absorb only 20% water to attain the equilibrium state (Figure 3.9c).
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Figure 3.17 : (a-d): Young’s modulus E of dried (a, c) and swollen cryogels (b, d)
measured in parallel (a, b) and perpendicular to the freezing direction (c, d) plotted
against the type of cryogels. For the types S1, S2, and S3 cryogels, the freezing
temperatures are -196, -196, and -30 °C while the cryogelation temperatures are -18,
-6, and -18 °C, respectively. (e, f): Modulus anisotropies of dry (¢) and swollen
cryogels (f) plotted against fibroin concentration Csr.

50



Thus, fibroin pore walls of cryogels are solid-like as compared to highly swollen
hydrogels. Moreover, the ratio of dissipated energy to the loading energy, that is, the
amount of energy dissipated per energy given can be regarded as the frictional
coefficient ux, which should be independent of Csr, or the direction of the
measurements. By dividing Unys to the area under the loading curve, we calculated u
for all hydrogels and plotted against emax in Figure 3.16d. It is seen that the x is indeed
independent on the direction of the measurements, or fibroin concentration Csr, and it
equals to 0.6 + 0.1. Thus, around 60% of the energy given to the cryogels are dissipated
due to the friction between the pore walls. Because creating an effective energy
dissipation mechanism is the main technique for toughness improvement in hydrogels
[15], the large friction-induced energy dissipation in cryogels is responsible for their

almost complete squeezability and self-recoverability.

The results summarized above were obtained by directional freezing of the gelation
solution at -196 °C followed by cryogelation at -18 °C to obtain fibroin cryogels.
Increasing the cryogelation temperature from -18 to -6 °C resulted in no change in the
mechanical properties as well as in the degree of anisotropy in the cryogels (Figure
3.17). However, conducting the initial directional freezing process at -30 °C in
ethylene glycol/water mixture instead of -196 °C slightly deteriorated the mechanical
properties of the cryogels (Figure 3.17). This could be related to the formation of larger
pores due to the slower rate of freezing of the solution at -30 °C as shown in Figures

3.1d and 3.5, leading to a decrease in the mechanical performance of the cryogels.

3.3 Conclusions

A novel directional freezing/cryogelation method was described for fabrication of
high-strength and rapid self-recoverable silk fibroin scaffolds with anisotropic
properties. Significant anisotropies in the microstructure, swelling, and mechanical
properties were achieved that could be tuned by the silk fibroin concentration. By
adjusting the synthesis parameters, we were able to create fibroin scaffolds exhibit the
highest modulus anisotropy so far reported, 21 £ 5, with moduli E=2.3+0.5and 0.11
+ 0.03 MPa measured along parallel and perpendicular to the freezing direction,
respectively. Although the cryogels exhibit solid-like behavior with a weak frequency
dependent storage modulus, they undergo gel-to-sol transition at around 10% strain,

which is attributed to their squeezability creating viscous stresses and energy
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dissipation. Stress-strain curves of cryogels reveal the existence of two phases: The
low-strain phase in which the fibroin micro-channels are mostly straight, i.e., pore
walls are stable, and a high-strain phase in which the micro-channels are mostly
buckled so that the pores are disappeared. The transition between the two phases
occurs over the plateau regime during which water is squeezed out easily. Cyclic
mechanical tests reveal that the friction between the fibroin pore walls is the primary
factor responsible for the energy dissipation. Independent on the fibroin concentration
or direction of the measurements, 60% of the mechanical energy given to the cryogels
are dissipated due to the friction which is responsible for their almost complete
squeezability and self-recoverability.
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4. SINGLE-, DOUBLE-, AND TRIPLE-NETWORK MACROPOROUS
RUBBERS AS A PASSIVE SAMPLER?

In the past decades, large quantities of organic compounds entering aquatic systems
create acutely toxic effects and chronic abnormalities in aquatic organisms. Although
the dissolved concentration of organic compounds in aquatic systems is low because
of their very low water solubilities, they are easily uptaken by the organisms, and
hence, these pollutants move through the food chain with increasing level of
biomagnification. It is thus a challenging task to detect their levels with sufficient
selectivity and sensitivity. Passive sampling is an effective technique to detect organic
compounds such as polycyclic aromatic hydrocarbons (PAHs) at very low
concentrations in water by accumulating them in their structure to a measurable
concentration level [97-102]. When compared to biomonitoring carried out with
organisms, passive samplers are not affected by biological activities such as
metabolism and excretion, which may alter the sampled amounts of the compounds of
interest. Besides, passive samplers provide time-weighted average concentrations,

which are not affected by instantaneous pollutant inputs to the sampling site.

Biphasic passive samplers such as semipermeable membrane devices (SPMDs)
consisting of polyethylene membranes filled with triolein have been widely used as a
passive sampler to monitor organic chemicals [103]. Recent studies show that
monophasic polymeric passive samplers such as polyoxymethylene, low-density
polyethylene, and polydimethylsiloxane (PDMS) have several advantages over
SPDMs as effective passive samplers in monitoring pollution level in aquatic systems
[104]. To our knowledge, polymeric passive samplers developed so far have a
nonporous structure, and hence, the diffusion of organic chemicals into the passive

sampler determines the absorption process of organic chemicals. In contrast, for a

3 This chapter is based on the paper “Yetiskin, B., Tureyen, O. E., Yilmaz, A., Yakan, S. D., Okay, O.
S., & Okay, O. (2019). Single-, double-, and triple-network macroporous rubbers as a passive
sampler. ACS Appl. Mater. Inter., 11(31), 28317-28326.”
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passive sampler with interconnected pore structure, organic chemicals are absorbed

through its pores by convection which is faster than diffusion [79].

Although several strategies have been developed to produce macroporous polymers
[105-108], cryogelation technigue has several advantages because of the extraordinary
properties of the resulting polymers such as high porosity, stable porous structure,
sponge-like squeezability, and a high mechanical strength [55,56,109,110]. By this
technique, the cross-linking reactions of linear polymers are conducted in aqueous or
organic solutions below the freezing temperature, as schematically illustrated in Figure
4.1a,b. As the solvent freezes, polymers and cross-linkers separated from the solvent
crystals accumulate in still unfrozen regions of the cryogelation system, leading to the
formation of a concentrated polymer solution, called cryoconcentration (Figure 4.1Db).
After the thermal equilibrium is reached with the surroundings, the cryogelation
system is composed of a highly concentrated solution phase and pure solvent crystals
[55]. Generally, the effect of cryoconcentration is dominated over the reduction in
cross-linking rates at low temperatures so that cross-linked polymers can be prepared
even at very low concentrations of the polymer [55]. After completing the cryogelation
reaction and melting the solvent crystals, a three-dimensional (3D) network structure
with macropores is obtained (Figure 4.1c).

Cryogelation reactions are mainly conducted in aqueous solutions to prepare
macroporous hydrogels. Lozinsky et al. were the first to investigate the cryogelation
reactions of polystyrene and N-vinylpyrrolidone-maleic anhydride copolymers in
organic solutions in the presence of chemical crosslinkers [111]. They showed that the
reactions conducted in dimethyl sulfoxide (DMSO) and nitrobenzene at subzero
temperatures display similar characteristics as that in aqueous solutions [111].
Recently, hydrophobic cryogels based on acrylic and methacrylic monomers and
PDMS were prepared in organic solvents including dioxane, cyclohexane, and DMSO
[60,62,112,113]. Wong et al. presented cryogelation of acrylate-based monomer
mixtures in DMSO to synthesize shape memory polymer foams with tunable porous
morphology and properties [113]. It was shown that the alignment of the pores and the

porosity can be varied by changing the freezing rate and monomer concentration.

Butyl rubber (isobutylene-isoprene rubber, 1IR) is a synthetic elastomer composed of

isobutylene and 0.5-3 mol% isoprene units serving as sites for covalent cross-linking
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of the rubber. Soft IIR can be converted into an elastic IR by its cross-linking
reactions, called vulcanization, usually conducted using sulfur or sulfur compounds as
cross-linkers in the bulk phase [114].
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Figure 4.1 : Cartoon Showing Formation of Single- (a—c), Double- (d), and Triple-
Network Rubbers (e).

We have shown that the vulcanization of several rubbers including IIR can be
conducted in organic solutions using sulfur monochloride S2Cl; as a cross-linker via
cryogelation technique to produce macroporous rubbers [115,116]. Benzene with a
freezing temperature of 5.5 °C is generally used as the solvent, and cryogelation
reactions are usually conducted 20-25 °C below this temperature [115,117]. High
toughness, squeezability, hydrophobicity, and fast responsivity of macroporous
rubbers expand the potential applications of IIR such as absorbent materials for the
removal of oil spill from aquatic environments [118,119]. In our previous work [115],
we investigated the effects of various synthetic parameters including the temperature
and the concentrations of the cross-linker S>Clz and butyl rubber on the morphology
of the cryogels. The average width and length of the pores were found to be 40 + 12
and 58 £ 17 um, respectively, independent of the concentrations of rubber and S>Cl»
as well as on the cryogelation temperature. However, the efficiency of macroporous
IIR rubbers as a passive sampler for monitoring PAHSs in the aquatic environment
requires a tunable porous structure. Moreover, the existence of both large and small

pores in a sorbent material is important because of the opposite effect of the pore size
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on the sorption rate and sorption capacity. Such a porous structure in rubber cryogels
cannot be achieved using the one-step cryogelation reaction reported before.

We present here for the first time the fabrication of novel macroporous IIR rubbers
with double-network (DN) and triple-network (TN) structures exhibiting a wide range
of tunable pore structures and mechanical properties. The DN structure was generated
by conducting the cryogelation reactions in the large pores of a single-network (SN)
rubber, as illustrated in Figure 4.1d. Thus, filling the pores of the SN rubber with a
benzene solution of IIR and S,Cl; cross-linker followed by cryogelation leads to the
formation of a second generation of pores within the large pores of the SN rubber.
Repeating this step leads to the formation of a TN rubber containing a third generation
of pores (Figure 4.1e). As will be seen below, macroporous SN, DN, and TN rubbers
with a tunable pore structure can successfully be prepared by successive cryogelation
reactions. We show that the mass ratio of the network components determines the
morphology and mechanical properties of macroporous rubbers and their effectivity

as passive samplers for monitoring PAHSs in an aqueous environment.

4.1 Experimental Part
4.1.1 Materials

Butyl rubber (1IR, 1675N, Togliatti, Russia) containing 1.5 mol% isoprene units was
dissolved in toluene to remove the impurities and then precipitated in an excess of
methanol, followed by drying under vacuum to constant weight. Sulfur monochloride
(S2Cl2, Sigma Aldrich), benzene (Merck), toluene, and methanol (both Tekkim,
Turkey) were used without further purification. PDMS elastomer kSil GP60 as a
reference passive sampler was purchased from Silicone Engineering Ltd. (Blackburn,
UK). PAHSs used in the sorption experiments, namely, naphthalene (Naph, Sigma
Aldrich), fluoranthene (Fluo, Fluka), pyrene (Pyr, Fluka), and phenanthrene (Phen,

Fluka), were used as received.

4.1.2 Preparation of macroporous rubbers

Macroporous SN, DN, and TN butyl rubbers (IIR) were prepared in benzene solutions
of IIR using S2Cl2 as a cross-linker. S2Cl. concentration and the cryogelation

temperature were fixed at 6 v/w% (with respect to 1IR) and -18 °C, respectively, which
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were the optimum conditions for the cryogelation of several rubbers with a SN
structure [115,119]. The SN rubber was prepared at an IR concentration (C1) of 5
w/v%. Briefly, IIR (5 g) was dissolved in benzene (100 mL) in a glass beaker at 23 +
2 °C overnight to obtain a homogeneous solution. After addition of SCl> (0.30 mL)
and stirring for 2 min, the solution was transferred into 5 mL plastic syringes of 14
mm in diameter and Petri dishes of 10 cm in diameter and 13 mm in height. Finally,
the syringes and sealed Petri dishes were immersed in a deep freezer at -18 °C, and the
reactions were conducted for 24 h. In this way, macroporous SN rubber specimens in
the form of cylinders of around 14 mm in diameter and rubber sheets of about 3 mm
in thickness were obtained. Macroporous SN rubbers were then extracted in toluene

and finally dried to constant mass, as described in the next section.

DN rubbers were synthesized by swelling dried SN rubber in benzene solution of 1IR
at various concentrations (Cz) between 2.5 and 10 w/v% containing a S2Cl> cross-
linker. Typically, dried SN rubber specimens in the form of cylinders of 1 cm in length
and sheets of around 3 mm in thickness were immersed in 100 mL of benzene solution
containing 1IR (2.5 to 10 g) and S2Cl> (6 v/w% with respect to 1IR). After attaining
swelling equilibrium which required 5-10 min, swollen rubber specimens in the form
of cylinders and sheets were sealed in 10 mL plastic syringes and closed Petri dishes.
They were then placed in a deep freezer at -18 °C, and cryogelation reactions were
conducted for 24 h. TN rubbers were prepared as described above by immersing dried
DN rubber prepared at C>= 10 w/v % in benzene solution of IIR at a concentration (Cs)
of 10 w/v % containing 6 v/iw % S2Cl,. The mass ratio of the network components

with respect to the first single network, wg, was calculated as
Wg = Wy/1 + C3(qwz — DA +wy)q) (4.1)

where wo/1 is the ratio of the second to the first network, that is, w1 = (Qw,1- 1)C2, Quw,1
and qw,2 are the equilibrium weight swelling ratios (swollen mass/dry mass) of the SN
and DN rubbers, respectively, in benzene solution of IR and S>Cl,. The rubber
concentration Cyr just after cryogelation in benzene was 5.7 wt% for the SN rubber,

whereas for DN and TN rubbers, Cyir was calculated using the equations

ClirWt% = “;W—Z”)xmo (4.2a)
w,1

Cwt% = 1+(qu,_2—1)ch100 (4.2b)
w,2
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respectively. Synthesis conditions of macroporous SN, DN, and TN rubbers are
compiled in Table 4.1.

Table 4.1 : Preparation condition of SN, DN, and TN Rubbers. Standard deviations
are in parenthesis.

Code C1 C Cs Qw,1 Qw,2 WR Cir
wiv%  w/iv%  wiv% wt%

SN 5 0 0 22 (3) - 0 5.7
DN 5 2.5 0 19 (1) - 0.45 (0.03) 7.6 (0.3)
DN 5 5 0 18 (1) - 0.85 (0.05) 10.3 (0.3)
DN 5 7.5 0 19 (1) - 1.35 (0.08) 12.4 (0.4)
DN 5 10 0 20 (2) - 1.9(0.2) 145(1)
TN 5 10 10 20(2) 10(3) 4.5(0.4) 19 (2)

4.1.3 Characterization of macroporous rubbers

Swelling and gel fraction measurements were performed by immersing cross-linked
rubber specimens of about 1 cm in length in an excess of toluene, a good solvent for
IR, at 23 + 2 °C for at least 1 week to remove soluble species. To eliminate the solvent
effect on the microstructure of the rubbers, toluene in the specimens was then replaced
with the poor solvent methanol and finally dried to constant mass under vacuum. The
gel fraction Wy defined as the mass of toluene-insoluble IIR prepared from 1 g of linear

IIR was calculated using the equation

W, = D (4.3)

moCrIR

where mgry and mo are the masses of the rubber samples in dry state and after
preparation, respectively. The equilibrium weight and volume swelling ratios of the
rubbers in toluene, represented by qw and qv, respectively, were calculated as

Qw = —::::”yl (4.42)
DSW
0= G2 (4.4)

where msw and Dsw are the mass and the diameter of swollen rubber specimens,
respectively, and Dary is the diameter of the dry rubber specimen. The total volume of
the pores Vp, in the rubbers was calculated from methanol uptake capacity because it is
a poor solvent for IR and hence preferentially enters the open pores. To determine Vp,

rubber specimens in the dry state were placed in excess amount of methanol, and the
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mass mwm of the specimens was measured. Vp, the total pore volume per unit mass of

the rubber, was estimated by

VP — MM~ Mdry (45)

dymMary
where dwm is methanol density (0.792 g.mL™).

The morphology of macroporous rubbers was investigated using scanning electron
microscopy (SEM) and micro-computed tomography (u-CT). SEM images of the
samples were recorded on a Tescan GAIA 3 field emission scanning electron
microscope after sputtercoating with gold palladium on a Leica ACE 600 high vacuum
sputter coater. The average diameter D of the pores was calculated by analyzing at
least 10 SEM images of various magnifications using ImageJ software (NIH, USA).
u-CT scanning was conducted on a u-CT Skyscan 1272 (Bruker, Belgium) without a
filter and using the following parameters: 15.3 pm pixel resolution, 55 kV voltage, 60
PA current, 180° rotation around vertical axes, 70 ms integration time. The details of
the measurements and the treatment of data were reported before [120].

Mechanical measurements were conducted using a Zwick Roell instrument with a 500
N load cell. All the tests were carried out at 23 + 2 °C and at a strain rate of 5 min™.
The nominal stress onom, the force per cross-sectional area of the undeformed
specimen, and the fractional deformation & were recorded. Tensile tests were
conducted on the rubber specimens in the form of sheets of about 10 mm in length and
2 mm in thickness. Young’s modulus E of the rubber was calculated from the slope of
onom - & Curves between 5 and 15% elongation. Cylindrical rubber specimens of 14 mm
in diameter and 3 mm in thickness were subjected to uniaxial compression tests, as
detailed before [76]. To demonstrate the self-recoverability of the rubbers, successive
compression cycles were conducted by first compressing the rubber specimens to a
maximum strain of 80%, followed by unloading to zero strain at the same rate. After

a waiting time of 1 min, these loading and unloading steps were repeated 9 times.
4.1.4 Sorption tests

Macroporous rubbers and PDMS as a reference material were used for the sorption
experiments of naphthalene (Naph), phenanthrene (Phen), fluoranthene (Fluo), and

pyrene (Pyr) from aqueous solutions at 23 £ 1 °C. The experiments were carried out

by immersing rubber specimens, each 0.100 g, in 40 mL of aqueous PAH solutions
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prepared in filtered clean seawater with a salinity of 22 ppt. The PAH concentrations
used in the experiments were selected by considering the solubility limits of the PAH
compounds. In the first phase of the experiments, the concentration of PAH in the
solution was monitored up to 12 h to highlight the initial uptake rate of the passive
samplers. In the second phase, cumulative PAH concentration in the passive samplers
was monitored over 30 - 40 days by refreshing PAH solution every day. The PAH
concentration in the solution was determined by taking subsamples at predetermined
time intervals and measuring the concentrations against the standards using a

fluorescence spectrophotometer (Perkin Elmer, LS-55).

4.2 Results and Discussion
4.2.1 Macroporous structure of a cross-linked butyl rubber

Macroporous cross-linked rubber with a SN structure was prepared from the benzene
solution of 5 w/v% butyl rubber (1IR) at -18 °C in the presence of sulfur monochloride
(S2Cly) as a cross-linker [115]. The filling of the pores in the SN rubber with a second
benzene solution of IR at various concentrations and SCl, followed by cryogelation
at -18 °C resulted in DN rubbers. By increasing the IIR concentration in the second
benzene solution from 2.5 to 10 w/v%, we were able to increase the weight ratio wr of
the second-to-first network components in the DN rubber up to 1.9 (Table 4.1). As will
be seen below, increasing the weight ratio wr significantly improves the mechanical
properties of the rubbers. However, this ratio could not be further increased because
the second benzene solution containing more than 10 wt% IIR was too viscous
hindering its diffusion into the SN rubber. Therefore, we introduced the triple-
networking strategy to further increase the weight ratio wr of the network components.
Thus, the pore filling of the DN rubber formed at wr = 1.9 with a third benzene solution
of 10 wt% IIR and S.Cl. followed by cryogelation resulted in TN rubbers with a weight
ratio wr of the network components of 4.5. The measurement of the gel fractions Wy
revealed that all rubbers exhibit a Wy value of around unity, indicating that the linear
IR was completely incorporated into the rubber network, that is, the vulcanization of
IIR at -18 °C was complete (Table 4.2).

Figure 4.2a shows the equilibrium weight qw (filled symbols) and volume swelling
ratios qv (open symbols) of the rubbers in toluene, a good solvent for IIR, plotted as a
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function of the ratio of the network components wr. SN rubber with wr = 0 exhibits a
large weight swelling ratio qw of 22 + 3, whereas increasing Wr by introducing the
second and third network components into the SN decreases qw continuously and
becomes 9 £ 1 at the highest wr ratio of 4.5. In contrast, the volume swelling degree
Qv IS Wr -independent and remains at 3.1 = 0.2. Because volume swelling of a cross-
linked porous rubber in a good solvent leads to the expansion of the polymer network
because of the attractive polymer-solvent interactions, whereas its swelling ratio by
weight additionally includes pore filling with the solvent, one may estimate the total

open porosity P from the difference between qw and gv by

2
1+(‘Iw—1)d2/d1)X10 (46)

where di and d are the densities of toluene (0.867 g.mL™) and IIR (0.92 g.mL™),
respectively.

Table 4.2 : Gel fractions Wy for SN, DN, and TN rubbers formed at various wr.
Standard deviations are in parenthesis.

Code WR Wy
SN 0 1.0 (0.1)
DN 0.45 (0.03) 1.08 (0.02)
DN 0.85 (0.05) 1.03 (0.04)
DN 1.35 (0.08) 1.02 (0.01)
DN 1.9 (0.2) 1.02 (0.01)
TN 4.5 (0.4) 0.94 (0.04)

Figure 4.2b shows the porosity P calculated using eq 4.6, and the total pore volume V,
calculated from the uptake of the poor solvent methanol plotted against the ratio of the
network components wg. The porosity and the total pore volume decrease from 85 to
70% and from 7.9 to 2.6 mL.g™%, respectively, as wr is increased from 0 to 4.5. Thus,
the higher the wr ratio, the lower is the porosity, indicating partial filling of the pores
in SN and DN rubbers with the second and third network components, respectively.
The results also reveal a significant effect of double- and triple-networking on the

porosity of the rubbers.

To visualize the porous structure of the rubbers, SEM and p-CT techniques were used
where the former provides a greater magnification and more accurate measurement of

the pore sizes than p-CT. p-CT measurements were conducted on rubber specimens in
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the family tree starting with SN, going through DN with wr = 1.9 to the TN with wr =
4.5. Figure 4.2c shows typical two-dimensional (2D) and 3D p-CT images of SN, DN,
and TN rubbers formed at wr = 0, 1.9, and 4.5, respectively (scale bars =1 mm). The
SN rubber has, in addition to micrometer-sized pores, millimeter-sized very large
pores (large black areas in the image), which decrease in size and finally disappear
after its double- and triple-networking.
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Figure 4.2 : (a,b) Equilibrium weight qw (filled circles) and volume swelling ratios
qv (open circles), the total porosity P (triangles up), and pore volume V, (triangles
down) of macroporous rubbers plotted against wr ratio. (¢) 3D (left) and 2D u-CT
images (right) of SN, DN, and TN rubbers formed at wr ratios shown in the
parenthesis. Scale bars are 1 mm.

The size distributions of the pores in SN, DN, and TN rubbers given in Figure 4.3a
support this finding; the volume fraction of millimeter-sized pores decreases after
double- and triple networking and a new generation of pores appears at around 30 pum.
For instance, the volume fractions of the pores between 13 and 45 um are 0.2, 5, and
11% for SN, DN, and TN with wg = 0, 1.9, and 4.5, respectively. The total porosities
estimated from p-CT analysis are 95, 84, and 74% for SN, DN, and TN, respectively,
and hence show a similar trend as estimated from the swelling ratios using eq 4.6 and
pore volume measurements (Figure 4.2b). Moreover, pu-CT results also reveal that

there are no closed pores in all rubbers, which is an important requirement for their
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applications in absorption processes. The thicknesses of the pore walls are 30 + 7, 39
+ 15, and 44 + 16 um for SN, DN, and TN rubbers, respectively, that is, it increases

with increasing number of the network components.
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Figure 4.3 : (a) Pore size distributions estimated from p-CT analysis of SN, DN, and

TN rubbers with wr ratios shown in the parenthesis. (b) Average pore diameters D of

rubbers from p-CT (open triangles) and SEM analysis (filled circles) plotted against
WR.

Figure 4.4 shows SEM images of SN, DN, and TN rubbers with various wr ratios as
indicated. The structure consists of micrometer-sized irregular pores whose average
size decreases while the pore walls become thicker as the wr ratio is increased. Filled
circles in Figure 4.3b show the average pore diameters D estimated by analyzing SEM
images plotted against wr ratio. We observed two generations of pores in all rubbers,
namely, large and small pores with diameters 40-240 and 14-54 um, respectively. The
average diameters of both large and small pores decrease, and they approach each other
as Wr is increased. For instance, in the family tree starting with SN through DN to the
TN with wg = 0, 1.9, and 4.5, respectively, the average diameter D of the large pores
decreases from 236 + 120 through 97 + 30 to 43 + 9 um, revealing filling of the large
pores in SN with the second and third network components and formation of more
monodisperse pores. Small pores in the rubbers show a similar trend and D first
decreases from 54 + 8 to 22 + 1 um and then to 14 + 2 um after double- and triple-

networking, respectively.



We have to mention that the large polydispersity of the pores in SN rubber is due to
the coexistence of two mechanisms for the formation of pores during cryogelation
[57]. The first mechanism is the presence of solvent crystals acting as a template for
the formation of micrometer-sized pores. The second is the macro-phase separation of
IIR at low temperature at which benzene becomes a poor solvent for 1IR, which leads
to the formation of micrometer- to millimeter-sized pores [57]. The appearance of
more regular pores in both DN and TN reflects the filling of large pores with the second
and third network components. Open symbols in Figure 4.3b representing the wr ratio
dependence of the pore diameters less than 150 pm estimated by CT gives a similar
trend with the SEM results but slightly larger diameters. We have to mention that the
u-CT technique calculates the pore sizes from the number of pixels in the pores.
Because the pixel resolution is 15 um, u-CT estimates the pore sizes at least 15 um

higher as compared to SEM, which is also reflected in higher total porosities.

Figure 4.4 : SEM images of macroporous SN, DN, and TN rubbers formed at
various wr ratios indicated. Scale bars are 100 pm.

4.2.2 Mechanical properties

The mechanical properties of the rubbers were determined by uniaxial elongation and
compression tests at 23 + 2 °C. The measurements revealed reversible deformation
and high stretchability of all rubbers. For instance, the images in Figure 4.5a present a
TN rubber specimen during stretching up to 300%. After stretching and unloading, the

specimen recovers its initial length without any permanent deformation. Figure 4.5b,c
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shows tensile and compressive stress—strain curves of the rubbers with various wg,
respectively. All rubbers sustain 300-500% elongation ratios and 50-190 kPa tensile
stresses. Young’s modulus E, the tensile ort, and compressive fracture stresses ot of
the rubbers are shown in Figure 4.6a as a function of the weight ratio wr of the network
components. The mechanical performance of the rubbers significantly improves with
increasing wr ratio of the network components. For instance, the modulus E and
compressive fracture stress orc increase by 5 and 9 folds, respectively, as wr is
increased from 0 to 4.5. TN rubbers prepared at the highest wr ratio have the highest
modulus E (0.11 £ 0.01 MPa) and can sustain 0.19 and 37 = 6 MPa tensile and

compressive stresses, respectively.
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Figure 4.5: (a) Images of a TN rubber specimen during the elongation tests. (b,c)
Typical tensile (b) and compressive nominal stress (onom)—strain (&) curves of the
rubbers (c). The mass ratios wr of the network components are indicated.

To determine the fatigue resistance of the rubbers against deformation, cyclic
compression tests at a constant strain rate of 5 min"* were performed by loading the
samples up to 80% strain and then unloading. This loading and unloading cycle was
repeated 9 times with a waiting time of 1 min between the cycles. The results are shown
in Figure 4.6b for a TN rubber specimen where the loading and unloading curves are
shown by the solid and dotted curves, respectively. Each loading or unloading curve
exactly follows the previous one revealing reversibility of the cycles and self-
recoverability of the rubber. This behavior is also illustrated in the inset to the figure,
which is a zoom-in to the first and last cycles between 0 and 18% strains. Indeed, the
hysteresis energy Unys, that is, the area between the loading and unloading curves, is
independent on the number of cycles and remains at 6.07 + 0.05 kJ.m™. Because Uhys
corresponds to the energy dissipated due to the damage in the microstructure [121],

this reveals recovery of the original microstructure after the waiting time of 1 min.
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Thus, owing to the self-recovery ability of the rubbers, they have a high fatigue
resistance against repeated deformations.
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Figure 4.6 : (a) Modulus E, tensile ott, and compressive fracture stresses ot of the
rubbers shown as a function of the wr ratio. (b) Ten successive loading and
unloading cycles conducted on a TN rubber specimen. The loading and unloading
curves are shown by solid and dotted curves, respectively. The inset is a zoom-in to
the first and last cycles between 0 and 18% strains.

4.2.3 Sorption of PAHs

SN, DN, and TN rubbers with wr ratios of 0, 1.9, and 4.5, respectively, with different
porosities (85-70%), pore volumes (7.9-2.6 mL.g?), and pore sizes and size
distributions were selected for the sorption experiments together with nonporous

PDMS as the reference material.
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Figure 4.7: Structure, Solubility Parameter 4, Molar Volume Vn, and Water
Solubility s at 25 °C of Naphthalene (Naph), Phenanthrene (Phen), Fluoranthene
(Fluo), and Pyrene (Pyr).
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Sorption experiments were carried out using four PAHs, namely, phenanthrene (Phen),
naphthalene (Naph), pyrene (Pyr), and fluoranthene (Fluo), whose structures are
shown in Figure 4.7 together with their solubility parameters ¢, molar volumes Vi, and
water solubilities s at 25 °C. The PAH compounds have two to four aromatic rings and
exhibit solubility parameters between 20.5 and 23.3 MPa%®, which are closer to IIR
than PDMS (16.8 vs 14.9 MPa%®), revealing that these PAHs would have stronger
interactions with 1IR than PDMS. Two sets of sorption experiments were conducted
by placing the rubber specimens in aqueous solutions of PAHSs in filtered seawater
with a salinity of 22 ppt. In the first set, the concentration of PAH in the solution was
monitored up to 12 h to highlight the initial uptake rate of the rubbers. In the second
set, cumulative PAH concentration in the rubber specimens was monitored over 30-40
days by refreshing PAH solutions every day. Figure 4.8a shows the variations of the
concentrations Ct of Naph, Phen, Fluo, and Pyr as a function of the contact time t
during the first 12 h of sorption experiments.
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Figure 4.8: (a) Experimental data during the first 12 h of the sorption tests (symbols)
and the results of curve fitting using eq 4.7 (curves). (b) Rate constant k of the
sorption process as a function of the types of rubbers and PAHS.

The SN rubber most rapidly absorbs all the PAHs studied from the solution and the
total absorbed amount of each PAH is the highest as compared to other rubbers, which
is attributed to its largest porosity and pore volume. If we assume that the decay of
PAH concentration with time follows a first-order kinetics, the sorption process by the

macroporous rubbers can be written as [122,123]
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d
—£=k(qe — qr) (4.7)
t

where ge and g: represent the PAH amounts absorbed at equilibrium and time t,

respectively, and k is the rate constant. Solution of eq 4.7 gives
Ct = CO - Ceq(l - e_kt) (48)

where Co, Ct, and Ceqare PAH concentrations in the solution at time zero, time t, and
equilibrium, respectively. The results of curve fitting using eq 4.7 for four different
PAHs are shown in Figure 4.8a by the curves. A good agreement between the
experimental and predicted values of eq 4.7 is seen from the figures. We have to
mention that a second-order kinetics in the form of dq /di = k'(ge - q; )? results in a
similar fit to the experimental data (Figure 4.9).
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Figure 4.9: (a): Experimental data from naphthalene sorption tests from aqueous
solutions during the first 12 h (symbols), and the results of curve fitting using the
first (solid curves) and second order sorption kinetics (dashed curves). (b): The rate
constant k and 4’ of the naphthalene sorption process estimated from 1st and 2nd
order kinetics, respectively, as a function of the type of rubbers. For the second order
kinetics, the equation dqt /dt = k'(ge - 0t )* was used in the calculations which leads to
Ci=Co— t/(a+bt) where a =(age?)* and b=qe™.

The rate constants k extracted from the first-order fits are compiled in Figure 4.8b for
four PAHSs and four rubbers. SN exhibits the highest rate constant k for all PAHs. The
average k values for all PAHs are 1.0 = 0.2, 0.46 = 0.15, 0.42 + 0.06, and 0.32 = 0.06
for SN, DN, TN, and PDMS, respectively, that is, it decreases in the order SN > DN >
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TN > PDMS. Thus, the larger the total volume of the pores, the faster is the rate of
absorption of PAHs from aqueous solutions.

Results of longtime experiments up to 30-40 days are shown in Figure 4.10a-d where
the absorbed amount of Naph, Phen, Fluo, and Pyr, respectively, by 1 g of rubber (w)

Is plotted against the contact time t.
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Figure 4.10: Absorbed amount of Naph (a), Phen (b), Fluo (c), and Pyr (d) by 1 g of
rubber sorbent (w) plotted against the contact time t. Experimental data are
represented by symbols, while the curves in (a,b) are the results of curve fitting using
eq 4.9.

Because of very low water solubilities of Fluo and Pyr (Figure 4.7), their experimental
W versus time data were still in the initial linear regime after 30 days of monitoring so
that their saturated concentrations cannot be estimated. Long-term data obtained from
the solutions of Naph and Phen could be well fitted to the modified Hill equation [124-
128]

tTl

(4.9)

Wi = Weq o

where weq is the absorbed amount of PAH at equilibrium, that is, at the final steady-
state PAH concentration, ti2 is the half equilibrium time at which wt = weg/2, and the
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exponent n was found to be independent on the types of rubbers and PAHSs and equals
to 1.1 £ 0.2. The curves in Figure 4.10a,b showing the results of curve fitting reveal
that eq 4.9 can be used to quantitatively characterize the sorption kinetics of PAHSs.
Such perfect modeling the shape of the time-dependent PAH concentration variations
is of prime importance in predicting the long-term properties of passive samplers. To
the best of our knowledge, eq 4.9 has not been used in such applications.

Figure 4.11 presents the amount of Naph and Phen absorbed at equilibrium weq
together with the half-equilibrium time ti2 as a function of the types of rubbers and
PAHs. PDMS with a nonporous structure exhibits the lowest absorption capacity for
both Naph and Phen. This highlights the importance of a macroporous structure for
materials to be used as passive samplers. Moreover, the TN sorbent with the smallest
pores and porosity among the macroporous rubbers absorbs the highest amount of
Naph. Thus, although the initial sorption rate of TN for PAHSs is slow, it is capable of
absorbing a large amount of Naph from aqueous solutions. This interesting finding can
be attributed to the opposite effect of the pore size on the sorption rate and sorption
capacity. Although a large pore size and a high porosity of around 90% provide rapid
sorption of PAHSs at short times as observed by the SN rubber, at longer contact times,
PAHSs located in the large pores can easily diffuse out of the rubber phase because of
their large water contents. This finding shows a significant effect of the pore
morphology of passive samplers in their efficiency in short- and long-time field
applications. We have to note that the lower absorption capacity of DN as compared
to that of SN can be attributed to its smaller pore volume (3.5 vs 7.9 mL.g*) and lower

volume fraction of its pores between 13 and 45 um as compared to TN (5 vs 11%).

Figure 4.11 also shows that the half-equilibrium time t12 of TN in Naph solution is 17
+ 1 days, which is 3- to 5-fold longer than the other sorbents. This means that the TN
sorbent can be used for long-time monitoring of PAHSs in aquatic systems. Moreover,
when the sorption tests are conducted with Phen instead of Naph, the absorption
capacity of SN approaches to that of TN (Figure 4.11). This behavior is attributed to
30-times lower water solubility of Phen as compared to that of Naph, which provides
its accumulation in the hydrophobic sorbent phase instead of water (Figure 4.7). We
have to note that the PAH compounds used in the absorption tests have solubility
parameters ¢ between 20.5 and 23.3 MPa®® as compared to § = 16.8 MPa’* reported

for 1IR [116]. Thus, rubber sorbents with ¢ values closer to PAHs than IIR such as cis-
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polybutadiene and styrene—butadiene rubber with 6 = 18.0 and 18.1 MPa’®,
respectively [129], would have a higher sorption capacity for PAHs as compared to
that for the IIR sorbent.
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Figure 4.11: Sorbed amount of PAH at equilibrium weq and the half equilibrium time
t12 as a function of the types of sorbents and PAHSs.

4.3 Conclusions

Passive sampling is an efficient technique for monitoring the dissolved concentration
of PAHs in aquatic systems. We presented here a series of novel macroporous rubber
sorbents as single-phase passive samplers with tunable pore morphologies,
extraordinary mechanical properties, and high sorption rates and capacities for PAHSs.
Sorbent materials based on SN, DN, and TN butyl rubber were prepared via
cryogelation technique from butyl rubber solutions in benzene as the solvent at -18 °C
using a S2Cl> cross-linker. To obtain rubber sorbents with DN and TN structures,
cryogelation reactions were conducted within the pores of SN and DN rubber
networks, respectively. The porosity, average pore diameter, and mechanical
properties including the modulus and fracture stress could be tuned by adjusting the

weight ratio wr of the network components. Increasing wr ratio decreases both the

71



average pore diameter and the total porosity of the rubbers, whereas their mechanical
properties significantly increase. Four PAH compounds, namely, Naph, Phen, Fluo,
and Pyr, with two to four aromatic rings were used to highlight the relations between
the properties of macroporous rubber sorbents and their absorption rates and capacities
for the PAHSs. It was shown that the nonporous PDMS rubber reported before as a
passive sampler has the lowest absorption rate and absorption capacity as compared to
macroporous rubber sorbents presented here. The SN rubber sorbent absorbs most
rapidly PAHs which are attributed to its largest porosity and pore volume. Moreover,
the TN sorbent has the highest sorption capacity because of its smaller pores and low
porosity, preventing the escape of PAHs from the sorbent to the solution phase. The
present experimental studies with PAHSs highlight the potential use of SN and TN
monophasic macroporous rubber sorbents in monitoring studies of surface waters.
However, we should note that it is necessary to determine the sorbent-water partition
coefficients and in situ sampling rates. The rubber sorbents should also be tested in the
field to see the spectrum of the substances accumulated in and compared with those
used widely as passive samplers. The deployment protocols of the rubber sorbents to

the monitoring sites should also be clearly defined.
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5. CONCLUSIONS

Cryogels are unique 3D polymeric materials possessing high mechanical strength and
interconnected macroporous architecture. They can be easily fabricated by exposing a
suitable reaction system to subzero temperatures, in which dissolved reactants are
expelled from the frozen solvent and concentrated to form unfrozen microdomains.
While gelation reactions occur in these liquid regions where the reactant
concentrations are dramatically higher than that of the initial state, frozen solvent

crystals act as a template forming micrometer-sized interconnected pores.

Within the scope of the thesis, silk fibroin (SF) hydro-cryogels and butyl rubber (IIR)
organo-cryogels were fabricated from their aqueous and organic solutions,
respectively. After isolation of the SF protein from Bombyx Mori silkworm cocoons,
its aqueous solutions containing butanediol diglycidyl ether as chemical cross-linker
and N,N,N',N'-tetramethylethylenediamine as pH regulator, were exposed to
unidirectional freezing — cryogelation for the preparation of the hydro-cryogels.
Firstly, plastic reactors containing SF aqueous reaction solutions were directly
immersed in liquid nitrogen at various immersion rates, and several SF cryogels
possessing radially-aligned pore morphology were obtained. Those cryogel scaffolds
exhibited Young's modulus in the range of MPa and they sustained up to 20 MPa
compressive stresses. In addition to high mechanical strength, they also exhibited
anisotropic mechanical properties due to the alignment of the pores, e.g., the Young's
modulus (E) was 3.4 £ 0.5 MPa and 0.8 = 0.3 MPa when measured along the directions
parallel and vertical to the freezing direction, respectively. Then, to increase the
anisotropy ratio, i.e. to generate the pore alignment as longitudinally rather than
radially, a different experimental set-up consisting of a copper bottom plate and a
cylindrical polytetrafluoroethylene (PTFE) mold were used to fabricate anisotropic SF
cryogels. The copper bottom plate was immersed in a cold bath at -30 or -196 °C,
whereas the cylindrical PTFE mold locating outside of the cold bath was filled with
aqueous solutions of SF of various concentrations. Unidirectionally frozen SF

solutions were then subjected to cryogelation at -18 °C. Obtained cryogel scaffolds by
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this set up exhibited the highest modulus anisotropy so far reported to our knowledge,
I.e. 21 £ 5, with Young’s moduli E=2.3 + 0.5 and 0.11 £ 0.03 MPa measured along
parallel and perpendicular to the freezing direction, respectively. Moreover,
independent on the fibroin concentration or direction of the measurements, 60% of the
mechanical energy given to the cryogels are dissipated due to the friction between the
fibroin pore walls, which is responsible for their squeezability and self-recoverability.

As a passive sampler sorbent material, IIR-based organo-cryogels with single (SN),
double (DN) and triple (TN) network structures were synthesized by using benzene
solutions of IIR containing S2Cl2 cross-linker. To obtain rubber sorbents with DN and
TN structures, cryogelation reactions were conducted within the pores of SN and DN
dry rubber cryogel networks, respectively. This successive cryogelations endowed that
the rubber organo-cryogels have extraordinary mechanical toughness and adjustable
pore distributions. It was also shown that these IIR-based organo-cryogels can be used
as an efficient passive sampler for polycyclic aromatic hydrocarbons (PAHSs). For
instance, SN rubber sorbent absorbed most rapidly PAHs which are attributed to its
largest porosity and pore volume. On the other hand, TN sorbent had the highest
sorption capacity because of its smaller pores and low porosity, preventing the escape
of PAHSs from the sorbent to the solution phase at longer time scales.
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