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SILK FIBROIN CRYOGEL BASED SHAPE MEMORY  

ORGANOHYDROGELS  

SUMMARY 

From textile fibers to biotechnology, silk has been a pivotal material for humanity for 

centuries. Fibroin, one of the two proteins that consist of silk, facilitates the structural 

integrity and physical endurance of the silk fibers and has been isolated and widely 

used for several purposes with its features like hydrophilicity, biocompatibility, and 

mechanical robustness.  

Polymeric gels are polymer-based, crosslinked wet and soft materials, including pore 

walls spaced by solvents that dissolve the polymer. Regarding the solvent-separator 

type that they include, the polymeric gels are mainly categorized into three types: 

hydrogels, organogels, and aerogels and they include water, organic solvents, and air 

in their pores, respectively. Hydrogels consist of over 90% water in their structure, 

most of all, possess unparalleled biomimicry due to their hydrophilic nature.   

Cryogels are a subclass of hydrogels that are synthesized under ‘cryogenic’ conditions, 

meaning under the freezing temperature of the water. Contrary to the conventional 

hydrogel case, the reason that gelation reaction occurs here is not the heat given to the 

system, rather it is the increased concentration of gel components in the unfrozen high 

concentration channels in the reaction system. This influence is called the ‘cryo-

concentration effect’. This effect provides the cryogels with more reliable mechanical 

performance and a strictly ordered porous structure that conventional hydrogels lack. 

Also, the porous morphology of the cryogels mimics the natural extracellular matrix 

structure of the animals perfectly, according to the scanning electron microscopy 

(SEM) image comparison of acellularized tissue scaffold and cryogels. 

Like there are conventional covalent crosslinks between the polymer chains of 

polymeric gels, there can also be some secondary interactions whose impact becomes 

significant upon an increased number of them. They regulate the chain conformation 

with various bindings they form out of many electrostatic interactions. These 

switchable crosslinks give the materials adjustable mechanical properties, fixing 

temporary shapes and healing the defects in their structure. The materials having such 

properties are called ‘smart materials’. Smart materials have a variety of application 

areas such as sustained drug release systems, nanorobotics, biosensors, and tissue 

engineering.   

In the scope of this thesis, it was aimed to form an interconnected micro-organogel 

structure made of n-Octadecyl acrylate (C18A) and acrylic acid (AAc) monomers, 

within the pores of silk fibroin cryogels which are freeze-dried and swollen in an 

organogel precursor solution. The effect provides the OHGs their smart material 

abilities are the reversible dissipation and assembling of crystalline domains formed 

by the long alkyl tails of C18A monomers, with the repelling influence of water 

surrounding them and the hydrophobic interactions between them. These weak bonds 

would disappear upon heat exposure, over the melting temperature of poly(C18A) 

crystallites, around 50 oC, and would be reformed after the materials cooled down. 

These switchable crosslinks should provide the OHGs with their altering mechanical 

(softening and reformability) and shape memory properties.   
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To confirm these assumptions, two sets of samples were prepared and tested. One set 

of OHG was made of constant fibroin concentration (5 w/v %) cryogel templates and 

embedded with micro-organogel structures including 4 different C18A monomer mole 

fractions: 10, 20, 25, and 30 %. The other set of OHG consisted of 4 different fibroin 

concentration cryogels: 5, 10, 15, and 20 w/v% scaffolds, and each one was filled with 

the organogel that has a 30% mole fraction C18A. The questioned parameters in each 

OHG set were the influence of the C18A mole fraction of organogel and fibroin 

concentration of cryogel, respectively. 

Initially, cryogel templates having 4 different fibroin concentrations were 

characterized regarding their swelling properties, pore morphologies and sizes, and 

uniaxial compression mechanical behavior. It was observed that cryogel porosity has 

decreased from 92 % to 74% with increasing fibroin concentration from 5 w/v% to 20 

w/v%. SEM visualization showed that the average pore diameter decreased from 25.7 

μm to 16.8 μm. Fourier Transform Infrared Spectrophotometry (FT-IR) results 

indicated a 10 % increase in the β-sheet conformation ratio.   

After the freeze-drying and organogel synthesis within, the OHG porosity was 

decreased to 45-8 %. The calculated specific pore volume was 17.3 – 2.9 mL/g for 

cryogels and it was also decreased to a minimum of 0.16 mL/g for OHGs. While 

Young’s modulus was calculated as 0.04 MPa for 5 w/v% cryogels, regarding the 

increased fibroin concentration and C18A mole fraction, it was raised to a maximum 

of 17.7 MPa for OHGs with fibroin concentration of 20 w/v%, and C18A mole fraction 

of 30%. Fracture strains were observed as 10 % lower for the cryogels that became 

OHGs, while the fracture stresses increased 10 times their initial values. 

OHGs were subjected to differential scanning calorimetry (DSC) and rheometer tests 

to investigate this affiliation between temperature and material properties. In DSC 

testing, the materials were heated up from 0 to 80 oC in two cycles. The melting peaks 

observed around 54 oC during the heating stage of the test and the crystallization peak 

at 43 oC during the cooling stage were attributed to the reversible dissipation and 

regeneration of poly(C18A) crystallites.  The first series of OHGs indicated that the 

increased mole fraction of C18A has increased the number of secondary interactions. 

This effect was comparatively shown between OHGs with the aid of a parameter called 

crystallinity index (fcry) which was calculated from the area below the melting peaks 

of crystallites in the heating stage of DSC tests. fcry describes the fraction of C18A 

monomers that contributed to the formation of poly(C18A) crystallites. The fcry values 

that were calculated regarding the melting enthalpies have shown a drop from 15.7 to 

2 % when the C18A mole fractions were decreased from 30 to 10%. As a consequence 

of the bending shape memory tests, also, the OHGs with maximum C18A mole 

fractions have been seen to be perfectly capable of keeping the shape dictated to them, 

whereas OHGs with minimum C18A mole fractions were not. 

The second series of OHGs indicated that, with increasing fibroin concentration and 

cryogel pores getting narrower, the amount of secondary interactions within the micro-
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organogel structure gets lower. The calculated fcry values got decreased from 15.7 to 

2.9 % with increasing fibroin concentration, from 5 to 20 w/v%.  

The morphology of cryogels and OHGs was investigated with X-Ray Diffraction 

(XRD) tests. Growth and sharpening of the peaks corresponding to 2θ = 9.5o, 20o, 24.6o 

angles with increasing fibroin concentration in cryogels revealed an increase in regular 

formations such as β-sheets. In the XRD patterns of OHGs, 2θ = 21.6o peaks, which 

are not seen in cryogels and correspond to the d = 0.41 nm range, revealed that C18A 

crystallites were formed in the structure. It is thought that the reduction of these peaks 

with increasing fibroin concentration is due to the difficulty of the orientation required 

for the formation of crystalline domains in the narrowing pores. 

Rheometer measurements done with OHGs with 5 w/v% fibroin and 30% C18A mole 

fraction have exhibited a significant drop in the elastic modulus (G’) of the material, 

from 1.5 MPa to 220 kPA between room temperature and heated to 65 oC state. Once 

the material cooled down to room temperature again, it recovered its initial G’ value, 

which indicated the existence of the reversibly dissipated and reformed crystalline 

domains. These results indicated the OHG’s reversibly adjustable viscoelastic 

properties with the influence of heat. Also, all OHG’s synthesized have exhibited  

shape memory capability with around 95% shape recovery ratio each.
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İPEK FİBROİN KRİYOJEL BAZLI ŞEKİL HAFIZALI 

ORGANOHİDROJELLER 

ÖZET 

İpek, binyıllardır süregelen kullanımıyla insanoğlunun faydalandığı en kadim 

malzemelerden biridir. Dünya medeniyetine sayısız katkıları olmuş, kültürler ve 

coğrafyalar arası köprüler kurmuş ipeğin serüveni, tarihin akışı ile de farklı bir hal 

almış, gelişen kimya ve malzeme teknikleri bu doğal polimerin yüksek teknoloji 

uygulamalarına zemin hazırlamış ve onu bambaşka platformlarda insanlığın faydasına 

sunmuştur.  İpek yapısını oluşturan iki proteinden biri olan fibroin, ipek liflerine 

yapısal bütünlük ve mekanik mukavemet kazandıran doğal bir biyopolimerdir. 

Tabiatta ipek böcekleri ve örümceklerin vücut salgısı olarak üretilen fibroin, gelişen 

rekombinant DNA uygulamaları sayesinde laboratuvar ortamında mikro-organizmalar 

tarafından da üretilebilir hale gelmiştir. Bilhassa bu materyalin canlı organizmalarla 

mükemmel biyouyumluluğu, fibroini en gözde biyomalzemelerden biri haline getirmiş 

ve doku mühendisliği, kontrollü ilaç salınımı gibi uygulamalar için çok cazip bir 

alternatif kılmıştır.  

Polimerik jeller, özünde çapraz bağlı polimer yapıda yumuşak ve ıslak malzemelerdir. 

Konvansyionel çapraz bağlı polimer termosetlerden farklı olarak jeller, polimerin 

çözünebildiği bir çözücü içerisinde çapraz bağlanır, böylelikle zincirler arası polimer 

bulunmayan çözücü ile dolu bölgeler muhafaza edilir. Bu gözenekli morfolojileri 

polimerik jellere katalizörler, süperkapasitörler, biyosensörler ve akıllı malzemeler 

gibi pek çok kullanım alanı yaratmıştır. Sıklıkla kullanılan çözücü tipine bağlı olarak 

sınıflandırılan jeller temel olarak, hidrojel, organojel ve aerojel olarak üç sınıfa 

ayrılırlar. Bu tip jellerde sırasıyla su ve organik çözücüler çözücü olarak kullanılırken, 

aerojellerde ise çözücü süperkritik kurutma yahut solvent değişimi ile yerini havaya 

bırakır. Hidrojeller, yapılarında %90’ın üzerinde su ihtiva ettiklerinden canlı hücreler 

ve dokularla büyük oranda uyum gösteren yapılardır.  

Kriyojel, özel bir hidrojel sınıfıdır. Konvansiyonel hidrojeller termal radikalik başlatıcı 

vasıtasıyla 0 oC’nin üstündeki sıcaklıklarda üretilirken kriyojeller, çeşitli başlatıcı 

yahut katalizörler yardımıyla 0 oC’nin altındaki sıcaklıklarda, bir başka ifadeyle 

‘kriyojenik şartlarda’ sentezlenirler. Burada jelleşme reaksiyonu için gereken etki, 

yüksek sıcaklıklardaki aktivasyon enerjisinden değil, donmuş solvent içerisinde 

donmadan kalan yüksek konsantrasyon bölgelerinde jel bileşenlerinin derişiminin 

artması ve sıkışmasından ileri gelir. Bu duruma ‘kriyo-konsantrasyon etkisi’ denir. Bu 

etki, kriyojellere daha muntazam bir gözenek morfolojisi kazandırır ve çeper kalınlığı 

dağılımı sağlar. Bu düzgün gözenekli yapı kriyojellere, hidrojellere nazaran daha hızlı 

şişebilme, uyarıcılara daha çabuk tepki verebilme, daha üstün mekanik özellikler ve 

parçalanmaksızın birkaç kez sıkıştırılıp yeniden şişebilme gibi üstün özellikler 

kazandırır.  Ayrıca polimerik kriyojellerin, elektron mikroskop görüntüleri 

incelendiğinde, hücresizleştirilmiş insan ekstraselüler matrisine gösterdiği kayda 

değer bir benzerlik kolaylıkla fark edilebilmektedir. Tüm bu özellikleri, polimerik 

kriyojelleri doku mühendisliği uygulamaları açısından oldukça kıymetli malzemeler 

haline getirmiştir.  

Polimerik jellerde konvansiyonel kovalent çapraz bağlar yer alabileceği gibi, bu 

bağların yanı sıra ya da yalnızca kovalent olmayan çapraz bağlanmalar da bulunabilir. 
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Bu çapraz bağlanmalar, moleküller arası ikincil etkileşimlerden (hidrojen bağı, iyon-

dipol, Van der Waals vs.) ileri gelen elektrostatik etkileşimlerdir. Normalde iyonik 

yahut kovalent etkileşimlere nazaran çok zayıf kabul edilen bu kuvvetler, sayıları ve 

yoğunlukları molekül boyunca çok arttırıldığında molekül konformasyonunu 

sabitleyecek kadar güçlü bir etki yaratabilirler. Bu bağların güçlü etkileşimlerin aksine 

dış uyaranlar vasıtasıyla (UV, ısı, elektrik, özel iyonlar ve moleküller) tersinir olarak 

kaybolup yeniden oluşabilme özellikleri, bu nevi bağlar içeren polimerik jellere akıllı 

malzeme özellikleri kazandıran temel prensiptir.  Bağları dağıtan etkilere ‘uyarıcı’ 

(stimulus); bu etkilerle özellikleri değişen malzemelere de ‘uyarıcılara duyarlı’ 

(stimuli-responsive) malzemeler denir. Bu ‘akıllı malzemeler’, uyaranlar karşısında 

hacim, şekil, mekanik mukavemet, elektrik iletkenliği gibi çeşitli özelliklerini 

değiştirebilme yetisine sahiptirler. Özellik değiştiren bu akıllı malzemeler kontrollü 

ilaç salınımından yumuşak robotiğe, biyosensörlerden aktüatörlere geniş çapta 

uygulama alanına sahiptirler.  

Bu tez çalışması kapsamında, Bombyx mori türü ipek böceği kozasından izole edilen 

ipek fibroin proteininden mamul kriyojeller, donmalı kurutucu ile kurutulmaları 

sonrası gözeneklerin içinde hidrofobik n-oktadesil akrilat (C18A) ile aksrilik asit 

(AAc) kopolimeri bir organojel termal polimerizasyon ile oluşturularak ipek fibroin 

kriyojellere şekil hafıza özelliği kazandırılması amaçlanmıştır. Bu yeni bifazik yapı, 

polimerik kriyojel bazlı organohidrojel (OHG) olarak nitelendirilmiştir. OHG’ler, 

konvansiyonel jellerin aksine yapılarında hidrofilik ve oleofilik segmentler 

bulundururlar. Tabiattan ilham alan OHG’lerin sentezlenmesinden amaç, çeşitli 

canlıların vücutlarında görülen bu tür yapıların canlılara verdikleri ekstrem koşullara 

dayanım ve ayarlanabilir mekanik özellikleri gibi akıllı malzeme özelliklerini sentetik 

olarak taklit etmede bir yaklaşım geliştirmektir. Ayrıca bu malzemeler, şekil hafıza 

özellikleri münasebetiyle yumuşak robotik gibi uygulamalarda ümit vaat eden 

alternatiflerdir. 

Mikro-organojel ağın OHG özelliklerine etkisi iki seri malzeme geliştirilerek 

araştırılmıştır. İlk grup malzemeler sabit ipek fibroin başlangıç konsantrasyonunda 

(%5 ağ/hac) kriyojellere, farklı C18A mol kesrinde (%10-30) organojeller yüklenerek 

dört farklı OHG oluşturulmuş, ikinci grup malzemeler ise farklı ipek fibroin 

konsantrasyonlarında kriyojellere (%5-20 ağ/hac) sabit C18A mol kesrinde (%30) 

organojeller yüklenerek bu defa fibroin konsantrasyonunun yapısal özelliklere etkisi 

irdelenmiştir.  

Başlangıçta farklı fibroin konsantrasyonlarında üretilen kryiojeller, saf suda şişme 

özellikleri, gözenek morfolojisi ve boyutları, tek eksenli sıkıştırma testleri ile mekanik 

özellikleri bakımından, kuru ve ıslak durumda karakterize edilmiştir. Kriyojel 

gözenekliliğinin %5’ten %20’ye artan fibroin konsantrasyonu ile %92’den %74 

seviyesine azaldığı ölçülmüştür. Taramalı elektron mikroskobu (SEM) görüntülemesi 

ortalama gözenek çaplarının 25,7 μm’den 16,8 μm’ye azaldığını göstermektedir. 

Fourier-Dönüşümlü Kızılötesi Spektrometrisi (FTIR) ölçümleri, artan fibroin 

konsantrasyonu ile β-tabaka düzeyinde %10 artış olduğunu ortaya koymaktadır.  

Donmalı kurutucu ve organojel sentezi sonrası OHG gözenekliliğinin %45-8 aralığına 

azaldığı görülmüştür, kriyojeller için hesaplanan 17,3 – 2,9 mL/g aralığında olan 

gözenek hacmi değerleri, OHG’ler için 0.16 mL/g seviyesine dek azalmıştır.  

Kriyojeller için en az 0,04 MPa düzeyinde olan Young Modülü değerinin, artan fibroin 

konsantrasyonu ve C18A mol kesri ile 17,7 MPa’a kadar yükseldiği görülmüştür. 
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OHG haline gelen kriyojellerde kopma gerinimi yüzde on azalırken, kopma 

geriliminin on kat kadar arttığı gözlenmiştir. 

OHG’lere akıllı malzeme yetilerini kazandıran özellik, organojel ağ yapısına katılan 

C18A monomerlerinin uzun hidrokarbon zinciri yapısındaki kuyruklarının 

kümelenerek kristallenmesine yol açan hidrofobik etkileşimlerdir.  OHG içerisinde 

oluşturulan birbirine bağlı mikro-organojel yapının sıcaklığa bağlı özellik değişimleri 

diferansiyel taramalı kalorimetri (DSC) ve reometre testleri ile gözlemlenmiştir.  

İlk seride artan C18A mol kesrinin yapıdaki ikincil etkileşim miktarını arttırdığı 

gözlenmiştir. Bu etki, DSC eğrilerinde erime ve kristallenme pik alanlarındaki artıştan 

hesaplanan kristalinite indeksi (fcry) adı verilen bir parametre üzerinden mukayeseli 

olarak ortaya konmuştur. Bu değer, organojel içerisinde kristalin yapıya katılan C18A 

monomerlerinin fraksiyonunu ifade etmektedir. Malzemeler 0 – 80 oC sıcaklıklar 

arasında iki döngü halinde ısıtılıp soğutulduklarında, DSC eğrilerinde poli(n-oktadesil 

akrilat) hidrofobik kristallerinin erime ve kristallenmesine atfedilen pikler sırasıyla 

ısıtmada 54 oC ve soğutmada 43 oC dolaylarında gözlenmiştir. Erime entalpileri 

gözetilerek hesaplanan fcry değerleri C18A mol kesri %30’dan %10’a azaldığında, 

%15,7 ± 0,01’den %2 ± 0,3’e azalmıştır. Yapılan bükme şekil hafızası testleri 

neticesinde ise C18A mol kesri en yüksek olan (%30) OHG’lerin verilen kalıcı 

şekilleri tam bir başarıyla tutabilirken, en düşük mol kesrine sahip (%10) OHG’lerin 

verilen geçici şekli tam olarak sabitlemeyemedikleri gözlemlenmiştir.   

İkinci seride ise artan fibroin konsantrasyonunun gözenek boyutunu küçültmesi ve 

kriyojel çeper kalınlığını arttırması sonucu mikro-organojel yapıda ikincil 

etkileşimlerin daha az miktarda oluştuğu ortaya çıkmıştır. Hesaplanan fcry değerlerinin, 

%5’ten %20 ağ/hac’ye artan fibroin konsantrasyonları ile %15,7 ± 0.01’den %2,9 ± 

0,08’e düştüğü gözlemlenmiştir.  

X-Işını Kırınım (XRD) testleri ile kriyojel ve OHG’lerin morfolojisi derinlemesine 

araştırılmıştır. Kriyojellerde artan fibroin konsantrasyonu ile 2θ = 9,5 o, 20 o, 24.6o 

açılarına karşılık gelen piklerin büyüyüp keskinleşmesi β-tabakalar gibi düzenli 

formasyonların artışını ortaya koymuştur. OHG’lerin XRD desenlerinde ise, 

kriyojellerde görülmeyen ve d = 0.41 nm aralığına tekabül eden 2θ = 21.6o pikleri, 

yapıda C18A kristalitlerinin oluştuğunu ortaya koymuştur. Artan fibroin 

konsantrasyonu ile bu piklerin küçülmesinin, daralan gözeneklerde kristalin bölgelerin 

oluşması için gerekli yönlenmenin gerçekleşmesinin zorlaşmasından ileri geldiği 

düşünülmektedir.   

Oda sıcaklığında yapılan reometre ölçümleri neticesinde fibroin konsantrasyonu %5 

ve C18A mol fraksiyonu %30 olan OHG’lerin, başlangıçta 1,5 MPa civarı olan elastik 

modülleri (G’) 65 oC’a ısıtılmaları sonrası 220 kPa seviyesine düştüğü görülmüştür. 

Buna ek olarak malzemelerin tan δ değerlerinin frekansa duyarlı olarak değişimi de bu 

sıcaklıkta malzemelerin yumuşadığına dalalet etmektedir. OHG’ler yeniden oda 

sıcaklığına soğutulduklarında ise G’ değerlerinin eski büyüklüğüne ulaştığı 

görülmüştür, bu da malzemede tersinir olarak eriyip kristallenebilen yapıların 

varlığının bir başka göstergesidir. Ayrıca yapılan şekil hafıza testlerinde üretilen tüm 

OHG’lerin, %95’in üzerinde şekil geri kazanım değeriyle şekil hafıza yeteneği 

sergilediği gözlemlenmiştir.   
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1.  INTRODUCTION 

Due to their hygroscopic nature, viscoelastic properties and biocompatibility [1–5], 

conventional hydrogels drew significant attention in the last decade.  With the 

advancements in the research, some physical crosslinks which can reversibly be 

dissipated and regathered associated to the structure of the hydrogels along with 

permanent covalent crosslinks and that provided the hydrogels with adjustable 

physicochemical properties with the influence of external effects like pH [6], heat [7], 

light [8], electricity [9].   Thus, hydrogels with self-healing [10], shape memory [11], 

[12], multiple stimuli-responsiveness [13], [14] and self-adhesiveness [15] 

functionalities were produced. However, their soft and brittle network structure, mono-

functionality and lack of the capability of adaptation to the environmental 

circumstances restricts the hydrogels’ advanced technological applications.  Although 

the improvement of mechanical performances of hydrogels was achieved through 

several strategies like nanocomposite hydrogels [16,17] and multiple-network 

hydrogels [18,19], these strategies still remained incapable of eliminating some 

problems stemming from the dispersive media being pure water, like freezing under 

subzero temperatures and losing their initial flexible and tough mechanical character 

of hydrogel [20] and lack of surface wettability adaptation once the environment of 

the hydrogel is changed [21]. 

Researchers who wanted to overcome these drawbacks for advanced applications 

headed to the examples in nature and they discovered a situation which they called 

“the binary cooperative complementary phenomenon” [22,23]. This phenomenon 

states that most of the time, the living organisms comprise of hydrophilic along with 

oleophilic physicochemical structures co-existing and cooperating simultaneously.  

With the aid of these hierarchical amphiphilic hetero-structures, for example, 

ectotherms and plants living in the polar regions can avoid freezing [24,25], molluscs 

like trepang can adjust their body stiffness and preserve from sea predators [26,27] and 

human skeletal muscle tissue exhibits superior mechanical endurance and advanced 
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controlled shape-changing ability [28,29].  Based on these examples, hetero-network 

“organohydrogels” (OHG), which are promising candidates for applications like 

freeze-tolerant [30], shape-memory materials [31], soft actuators [32] and adjustable 

surfaces [33] were developed. 

There are four principle approaches to the OHG production.  The first one is 

macroscopic organohydrogels strategy which comprise of a hydrogel and an organogel 

priorly synthesized and integrated by their interface in the macro scale [34,35]. The 

second one is the binary solvent OHG strategy which relies on the principle of 

conducting the in-situ gelation inside of a binary solvent (water-organic) system and 

changing the solvent following the gelation reaction [36,37]. And the third approach 

is the emulsion-based OHG strategy, in which one phase is dispersed in the other with 

the aid of amphiphilic copolymer or surfactant molecules to form an emulsion system 

and conduct the gelation reaction within [38]. Most of the time, the first network that 

comprises the continuous phase of the gel is conventional hydrogel thus it does not 

satisfy the necessary mechanical performance needed for most of the applications [39]. 

Besides, in general, the scopes of these strategies are mainly developing OHGs with 

freeze-tolerance, adjustable surface properties, non-swelling OHGs or OHGs with 

underwater adhesion properties.    

In the scope of this thesis, a fast, simple and effective production method was 

developed based on the fourth OHG synthesis method, which is hetero-network OHG 

approach. An ethanolic organogel precursor was filled inside of the previously freeze-

dried macroporous cryogels’ μm sized pores and the thermal radicallic polymerization 

of organogels was conducted within these pores in order to produce OHGs. The 

procedure is visualized in Figure 1.1. 

Unlike conventional hydrogel synthesis methods, in the cryogelation procedure which 

takes place under cryotropic conditions (below the freezing point of the solvent), 

cryogels that are mechanically robust, compressible up to high ratios without breaking, 

and with high swelling-deswelling kinetics can be produced [40].     

Cryogels can preserve their stable porous structure and pore wall integrity when the 

water filled to their pores is removed by freeze-drying  [41]. This feature makes 
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cryogels formidable candidates for this kind of OHG synthesis approach following the 

drying of the continuous first network.  

In this regard, with the aim of OHG synthesis out of cryogel first networks, silk fibroin 

protein (SF) was first subjected to the gelation reaction at -18 oC and SF cryogels were 

produced. At that point in order to observe the influence of initial SF concentration on 

the cryogel porosity and thus, the organogel intake capability of cryogel, cryogels with 

5, 10, 15, and 20 w/v % SF concentrations were synthesized.  Later, the water filled to 

the pores of the produced cryogels was removed with freeze-drying and a macroporous 

SF network was procured.  

This dry scaffold’s pores were filled with ethanolic phase that contains organogel 

compounds of hydrophilic (AAc) and hydrophobic (C18A) comonomers, crosslinker 

and free radical initiator, then held at 50 oC for a day to conduct thermal 

polymerization. Hereby, a hetero-double network SF cryogel-based OHGs which 

contain micro-organogel coating within its macropores were achieved.    

The adjustable mechanical and viscoelastic features of OHGs are achieved through 

reversibly dissociating and reforming hydrophobic interactions between the 

hydrophobic tales of C18A comonomers. So in order to investigate the influence of 

C18A content on the smart material abilities of OHGs, four different C18A mole 

fraction organogels of 10, 20, 25 and 30 % were prepared.  

We observed that the mechanical properties of OHGs are much superior compared to 

those of their cryogel and organogel components. Cryogel porosity decreased with the 

increasing SF concentration from 92 to 74%.  The crystallinity fractions of OHGs 

decreased from 15.7 to 2.9% with the increasing amount SF of the cryogel first 

network. Also, the increment in the C18A mole fraction of the organogel second 

network caused to an increase in the crystallinity fraction from 2 to 15.7%. The 

mechanical properties of OHGs differed above and below the melting point of the 

C18A crystallites. All OHGs produced exhibited a shape memory behavior with 

around 97% shape recovery ratio each. 
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Figure 1.1: Schematic representation of OHG synthesis cosisting of four stages, 

namely, wet cryogel, freeze-dried scaffold, scaffold filled with organogel precursor, 

and OHG. 
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2.  LITERATURE 

2.1 Silk 

Silk is a natural fiber produced by the epithelium cells of certain types of insects. It is 

a sticky and durable fiber that these insects use in order to protect their body during 

their metamorphosis procedure or to make their web out of it in order to catch their 

prey.   

The commercial production of silk originated in China 5000 years ago and mankind 

first utilized silk fibers in textile production. Since then, silk is a common and popular 

material in the textile industry. Although there are many sorts of silk produced by 

various animals, domesticated Bombyx mori silkworm’s cocoons are the most common 

resource of silk fibers [42]. With the recent advancements in technology, nowadays 

there are also recombinant silk proteins which are being produced in vitro by the 

activity of microbes [43]. 

There are also some other ancient usages of silk, like healthcare. Ancient Romans and 

Greeks were found to be using spider webs as wound dressing [44], and silkworm silk 

as surgical sutures [45].  Today, especially certain hierarchical proteins in the silk 

composition, like fibroin, draw great attention with their unparalleled properties for 

several biomedical applications. 

2.1.1 Silk fibroin 

The structure of silk is mainly comprised of fibroin and sericin polypeptides, along 

with other components like wax, carbohydrates, inorganic matter and pigments. In 

Table 2.1, the composition of the Bombyx mori silkworm is shown [46]. 

Sericin, the so-called ‘silk gum’ is the gummy protein that surrounds and holds the 

fibroin fibers together. Sericin can be eliminated by the ‘degumming’ process, which 



6 

 

 

 

denotes the boiling of silkworm cocoons in the alkali solutions [47]. In the end, a wool 

of SF is handed as seen in Figure 2.1. 

Table 2.1: Percent composition of the structural elements in silk fiber. 

Component % 

Fibroin 70-80 

Sericin 20-30 

Wax 

Inorganic matter 

Pigments 

Total 

0.4-0.8 

1.2-1.6 

0.7 

100 

 

 

Figure 2.1: Bombyx mori silkworm, its cocoon and the fibroin wool derived out of 

the cocoon.  

Silk fibroin protein is a polypeptide that mainly drew attention due to its significant 

mechanical properties like extraordinary tensile strength. The majority of the amino 

acids that are present in the fibroin structure are glycine (Gly) (43%), alanine (Ala) 

(30%) and serine (Ser) (12%) [47]. This strength arises from the secondary interactions 

comprised of the H-bonds and van der Waals interactions. These bonds are due to the 
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repetitive glycine-alanine-glycine-alanine-glycine-serine (GAGAGS) amino-acid 

sequences (Figure 2.2) in the fibroin structure [48]. These sequences are glycine-rich 

amino acid sequences, which is a hydrophobic amino acid capable of creating weak 

intra and inter-molecular interactions. The reason these blocks exhibit such strong 

crystallization ability is due to the cooperation of hydrogen side chains of glycine and 

methyl side chains of alanine populating the hydrophobic domains. These domains 

create the regulated secondary structures called β-sheets (Figure 2.3).  

 

Figure 2.2: Chemical structure of the silk fibroin repeating units with alaine, glycine 

and serine indicated in red, blue and green, respectively. 

2.1.2 Structural orders of silk fibroin and fibroin gelation 

There are 4 main structural orders in silk fibroin proteins. The primary structure of SF 

defines the molecular chains that are comprised of amino acids and peptide bonds 

between them. The secondary structure of fibroin is regulated by the inter-molecular 

weak interactions’ cooperative acts. Examples of secondary interactions are α-helixes, 

β-sheets, and random coils Figure 2.3. The tertiary structures are formed by the 

secondary interactions folding over each other in 3-dimensions.  The quaternary 

structures are combinations of tertiary structures and they are only observed when the 

protein comprises of multiple polypeptide chains.  

The secondary structures of α-helixes and β-sheets differ in terms of the organization 

of the molecules. α-helixes are intra-molecular formations, whereas β-sheets are 

intermolecular compositions that are formed by multiple folded ladder sheets that fold 

over each other. These β-sheet structures significantly intensify the mechanical 

properties of silk with an increased ratio of these conformations to the overall fibroin 

structure [49]. In general, these β-sheet and β-turn formations provide the fibroin with 
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strength and durability, and the other less ordered formations like α-helixes and 

random coils (hydrophilic blocks) provide elasticity and toughness to the material.In 

general, these β-sheet and β-turn formations provide the fibroin with strength and 

durability, and the other less ordered formations like α-helixes and random coils 

(hydrophilic blocks) provide elasticity and toughness to the material.  

 

Figure 2.3: Crystalline and amorphous conformation types within a single fibroin 

fiber and altering crystalline (C) – amorphous (A) chain segments distributions of 

Bombyx mori silkworm’s silk. Crystalline segments are rich in glycine hydrophobic 

amino acids. Arranged with permission from Ref. [50] 

Although various forms of SF-based materials are investigated as valuable 

biomaterials such as mats, films, sponges and hydrogels  [47], SF hydrogels gained 

significant attention among them with their structure and abilities that make them 

formidable materials for bio-applications such as drug delivery and tissue engineering 

[51].  The gelation of SF, which is illustrated in Figure 2.4, mainly happens with the 

influence of these β-sheet secondary structures [52]. This gelation procedure takes 

more time than other common proteins’ gelations and is affected by many parameters 
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like pH, temperature, and concentration. For instance, with increasing pH of the 

reaction environment, the gelation reactions of SF occur slower, due to the osmotic 

pressure of carboxyl groups attached to SF main chains getting ionized at high pH 

value. In an aqueous reaction environment, with the facts that keep SF chains 

surrounded by water molecules, like this counter-ion caused swelling and dilution, SF 

gelation takes longer to conclude. Because water prevents the SF chains from folding 

over each other and β-sheets cannot form hydrophobic secondary interactions between 

them.  

 

Figure 2.4: Conformation and assembly of silk fibroin (SF) molecular chains at fresh 

solution, early state gelation and late state gelation situations. Reprinted with 

permission from Ref. [52]. 

At an acidic pH region, however, it is easy for SF chains to create hydrophobic 

intermolecular interactions because the ionization of the carboxyl groups attached to 

SF is restricted and this hinders SF’s expansion capability in water. Colliding SF 

chains trigger gelation reactions with more efficient β-sheets formations between 

hydrophobic domains [53].  However, it might still take SF to become gel at a 3% 

concentration for two days [54]. An approach by our research group to accelerate this 

reaction was treating the SF with diepoxide crosslinkers [55]. Specifically, the 
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ethylene glycol diglycidyl ether (EGDE) and 1,4- butanediol diglycidyl ether (BDDE), 

which are commonly used diepoxide resources for crosslinking of various natural 

macromolecules were used in that manner [41]. This method is valid to shorten the 

gelation period because epoxide groups of BDDE interact with the amine side groups 

of hydrophilic regions of two different SF chains and reduce chain mobility. Thus, the 

interactions between SF molecules grow stronger and they form β-sheets faster.  

2.2 Polymeric Gels 

Gels are defined as the intermediate matter form between solid and liquid [56]. That 

is because gels comprise two components: a solid (polymer) and a liquid (solvent). 

The difference of gels from polymer solutions is the crosslinks that are keeping the 

molecular chains of gels together and restrict them from getting dissolved. The 

polymer network restrains the liquid within from flowing away and the solvent phase 

prevents the polymer chains to collapse and cluster. That is why gels possess different 

viscoelastic behavior from conventional pure solid polymers. Also, intermolecular 

covalent crosslinks make gels a single, macroscale molecule whose molecular weight 

is accepted to be infinite. So the conformational changes in the molecular chain 

segments of gels result in visible changes in the macroscale properties of the gels. The 

figure below Figure 2.5 shows the structure of the covalently crosslinked gels in a 

general manner. At the macro-scale, they are seen as water-filled monoliths which are 

generally transparent or blurry.  

 

Figure 2.5: Schematic representation of polymeric gels. Taken from Ref. [57] with 

permission.  
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At the micro-scale, they consist of molecular chains (dotted lines), physical junctions, 

topological entanglements, and covalent crosslinks (hollow circles). All the gaps 

between polymer chains, the so-called pores of the gels are occupied by solvent 

molecules. 

2.2.1 Hydrogels 

Hydrogels are polymeric gels formed by crosslinking of hydrophilic polymer chains 

in an aqueous media [58]. Their pores separated by water give them the ability to 

undergo reversible phase transitions, especially with certain effects like pH, 

temperature, light, magnetic field or chemical agents [59]. These sorts of so-called 

‘stimuli-responsive’ hydrogels are investigated for a broad range of applications, 

especially in the biomedical field due to the hydrogels’ bio-mimetic architecture, and 

hydrophilicity, having necessary spaces within their structures for cell viability and 

conduction of nutrients, etc.   

Although hydrogels became so popular due to these features of them, they have also 

certain handicaps that restrict them from practical applications, such as lack of rapid 

phase transition and mechanical robustness. To enhance the toughness and strength, 

thus the applicability of hydrogels,  

The rapid phase transition is required for the applications for which a fast stimuli 

response rate is required. The main concern of the efforts in order to give the hydrogels 

faster stimuli response rates is arranging their diffusion properties and swelling 

kinetics. There are several strategies applied for that purpose like reducing the gel 

particle size [60,61], attaching dangling side chains with one end attached to the gel, 

the other is free [62] and developing a macroporous gels approach that relies on 

creating some sacrificial diluents within the continuous main network and then 

eliminating it [63].  

2.2.2 Cryogels 

Another novel approach to enhance hydrogels’ porosity is creating solvent templates 

within gel precursor solution, under the freezing temperature of solvents. This method 

is called cryogelation [40]. In cryogelation, after the gel components are gathered in 

the gel precursor, the gelation reactions are conducted at subzero temperatures. When 
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the solvent phase gets frozen at that temperature, gel components are accumulated in 

the unfrozen high concentration channels with the influence of the effect called 

‘cryoconcentration’ [64]. Once the cryogels are synthesized and then thawed, frozen 

solvent domains in the cryogel network form interconnected, μm-sized water-filled 

domains, e.g., so-called ‘macropores’. The cryogelation process is illustrated in Figure 

2.6. 

Although polymeric hydrogels are thoroughly investigated for biomedical purposes, 

their pore size generally does not meet the requirements of such applications, they 

possess rather limited mechanical performance and their diffusivity for oxygen and 

nutrients are also limited [65].  

 

Figure 2.6: Schematic representation of cryogelation procedure. Pregel components, 

frozen gelation system and thawed macroporous cryogels. Adapted from Ref. [65] 

with permission. 

 

The reason behind this is the weak and unsteady structure of the hydrogels. Due to 

their relatively thicker and stronger pore walls, and interconnected macropores with 

homogenous pore size distribution [41], cryogels meet the requirements of biomedical 

applications better than conventional hydrogels [65].  Also, their macroporous 

structure and ability to withstand repetitive cyclic deformations [66]  are enabled 

cryogels for various other applications like superadsorbents [67,68], catalysts [69,70], 

and separation membranes [71,72]. 
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2.3 Shape Memory Polymers 

Ability of natural materials and biological organisms to adjust their properties upon 

external influences have inspired materials scientists to design novel materials which 

exhibit such behaviour [73].  

For instance, sea cucumbers adjust their body stiffness to get protected from predators 

[74], and chameleons change their body color to blend in the environment and hide in 

plain sight in seconds [75]. Scientists have deep-dived into such occurring in nature 

and discovered that these sorts of ‘stimuli-responses’ are all influenced by molecular-

level changes.  Figure 2.7 shows the various types of shape memory polymers and 

their dimensional responses against externat stimuli. 

 

Figure 2.7: Shape memory polymers in various material forms, and their 

dimensional changes in response to various external stimuli. Directly taken from Ref. 

[78] with permission. 
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One of the types of these varied stimuli responses is the shape memory ability of 

polymers. Shape memory polymers respond to some external stimuli (generally heat) 

and transform from a temporary shape programmed on them to a permanent shape they 

‘memorized’ [76].  This is generally due to the release of temporary intermolecular 

interactions established within the structure, and molecular chains of the polymer turn 

back to their original conformation due to the conformational elasticity [77].  

Even though the first known report on such ‘shape memory’ polymers was a patent of 

a dental implant resin, they have gained greater attention with the development of heat 

shrinkable tubing and films out of covalently crosslinked polyethylene [76].   

2.3.1 Shape memory hydrogels 

Shape memory ability stems from the biphasic organizations of polymers: a constituted 

network as a permanent scaffold and an additional reversibly forming and disappearing 

phase [76]. The first network, which generally constitutes permanent covalent 

crosslinks, takes on the ‘memorizing’ function and recovers back to the permanent 

shape once the stimulus is applied, and the second phase is reversibly formed and 

disappeared for the purpose of fixing the temporary shape of the material. In gels, this 

effect is generally situated by creating the opposite nature interactions within a 

hydrogel, for instance adding alkyl side chains with the ability to form hydrophobic 

secondary interactions within an aqueous media.  

The crystalline domains formed by these hydrophobic nanocrystallites reversibly 

disappear when the ambient temperature exceeded their melting temperature (Tm). At 

that stage, generally, an abrupt drop in the material’s mechanical performance is 

observed due to the disappearence of additional crystalline formations, the material 

can be easily deformed.  

Once this deformed temporary shape is cooled down to a temperature below Tm, the 

crystalline domains get reformed both enhancing the mechanical toughness of the 

material and fixing the temporary shape given to the material. This reversible melting 

and crystallizing are visualized in (Figure 2.8).  
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Figure 2.8: Schematic representation of weak interactions-induced shape memory 

principle in hydrogels. (a) Permanent primary shape, (b) heated material with melted 

crystalline domains, (c) deformed hot material and (d) temporary secondary shape 

fixed via cooling under deformation. Directly taken from Ref. [79] with permission. 

By associating more than two phases in the gel structure together, it is possible to fix 

even more than one temporary shape. These gels are called multiple-shape memory 

hydrogels [80,81].  

2.3.2 Bio-inspired, shape memory organohydrogels 

Although the improvement of mechanical performances of hydrogels was achieved 

through several strategies like nanocomposite hydrogels [16,17] and multiple-network 

hydrogels [18,19], these hydrogel materials are still seen as incapable of preserving 

their mechanical properties like toughness and elasticity, at extreme conditions like 

subzero temperatures [20] and lack of surface wettability adaptation once the 

environment of the hydrogel is changed [21]. With inspiration from creatures like 

extremophiles, scientists adopted another nature-inspired strategy to overcome these 

drawbacks, called “the binary cooperative complementary phenomenon” [22,23]. This 

principle states that most of the time, natural biological organisms include a 

hierarchical binary structure of hydrophilic and oleophilic parts co-existing and co-

operating. Hereby, they came up with a novel biphasic gel type called 

‘organohydrogels’ (OHG). 
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In recent years, several strategies were deployed for OHG production [82]. For 

instance, Zhao et. al. developed a strategy that relies on the gel-gel interface 

contraction through functional groups on their interface and fabricated a ‘macroscopic 

layered’ OHG [83]. On one end of OHG, there is an organogel part and on the other 

end, there is a hydrogel part. These two individual parts are only chemically 

conjugated on their interface and each end preserved its chemical nature. The aim of 

this method is to tune the surface wettability of OHG in different media.  

Another approach developed by Li et al. is called the site-specific “in situ” 

transformation strategy [84].  In this work, researchers treated specific chemical sites 

on poly(pentafluorophenyl acrylate) with aminolysis reactions to convert them into 

desired hydrogels, organogels, and even organo/hydro binary gels by coupling 

hydrophilic and oleophilic alkylamines on them. Scientists noted that the organo/hydro 

binary gels they produced via this method is promising for soft robotic applications 

due to the synergistic effect of organogel swelling and hydrogel shrinkage.  

In another work inspired by mussel adhesion chemistry, Han et al. developed a cell 

adhesive, temperature and cold resistant and conductive OHGs for the purpose of 

bioelectronic applications [85]. In this system, a binary glycerol-water solvent system 

is deployed for the preparation of acrylic acid and acrylamide within the dispersed 

polydopamine-decorated carbon nanotubes solutions. Resulting from the vast 

hydrogen bonds between polyol and water, OHGs preserved their mechanical 

performance and conductivity even at subzero temperatures. The concern here is the 

inadequate long-term stability of low molecular weight alcohol-network interactions. 

Also, dissociated alcohol is predicted to probably weaken the OHGs mechanically 

after long durations. 

 Another very commonly applied method for OHG synthesis is emulsion-based OHGs 

[86–89]. In this method, the oleophilic discontinuous phase is dispersed in an aqueous 

continuous phase or otherwise, and the dispersed phase gets emulsified with the aid of 

dispersive mixing, surfactants or amphiphilic comonomers or is subjected to an in situ 

gelation within a continuous phase. Regarding to the density and the manner of the 

dispersed phase within OHG, the methods are classified into two: (a) entrapped 

dispersed phase droplets that does not intact with the main network and (b) dispersed 
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droplets are crosslinked into micro-networks that contribute to the main network. Zhao 

et al. utilized this method in order to prepare an OHG comprised of N,N-

dimethylacryamide aqueous continuous phase with lauryl methacrylate hydrophobic 

monomer droplets emulsified within [31]. The resulting OHGs exhibited an 

extraordinary shape memory capability, along with non-swelling behavior and 

adjustable mechanical and viscoelastic properties.  

In another work that takes on this principle, Zhuo et al. developed multiple shape 

memory OHGs by incorporating different types of n-alkanes within the emulsion 

system (Figure 2.9) [90]. Hydrophobic monomers with different melting points within 

the discontinuous emulsion droplets have given the material different shape fixing heat 

intervals, thus OHGs possessed different temporary shapes as well as different 

mechanical characteristics between these intervals. 

 

Figure 2.9: Schematic representations of (a) Shape memory and recovery of OHGs 

under tensile deformation, (b) shape memory and recovery of OHGs under 

compressive deformation. (c) OHG compressed into a flat temporary shape and 

heated for shape recovery. (d) Confocal laser scanning microscopy images of 

permanent, semi-compressed transitional, compressed and cooled temporary and 

recovered shapes of OHG. Red zone indicates the continuous hydrophilic network 

and green zones indicate emulsified oleophillic droplets. Directly taken from Ref. 

[31] with permission. 
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Another method for OHG synthesis is heteronetwork OHGs. In this method, a 

previously prepared hydrogel first network’s water is eliminated via drying 

procedures, and after that dry hydrophilic network is filled up with oleophilic gel 

precursor, later reacted to form an ogranogel within the pores of first network (Figure 

2.10). This method is very much like building multiple network hydrogels [19,91–94]. 

In contrary to ordinary multiple network gels, heteronetwork OHGs possess two or 

more [95] networks of distinctly different natures in terms of their hydrophilicity. For 

instance, in a recent work, Gao et al. used a preliminarily synthesized poly(N,N-

dimethylacrylamide) hydrogel as a scaffold for organogel second network synthesis 

within [96]. A lauryl methacrylate and butyl methacrylate monomers-included 

ethanolic medium was filled into the acetone-dried hydrogel, and later subjected to in 

situ UV polymerization to synthesize the organogel second network. Ethanolic phase 

infused into the first network successfully due to its affinity to both heteronetwork 

monomers. The resulting heteronetwork OHG was seen successfully switching its 

surface configuration with changing media. Also, OHG exhibited a non-swelling 

behavior in either aqueous or organic medium.  In another work of the same group, a 

hydrogel first network was consolidated with an oleophilic and an intermediate 

network [95]. Water and non-poler oil dispersion medium was utilized for synthesis 

procedure, later with the aid of acetone and dodecane, OHG swollen in oil was 

obtained and also water-swollen OHGs were prepared by immersing the as-prepared 

multinetwork OHGs directly into the water. The resulting OHGs exhibited a non-

swelling behavior and adjustable surface configuration.  

With reference to this approach, a novel synthesis method was recently developed by 

our research group [98]. In this procedure, the macropores of the cryogels based on 

methacrylated SF and poly(N,N-dimethylacrylamide) as a spacer were first filled with 

the precursor solution of organogel component. Free radical polymerization within the 

pores of the cryogels results in mechanically strong and temperature sensitive OHGs 

consisting of micro-organogel discontinuous and cryogel scaffold continuous phases 

with shape-memory function. The reason why cryogels are preferred instead of 

conventional hydrogels is due to the mechanical issues and cryogels’ superior 

macroporosity as mentioned before.  
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In the present study, conventional SF cryogels of various initial SF concentrations 

(CSF) were synthesized to be used as scaffolds for OHG synthesis. The main reason 

for changing the CSF is to observe its influence on cryogel porosity. Cryogel scaffolds 

were filled with the ethanolic organogel precursor including acrylic acid (AAc) and n-

octadecyl acrylate (C18A) monomers and subjected to free radical thermal 

polymerization. The resulting OHGs exhibited enhanced toughness and thermally 

adjustable mechanical and viscoelastic properties due to the hydrophobic interactions 

between C18A crystalline domains. In order to investigate the contribution of C18A 

amount to these properties, OHGs of four different C18A mole fractions with respect 

to the total monomers were synthesized.  As will be seen below, silk fibroin based 

novel OHGs with a wide  variety of mechanical properties and smart functions were 

prepared, which would  expand their application areas.   

 

 

Figure 2.10: (a) Chemicals used for heteronetwork OHG synthesis. Hydrogel first 

network components indicated in blue, and organogel second network components 

are shown in yellow. (b) Synthesis steps of hydrogel, organogel precursor infused 

network and OHG. (c) Swelling behaviour of synthesized OHGs within aqueous and 

organic media. Hydrophillic first network is indicated in blue and oleophillic second 

network is indicated in orange. Directly taken from Ref. [97] with permission. 
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3.  EXPERIMENTAL PART 

3.1 Materials 

Silk fibroin protein is naturally derived from the cocoons of Bombyx mori silkworms, 

provided by KozaBirlik in Bursa. Lithyum bromide (LiBr, molar mass 86.84 g/mol, 

Merck), sodium carbonate (Na2CO3, molar mass 105.99 g/mol Merck), 1,4-butanediol 

diglycidyl ether (BDDE, molar mass 202.25 g/mol, Sigma-Aldrich), N,N,N′,N′-

tetramethylethylenediamine (TEMED, molar mass 116.24 g/mol, Sigma-Aldrich), n-

octadecyl acrylate (C18A, molar mass 324.54 g/mol, Sigma-Aldrich, %97), N,N’-

methylenebis(acrylamide) (BAAm, molar mass 154.17 g/mol, Sigma-Aldrich, %99), 

α,α’-azoisobutyronitrile (AIBN, molar mass 164.21 g/mol, Merck), ethanol (molar 

mass 46.07 g/mol, Merck, ≥ %99,9) and polyethylene glycol (PEG-10000, Sigma-

Aldrich, molar mass 10000 g/mol) were used without purification. Acrylic acid (AAc, 

molar mass 105.99 g/mol, Merck) was purified from included hydroquinone inhibitor 

through a column filler separator. In Figure 3.1, the chemical structures of materials 

used for OHG production are given.  

 

Figure 3.1: Chemical strucutres of the materials used for OHG synthesis: N,N,N′,N′-

tetramethylethylenediamine (TEMED), 1,4-butanediol diglycidyl ether (BDDE), 

α,α’-azoisobutyronitrile (AIBN), N,N’-methylenebis(acrylamide) (BAAm) , n-

octadecyl acrylate (C18A) and acrylic acid (AAc). 
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3.2 Silk Fibroin Isolation from Bombyx mori Silkworm Cocoon 

Silk fibroin (SF) isolation is done with reference to the method that previously reported 

[41], [99].  Briefly, 10 g of Bombyx mori silkworm cocoon is trimmed into mm-sized 

pieces and purged from the biologic residue within, later boiled for 1 hour inside a 1 

L 0.02 M Na2CO3 solution in order to remove the sericin. The fibroin wool seperated 

from other components of silk was washed in pure water at 70 oC for 5 times, 20 

minutes each and dried at room temperature.  Dried SF wool of 7 g, dissolved in parts 

within a 35 mL 9.3 M LiBr solution at 60 oC.  SF dissolved in solution was dialyzed 

within dialysis tubing (10000 MWCO, Snake Skin, Pierce) against pure water for 4 

days.  The pure water was freshed three times a day during this period and the LiBr 

was completely removed. The resulting SF solution’s concentration was determined 

by the gravimetric method, and it was dialyzed against PEG-10000 solution inside a 

3500 MWCO (Snake Skin, Pierce) when higher concentrations were needed in order 

to eliminate a certain amount of water. 

3.3 Synthesis of Cryogels and Organohydrogels 

In the present work, to investigate the influence of SF cryogel porosity on organogel 

precursor intake capacity and C18A crystallizability, cryogels with 4 different initial 

SF concentration (𝐶𝑆𝐹 = 5, 10, 15 and 20 w/v%) were produced. Previous works proved 

that with increasing 𝐶𝑆𝐹 of cryogel precursor, the average pore size and percent 

porosity of cryogels were decreased [41]. For the purpose of pH regulation, TEMED 

was used at a fixed amount, 0,025 v/v % with respect to the total reaction mixture 

volume. BDDE crosslinker concentration was varied between 20 and 3 mmol.g-1  in 

order to prevent the undesired instant gelation at high SF concentrations. Cryogel 

precursors prepared in this way were held inside of a refrigerator at -18 oC for 24 hours 

in plastic syringes of 1 mL volume and cryogelation was conducted. After the 

synthesized cryogels were thawed at room temperature, they were taken out of the 

syringes and immersed in pure water. With the purpose of eliminating the unreacted 

components and TEMED residue, cryogels were kept in pure water for 3 days.   At the 

end of this duration, cryogels reached to the swelling equilibrium were freeze-dried 

with a Christ Alpha 2-4 LD-plus freeze drier. The freeze-drying procedure was 

constituted of three steps: (1) freezing step: one day at -25 oC, atmospheric pressure, 
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(2) main drying step: one day -40 oC, 0.12 mbar pressure and (3) final drying step: one 

day at -60 oC, 0.011 mbar. After three days, the macroporous SF cryogel scaffolds 

were obtained.  

For organohydrogel (OHG) synthesis, SF cryogel scaffolds formed at  𝐶𝑆𝐹 = 5, 10, 15 

and 20 w/v% were immersed in the ethanolic organogel precursor solutions at 40 oC 

containing AAc, C18A, BAAm and AIBN. In order to investigate the effect of C18A 

on the crystallinity of OHGs, C18A mole fraction (xC18A) in the monomer mixture was 

taken as 0.1, 0.2, 0.25 and 0.3 at a fixed total monomer concentration of 41 w/v% (with 

respect to the organogel precursor solution). AIBN and BAAm amounts were also kept 

constant at 1 mol% with respect to the monomers.  Cryogel scaffolds that reached to 

the swelling equilibrium in the ethanolic organogel solutions within 10 minutes under 

mechanical stirring, they were placed into 10 mL plastic syringes along with remaining 

organogel precursor solutions.  Syringes were kept in an oven at 50 oC for 24 hours 

and the free radical polymerization of AAc, C18A, and BAAm was conducted (Figure 

3.2).   

 

Figure 3.2: (a) Cylindrical cryogel scaffolds filled with organogel precursor are 

placed in a plastic syringe along with excessive precursor solution. (b) After free 

radical polymerization, OHGs are taken out of syringes and combed out of the 

surrounding excessive organogel. 
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Unreacted residues remaining in OHGs were eliminated after the OHGs produced 

were combed out of the surrounding excessive organogel layer and kept in ethanol for 

at least a week. In order to compare their mechanical performances with OHGs, 

poly(AAc-co-C18A) organogels whose C18A mole fraction are  xC18A = 0.3 were 

synthesized under the same conditions. For organogel synthesis, AAc (1.32 mL) and 

C18A (2.70 g) were initially dissolved in ethanol at 40 oC, and once the solution was 

homogenized, BAAm and AIBN were included respectively and finally, the reaction 

mixture was topped with excess ethanol in order to complete the total reaction mixture 

amount to 10 mL.  Organogel precursor gelation was carried out in an oven at 50 oC 

for 24 hours within plastic syringes of 1 mL.   

 

3.4 Characterization of Cryogels and Organohydrogels 

3.4.1 Swelling tests of cryogels and organoohydrogels 

The mass (qw) and volume (qv) swelling ratios of cryogels and OHGs were calculated 

according to the equations (3.1) and (3.2), respectively. 

 

 𝑞𝑤 =
𝑚

𝑚𝑑𝑟𝑦
 

(3.1) 

 𝑞𝑣 = (
𝐷

𝐷𝑑𝑟𝑦
)3 

(3.2) 

 

Here, the symbols without subscripts m and D stands for the mass and diameter of the 

gels at swelling equilibrium, where mdry and Ddry symbolizes the mass and diameter of 

the dry networks, respectively. The gel fraction (Wg), which defines the proportion of 

the gel components contributed to the crosslinked network strucutre, was calculated 

regarding to the equation (3.3). 
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 𝑊𝑔 =
𝑚𝑑𝑟𝑦

(𝑚0𝐶)
 

(3.3) 

In this equation, m0 defines the mass of the gels at as-prepared state. C is the total 

concentration of the reacted components. 

To determine the porosities of cryogels and OHGs, their swelling ratios within water, 

qw and qv, were used.  The reason for that is; qv is the measure of the stretching of pore 

walls, where qw  incidcates the change in the solvent mass within the pores of the gel.  

The difference between these two values is due to the porous nature of the materials. 

Total porosity (P) was calculated regarding to the following equation (3.4) [100]. 

 𝑃 = 1 − 𝑞𝑣[1 + (𝑞𝑤 − 1)𝜌 𝑑1⁄ ]−1 
(3.4) 

The expressions 𝑑1 and 𝜌 in the equation refer to the density values of water (1 g.mL-

1), and SF (1.35 g.mL-1) or OHG (1.1 g.mL-1), respectively. To calculate the total 

volume of the pores (Vp), water with pH=3 was used, which interacts with neither the 

cryogel nor the OHG of the pore walls and does not cause swelling by volume. 

It was observed that the gels immersed in water at pH = 3 did not show swelling in 

volume, while their mass significantly increases. This increase was attributed to the 

mass of water filling the pore volume. Based on this quantitative observation, Vp was 

calculated using equation (3.5). 

 𝑉𝑝 = 𝑑1
−1(𝑚 𝑚𝑑𝑟𝑦⁄ − 1) 

(3.5) 

3.4.2 Conformational analysis of cryogels and organohydrogles 

Conformational analysis of SF cryogels was performed with the Agilent Technologies 

Cary 630 ATR-FTIR spectrophotometer as reported previously [66,99]. In summary, 

the outline of the Amide-I region of the spectrum was first arranged linearly and then 

deconvolved according to the Gaussian model in PeakFit (version 4.12, SeaSolve 

Software Inc.) software. After that, four curves corresponding to 1620, 1640, 1660, 
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and 1698 cm-1 band positions were fitted, corresponding to the β-sheet, random coil, 

α-helix, and β-turn conformations, respectively. 

X-ray Diffraction (XRD) measurements were conducted on a Rigaku Ultima-IV 

Diffractometer using  Ni-filtered CuKα radiation at 40 kV and 30 mA in the range of 

2θ = 4-40o with a scanning rate of 0.6 o /min. 

3.4.3 Thremal properties of cryogels and organohydrogels 

Differential scanning calorimetry (DSC) measurements were performed on a Perkin 

Elmer DSC 4000 instrument under a nitrogen atmosphere. Wet cryogel and OHG 

samples were weighed approximately 10 mg each and placed in aluminum pans, then 

subjected to two heating-cooling cycles at 0 – 80 °C. As a result of the measurements, 

the melting enthalpies (ΔHm) and crystallization degrees (fcry) were determined as 

previously reported.  [101].  

3.4.4 Morphological properties of cryogels and organohydrogels 

Scanning electron microscopy (SEM) imaging was performed using platinum-coated 

samples with an FEI-QUANTA FEG 250 FE-SEM peripheral electron microscope. 

The pore size distribution analysis was performed by taking the diameter measurement 

data of 50 randomly selected pores from the SEM images with Image-Pro Plus 6 

software and creating density distribution curves from the obtained data. [101].  

3.4.5 Mechanical properties of cryogels and organohydrogels 

Mechanical tests of cryogels and OHGs were carried out on a Zwick Roell test device 

using a 500 N load cell. Tests were conducted in uniaxial compression mode. Stress 

(σnom) – strain (ε) curves were read by applying force at a compression speed of 5 

mm.min-1 to the wet-swollen materials at room temperature. Young's Modulus values 

were calculated from the 2 – 4% compression range of the curves. Stress values are 

expressed as nominal (force applied per unit surface area with respect to the initial 

surface area of the undeformed specimen), while strain is expressed as the relative 

change of the specimen with respect to the initial length. When determining the rupture 

stress (σf) and strain (εf) values, these quantities were converted to true stress-strain 

curves as previously reported. [94].  
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 For cyclic mechanical tests, cryogels and OHGs were tested with a waiting period of 

5 minutes between loading and unloading cycles. In the tests carried out in two phases, 

the samples were first compressed and released in 5 consecutive cycles up to a constant 

80% maximum strain (εmax). The second phase was carried out in 8 consecutive 

loading-unloading cycles with 10% increments between 10 - 80% of εmax. 

3.4.6 Rheological properties of organohydrogels 

Rheological measurements were carried out with the Bohlin Gemini 150 rheometer 

device with a temperature control feature. A parallel circular measuring plate with a 

diameter of 20 mm was used and a solvent trap was added to prevent solvent 

evaporation at high temperatures. OHGs were tested in frequency (ω) sweep test at 25, 

65, and 25 oC, respectively. After the OHG samples, whose rheological tests were 

performed at 25 oC, were heated to 65 oC in a water bath, the test was performed again 

with the same sample. At the last stage, the sample was left to cool at room temperature 

and the test was repeated for the third time. The tests were carried out by keeping the 

constant 0.1% strain (γ0) value for OHGs and the frequency was varied between 1 and 

60 Hz. 

3.4.7 Shape memory tests of organohydrogels 

OHG shape memory tests were performed using the bending test method. In this 

method, when cylindrical OHG samples (5 cm in length, 4 mm in diameter) were 

heated to 65 °C and softened to reshape, they were fixed into a horseshoe-like 

temporary shape at a certain deformation angle (θd) by bending the two ends as if they 

were meeting.  

Then, the samples were kept at 25 oC for 5 minutes in order to fix this temporary shape. 

When the force causing deformation is removed, the angle value (θf) fixed by the 

samples was also measured, and the shape fixation ratio (Rf) was determined from the 

ratio between the two angles.  

Finally, the OHGs were reheated to 70 °C without applying an external force on them, 

the recovery angles (θr) were measured at every 1-3 °C range, and the recovery rate 

(Rr) was calculated.
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4.  RESULTS and DISCUSSION 

In this section, first of all, the preparation of SF cryogels, which constitute the first 

network structure used as a scaffold in OHG production, their characteristics and the 

effects of changing SF concentration on the cryogel properties will be presented. Later, 

the properties of OHGs formed as a result of AAc – C18A copolymer micro-organogel 

synthesis within the cryogel pores will be explained in detail, and the effects of 

changing C18A mole fraction on OHG characteristics will be discussed. 

4.1 Silk Fibroin Cryogel Scaffodls 

4.1.1 Swelling and gel fraction results of cryogels 

SF cryogel scaffolds were synthesized at 4 different SF concentrations, namely 5, 10, 

15 and 20 w/v % to examine the effect of SF concentration (CSF) on the cryogel 

properties. 1,4-butanediol diglycidyl ether (BDDE) was used as a crosslinker, and 

N,N,N',N'-tetramethylethylenediamine (TEMED) was used to adjust the pH of the 

reaction solution. Table 4.1 and Figure 4.1 show the weight (qw) and volume (qv) 

swelling ratios, gel fractions (Wg) and the total porosity (P) of the cryogels synthesized 

at various silk fibroin concentration CSF. With an increase in CSF from 5 w/v% to 20 

w/v%; total porosity decreases from 92.7 to 74%. Simultaneously, the weight swelling 

ratio qw decreases from 11.4 to 4.2% while the swelling ratio by volume remains 

constant at around unity (Figure 4.1). As mentioned earlier, this behavior is a result of 

the macroporous structure of the cryogels, in other words, the mass of the cryogel 

increases significantly due to the filling its pores with water, while the pore walls are 

not stretched to change the volume [48]. In this study, the term “wet cryogel” was 

preferred to describe gels in swelling equilibrium in water, since the notation of 

“swollen cryogel” may suggest gels that are swollen in volume and expanded in size. 

The gel fraction (Wg) for all cryogels was found to be over 95%.  
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Table 4.1: Mass (qw) and volume (qv) swelling ratios, gel fractions (Wg) and total 

porosity (P) of cryogels synthesized at various CSF. 

CSF, 

w/v% 
𝑞𝑤 𝑞𝑣 𝑊𝑔  P% 

5 11.4±1.6 1.062±0.02 1.00±0.23 92.7±1.0 

10 6.2±0.8 1.065±0.02 0.96±0.30 86.1±1.6 

15 5.27±0.35 1.083±0.02 1.04±0.03 83.4±1.3 

20 4.21±0.1 1.385±0.1 1.10±0.04 74.0±2.2 
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Figure 4.1: Total porosity P of the cryogels, their swelling ratios by volume (qv) and 

mass (qw) plotted against SF concentration CSF. 

 

4.1.2 Morphological and conformational analysis of cryogel scaffolds 

Figure 4.2a,b and c shows SEM images of the cryogels formed at various CSF  at two 

different magnifications, also plots average pore sizes at different  values and depicts 

the pore size distribution counts, respectively. Similar to the decrease in total porosity, 

the decrease in average pore diameters with the increase in CSF is clearly discernible 

from SEM imaging (Figure 4.2a). On the other hand, it was calculated that the pore 
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volume (𝑉𝑝) of spherical pores decreased from 17.4 ± 1.1 to 2.87 ± 0.7 mL g-1 as CSF  

is increased. In Table 4.2 the average pore sizes and the pore volumes of cryogel 

scaffolds are enlisted. 

Table 4.2: Average pore sizes and pore volumes (Vp) of cryogels synthesized at 

vairous CSF values. 

CSF, 

w/v% 

Pore 

size, μm 
𝑉𝑝, mL.g-1 

5 26±8 17.34±1.11 

10 24±7 3.87±0.02 

15 21±6 2.91±0.1 

20 17±4 2.87±0.68 

 

Figure 4.2: Scanning electron microscopy (SEM) images of (a): 250x (top) and 500x 

(bottom) magnification of SF cryogel scaffolds produced at 5 - 20 w/v% 

concentrations. (b): Change in the average pore diameters plotted against SF 

concentration CSF. (c): Pore size distribution curves of various CSF cryogels. 
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Figure 4.3 shows the FTIR scans of SF before cryogelation, various CSF cryogels, and 

the distribution ratios of the conformations against CSF. FTIR scans show that with the 

increase in CSF, the fraction of regulated β-sheet and α-helix conformation increases, 

while that of disordered random coil conformation gradually decreases. Fig. 4.3a 

shows the FTIR scan of neat SF solution before it was subjected to the cryogelation 

reactions. In this curve, the irregular random coil conformation (blue line) visibly 

occupies the greatest proportion among all others. Compared to this SF absorbance 

curves, the significant increase in the ratio of β-sheet indicates gelation of fibroin [49]. 

This is a result of the packing effect of high concentrations of SF chains and forcing 

them to form more ordered conformations due to the crosslinking with BDDE. 

 

Figure 4.3: (a)FTIR spectrum of SF before cryogelation. (b-e); Amide-I region 

peaks of FTIR spectra of 5 - 20 w/v% SF cryogel scaffolds. The dotted lines show 

the raw device measurement, the solid lines show the fitted curve. (f); Variation of β-

sheet, random coil, α-helix, and β-turn conformation ratios depending on CSF. Blank 

symbols represent SF pregelation values. 

4.1.3 Mechanical properties of cryogels 

Figure 4.4 shows uniaxial compression mechanical test results of wet and dry cryogels. 

At wet state, cryogels typically do not exhibit any fracture point at their compression 

stress-strain curves. The actual fracture points of cryogels are determined via 

converting the nominal (σnom) stress values into the true (σtrue)  stress values. The actual 

fracture points of cryogels are determined at the peak points of the σtrue –ε plots [66]. 
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The fracture strain (εf) is accepted as the strain value at that point, however, the 

fractrure (σf) stresses are accepted as the corresponding σnom to this strain values. It 

was observed that the Young's modulus (E) and toughness (W) values of the cryogels 

after freeze drying increased by 100 times compared to the wet condition, and the 

toughness (W) values increased by 10 times (Figure 4.4h). The increase in Young's 

modulus and toughness values with increasing CSF shows that the mechanical stability 

of SF cryogels increases as a result of decreased porosity and thickening of the pore 

walls [41]. The reason for the plateau regions in the stress-strain curves for both wet 

and dry cryogels as seen in Figure 4.4a,c,d is the collapse of their pores due to the 

compression. The collapsed pores cause volume reduction and, in this process, the 

cryogels are compressed, but the water-air coming out does not create a tension 

response, so the graph in this region looks like a horizontal plateau. 

 

Figure 4.4: (a) Wet SF cryogels’ nominal stress σnom-strain ε plots. (b) Wet SF 

cryogels’ nominal stress true stress σtrue – strain ε plots.  (c) Wet SF cryogels’ 

corrected nominal stress σnom – strain ε plots.  (d) Dry SF networks’ nominal stress 

σnom – strain ε plots.  The red arrows are representations of fracture stress σf  and 

strain εf in the wet state determined at the peaks of the σtrue - ε  curves. Comparative 

change in the fracture stress σf  (e), fracture strain εf (f), Young's modulus E (g), 

toughness W (h), values at dry (solid line, solid symbols) and wet states (dashed line, 

empty symbols) as a function of CSF. 

 

The ability of SF cryogels to be compressed up to 95% of their initial length without 

breaking and to exhibit much higher shear stresses than hydrogels[41] stems from the 

‘cryoconcentration’ effect, which gives cryogels durable and elastic pore walls as well 
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as interconnected macropores [40-41,102]. This phenomenon refers to the 

accumulation of solutes in apparently frozen solutions and being trapped in small 

volumes in unfrozen regions. According to this principle, the components of the 

cryogel precursor solution are trapped in micron-sized unfrozen channels, increasing 

their concentrations up to the suitable for cryogelation reactions and cross-linking and 

gel formation occur due to this effect. Previous studies have shown that the 

cryoconcentration effect increases the concentration of the gel components in unfrozen 

channels by approximately 5.8 times. [41]. This effect engenders the gelation 

reactions, leads to conformational arrangements in the SF chains, and creates stronger 

and more elastic pore walls than hydrogels. With their superior mechanical properties, 

cryogels are very valuable first networks in OHG production. 

4.2 Organohydrogels 

4.2.1 Synthesis of organohydrogels 

In organohydrogel (OHG) synthesis, there are four approaches specified in the 

literature as mentioned above. For example, Gao et al. applied a bi-step OHG 

production approach, the hydrophilic first phase was fabricated from poly(N,N-

dimethyl acrylamide) hydrogel, then OHG was produced by filling the organogel into 

these hydrogel pores, which were dehydrated with a freeze dryer [96]. In a recent 

publication, a similar application utilizing heteronetwork strategy was used by our 

research group for methacrylate SF-DMAA cryogel first network OHGs [98]. In the 

present study, with a similar approach, a hydrophilic SF cryogel was first freeze-dried 

to produce a macroporous scaffold and then its pores were filled with an organogel 

precursor solution (ethanolic phase containing AAc/C18A monomers, BAAm 

crosslinker and AIBN initiator) and held for 24 h at 50 oC to produce OHGs via free 

radical polymerization. SF cryogels were preferred as a hydrophilic skeleton structure, 

due to the interconnected macroporous structure and mechanical superiority of 

cryogels, as explained previously. 

Within the scope of the study, SF concentration (CSF) of the starting cryogels were 

varied in order to examine the effect of CSF on the mechanical and viscoelastic 

properties of OHGs. The mole fraction of C18A monomer (xC18A) was also varied 
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between 0.1  and 0.3. In our experiments, the total monomer concentration (C0) in the 

organogel precursor solution was fixed at 41 w/v%. BAAm and AIBN were used as 1 

mol% with respect to the total monomer amount. 

4.2.2 Organogel precursor intake capacity of SF cryogel scaffolds 

In the synthesis stage, in order to investigate the influence of monomer solution uptake 

capacity of the SF cryogel porosity, firstly, swelling properties of dry cryogels in 

monomer solution were investigated. Similarly to the water swelling, while the 

cryogels swelled in the ethanol phase, the volume did not change, but they swelled by 

weight. Consequently, the swelling ratio by mass in the monomer solution qw,o was 

defined. This value was calculated in the same way as the swelling ratio by mass in 

water. Fig. 4.5a shows qw,o of the cryogels immersed in monomer solutions of various 

C18A contents (xC18A) plotted against the fibroin concentration CSF. It is seen that the 

solution uptake capacity rapidly decreases with increasing CSF from 5 to 10 w/v%. 

Further increase in CSF does not change much the uptake capacity qwo and remains 

around 3. Moreover, C18A content (xC18A) of the solution also affect the uptake 

capacity at CSF = 5 w/v%. The higher xC18A, the higher qw,o revealing that increasing 

C18A content of the solution also increases the uptake capacity of the cryogels formed 

at CSF = 5 w/v%. 

For synthesis, dry cryogel scaffolds were kept in monomer solution for 10 minutes 

under mechanical stirring and their pores were completely filled with the solution. 

Then, the filled cryogels and excesive precursor solution were taken into plastic 

syringes and kept at 50 °C for 24 hours to perform thermal radical polymerization. 

Thus, OHGs based on SF cryogel scaffolds containing poly(AAc-co-C18A) micro-

organogels in their pores were obtained. After the synthesis, OHGs were thrown into 

ethanol and the unreacted components were removed from the structure. After that, 

they were kept in water until the swelling equilibrium was reached. The gel fraction 

(Wg) for all OHGs was found to be around 1. 

For post-synthesis stage OHGs, the mass fractions of the organogel part (worganogel) and 

C18A units (wC18A) regarding to OHG were calculated according to equations 4.1 and 

4.2, respectively. 
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 𝑤𝑜𝑟𝑔𝑎𝑛𝑜𝑔𝑒𝑙 =
(𝑞𝑤,𝑜 − 1)𝐶0

1 + (𝑞𝑤,𝑜 − 1)𝐶0
 

(4.1) 

 𝑤𝐶18𝐴 = 𝑤𝑜𝑟𝑔𝑎𝑛𝑜𝑔𝑒𝑙𝑚𝐶18𝐴 
(4.2) 

Here, 𝑚𝐶18𝐴 is the mass fraction of C18A in the monomer mixture.  

Figure 4.5b and 4.5c show the variation in worganogel and wC18A against CSF for various 

OHGs. It is seen that for OHGs with constant 5 w/v% CSF, worganogel increased from 

61% to 80% with increasing xC18A. For OHGs with constant 0.3 xC18A, worganogel is 

decreased from 80% to 36% with increasing CSF from 5 to 20 w/v%. It can be said that 

the increased CSF and the corresponding decrease in pore diameters caused a decrease 

in the organogel integration ability. However, wC18A increases with increasing xC18A for 

each CSF value cryogel (Fig. 4.5c). This is an expected outcome, since the mole 

fraction, thus mass percentage of C18A increases corresponding to the xC18A, and drop 

in the average pore size of cryogels results in a proportionate drop in the organogel 

intake capability of the scaffold. In Figure 4.5d-g, swelling values by mass (qw) and 

volume (qv) of OHGs in water  and ethanol are shown in comparison with empty 

cryogels (dashed lines). The qw values of cryogels in both water (Fig. 4.5d) and ethanol 

(Fig. 4.5f) showed a significant decrease especially for cryogels with CSF = 5 w/v% 

after conversion to OHG. At this time, 𝑤𝐶18𝐴 decreased significantly with increasing 

xC18A for all OHGs. 

Figure 4.5e and 4.5g show the swelling by volume (qv) raitos of OHG within water 

and ethanol, respectively. Cryogel and OHG qv values converge with increasing CSF 

values. Similarly, it is seen that increasing xC18A values  decrease the swelling ratio. 

Conversely, the swelling ratios by volume were found to be higher for OHGs than for 

cryogels. It can be thought that this increase is due to the hydrophilic AAc units formed 

in the OHG structure. However, ethanol is a better solvent than water for OHGs, the 

majority of which is poly(AAc-co-C18A) organogel [103]. As a result, it was observed 

that OHGs swell relatively better by both mass and volume in ethanol. Figures 4.5h 

and 4.5i show the variation of total percent porosity (% P) and pore volume (Vp) with 

respect to CSF. For OHGs with increasing CSF  values,  P% values decreased from 45.1  

to 8.1 % and the 𝑉𝑝 values varied between 0.26 – 0.16 mL.g-1. For OHGs with 
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increasing xC18A vlaues, P% increased from 92.7 to 45.1 % and 𝑉𝑝 decreased from 17.33 

to 0.16 mL.g-1. While Vp values do not change much with CSF, they differ significantly 

with increasing xC18A values. Corresponding values were enlisted in the Table 4.3. 

 

Figure 4.5: Mass swelling (qw,o) ratio of cryogels in the organogel precursor 

solution, (a); mass fraction of the organogel part in OHG (worganogel), (b); Mass 

fraction of C18A units in OHG (wC18A). Cryogel and OHGs in water swelling ratios, 

by mass qw (d) and by volume qv (e). In ethanol swelling ratios by mass qw (f),  and 

by volume qv (g). Total percent porosity %P (h), total pore volume Vp (i). The dashed 

lines represent the neat SF cryogel values. 
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Table 4.3: The swelling ratio by mass in the monomer solution (qw,o), the mass 

fractions of the organogel part within OHGs (worganogel), the mass fractions of the 

C18A within the OHGs (wC18A), total percent porosity of OHGs (P%) and pore 

volume of the OHGs (Vp)  for several OHGs produced. 

Gel 

Code 
qw,o worganogel wC18A  P% Vp, mL.g-1 

501 4.87±0.59 0.61±0.07 0.2±0.02 56±1 0.65±0.08 

502 7.92±0.85 0.74±0.02 0.39±0.01 48±1 0.52±0.08 

525 9.22±0.55 0.77±0.03 0.46±0.01 47±1 0.37±0.6 

530 10.93±0.07 0.80±0.02 0.53±0.02 45±1 0.16±0.07 

1030 2.91±0.17 0.44±0.02 0.29±0.01 43±1 0.25±0.04 

1530 2.36±0.07 0.35±0.01 0.24±0.01 24±1 0.27±0.02 

2030 2.38±0.09 0.36±0.01 0.24±0.01 8±1 0.18±0.07 

4.2.3 Morphological analysis of organohydrogels 

Figure 4.6 shows SEM images of the cryogel scaffolld prepared at 5 w/v% SF 

concentration (left), and the OHG derived from it at a C18A fraction xC18A of 0.30. 

The images show that the pore cavities of the initial cryogel scaffold are clearly visible 

as black shadowy pits separated by white pore walls while after converting it to OHG, 

these regions are seen as gray-opaque meaning that the pores filled up and appeared to 

be closed. 

 

Figure 4.6: SEM images of cryogel used in OHG synthesis at CSF = 5 w/v% value 

(left) and OHG with 5 w/v% CSF  and 0.3 xC18A. produced from this cryogel (right). 

The scale bar is 200 μm.  
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Figure 4.7 shows SEM images of OHGs formed at various SF and C18A 

concentrations. The upper panel in the figure shows the images of OHGs formed at 

CSF= 5 w/v% and at various xC18A between 0.10 to 0.30 (from right to left). In the 

bottom panel, the images are for OHGs prepared at a fixed xC18A. In all OHGs, it is 

clearly seen that almost all the pores are closed and the pore walls are covered with 

micro-organogel structure. It can be seen that organogels with increasing xC18A values 

filled the pore cavities more and OHGs with xC18A = 0.3 were completely filled and 

closed (Figure 4.7-top). For increasing CSF, it was observed that the pore walls became 

more obscure and their depth disappeared completely (Fig. 4.7-bottom). 

 

Figure 4.7: SEM images of OHGs with constant 5 w/v% CSF and increasing xC18A. 

(a-d) and with constant 0.3 xC18A  and increasing CSF  (d-g). Scale bar is 200 μm. 

4.2.4 Thermal, vicoelastic and mechanical properties of organohydrogels 

It has been demonstrated in previous studies that semicrystalline gels containing 

hydrophobic comonomers have temperature-dependent tunable viscoelastic and 

mechanical properties [104–106]. In this part of the study, poly(AAc-co-C18A) 

semicrystalline organogels formed in μm-sized SF cryogel pores were investigated to 

whether they possess a structure that can be melted and crystallized reversibly with the 

effect of temperature, and have given tunable properties to them by differential 
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scanning calorimetry (DSC) tests. Then, their rheological behavior was examined 

under different temperatures and the effect of temperature on mechanical properties 

was revealed. Finally, the effect of crystalline regions formed at room temperature on 

OHG mechanical properties was demonstrated by performing uniaxial mechanical 

compression tests. 

Figure 4.8 shows the DSC thermograms of OHGs prepared at different xC18A (a,c) and 

CSF   (b,d) values. For comparison, the thermogram of the starting cryogels are also 

given in the figure by the black curves.   As expected, no melting or crystallization 

peaks are seen in the thermogram of the cryogels, but as a result of micro-organogel 

filling, a peak of varying intensity and sharpness appears in OHGs depending on the 

amount of C18A were obtained. Thermogram results showed progressively growing 

and sharpening melting peaks with increasing xC18A from 0.1 to 0.3 (Figure 4.8a).  

It was observed that the crystallization peaks became sharper and larger with 

increasing xC18A. There was no crystallization peak in the cooling thermogram of 

OHGs with 5 w/v% CSF and 0.1 xC18A only (Figure 4.8c). This observation was 

attributed to the steric hindrance of the cryogel scaffold during crystallization in these 

OHGs with the lowest melting crystallinity ratio (fcry). It was observed that the melting 

temperature (Tm), which is the temperature measured at the peak of the melting curves, 

varies from 41.8 ± 1 to 53.7 ± 1 oC, and the crystallinity temperature (Tc), which is the 

temperature measured at the peak of the descending crystallization curves, increased 

from 42.1 ± 1 to 45.9 ± 1 oC (Fig. 4.8g).  

For OHGs with increasing CSF  and constant 0.3 xC18A, it was observed that the melting 

and crystallization peaks shrunk with increasing CSF amounts, while the peaks 

appeared at around 52 and 44 oC for melting and crystallization, respectively (Figure 

4.8b,d,h). Black dashed lines at the bottom represent the DSC thermograms of the 

poly(AAc-co-C18A) organogel measured and plotted as a reference. 

Figures 4.8e and 4.8f show the crystallization degrees (fcry) of OHGs plotted against 

xC18A and CSF, respectively. It was calculated that for OHGs with increasing xC18A  and 

constant 5 w/v% CSF, fcry increased between 2 and 15.7% with increasing xC18A. On the 



41 

 

 

 

other hand, while this value was 16.3% in organogels without SF cryogel, it decreased 

between 15.7 and 2.9% with increasing CSF value after conversion to OHG. 

These results show that xC18A affects fcry, Tm and Tc  of OHGs, while the change in CSF 

affects only fcry. The degree of crystallization (fcry) is, by definition, an expression of 

the amount of C18A capable of forming a crystalline region as a function of xC18A.  

 

Figure 4.8: (a) Heating DSC thermograms of OHGs with constant 5 w/v% CSF and 

increasing xC18A. Black line represents the wet cryogel thermogram for comparison. 

(b) Heating DSC thermograms of OHGs with constant 0.3 xC18A  and increasing CSF. 

Black line represents the xC18A = 0.3 organogel thermogram for comparison.   (c) 

Cooling DSC thermograms of OHGs with constant 5 w/v% CSF and increasing xC18A. 

Black line represents the wet cryogel thermogram for comparison.   (d) Cooling DSC 

thermograms of OHGs with constant 0.3 xC18A  and increasing CSF. Black line 

represents the xC18A = 0.3 organogel thermogram for comparison. Crystallinity ratios 

(fcry) of OHGs plotted against xC18A (e) and CSF (f). Melting temperature (Tm) and 

crystallization temperature (Tc) plotted against xC18A (g) and CSF (h). The solid line 

represents Tm and the dashed line represents Tc. 

In this context, as expected, the amount of C18A units that can form crystalline regions 

in the OHG structure increased with C18A mole fraction, so naturally, the fcry values 

do. Because this value is a quantitive indication of the crystalline regions formed 

within the structure. The change in Tm and Tc, however, is influenced by the the 
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quantity of repeating hydrophobic units in the crystalline regions. The number of 

repeating C18A units forming crystalline regions increases with xC18A. This increase 

leads to intensification of hydrophobic interactions in the crystalline regions. Higher 

Tm 's are observed, as a higher energy is required to disperse these strengthened 

crystalline structures. Likewise, as the OHGs’ temperature decreases from above Tm 

to a value below Tc, the hydrophobic interactions of OHGs with constant 0.3 xC18A  and 

increasing CSF that have crystalline regions composed of many repeating C18A units 

very rapidly rearrange the crystalline regions, so these OHGs crystallized at the highest 

Tc values. are. The fcry values of OHGs were measured to be lower than previously 

reported AAc-C18A hydrogels [104-105]. This difference suggests that the C18A 

hydrophobic tail side chains within the pores are less oriented to form the crystalline 

region. This is most probably an outcome of the steric hindrance of the intrusive 

cryogel pore walls that were amidst the micro-organogel second network. 

 

Figure 4.9 shows the X-ray diffraction (XRD) patterns of cryogel scaffolds of different 

CSF  and OHG with 5 w/v% CSF and 0.1 xC18A, OHGs with constant 0.3 xC18A  and 

increasing CSF and also the xC18A = 0.3 organogel comparatively.  

 

Figure 4.9: (a) XRD patterns of cryogels synthesized at CSF  = 5 – 20 w/v%. (b) 

XRD patterns of 5 w/v% CSF   cryogel, OHG with 5 w/v% CSF and 0.1 xC18A (dashed 
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line), OHGs with constant 0.3 xC18A  and increasing CSF and also the xC18A = 0.3 

organogel produced at xC18A = 0.3 included for comparison at 2θ = 4-40o region. 

 

The peaks at 9.5°, 20° and 24.6° are seen in the XRD patterns, which are typical for 

the β-folded structure of fibroin. The sharpening of the peaks with increasing CSF 

indicates an increase in the β-sheet ratio with increasing fibroin concentration, which 

is in accord with previous results [107–109]. XRD patterns of OHGs prepared at 

various CSF and xC18A are shown in Figure 4.9b. A peak at around 21.6° corresponding 

to a d-spacing of 0.41 nm appears for all OHGs, and it sharpens gradually with 

increasing CSF or xC18A. This peak corresponds to the distance between the C18A side 

chains oriented perpendicular to the linear organogel chains in the OHG structure 

[101,105]. It was seen that the flatness of the peaks increases with increasing CSF value. 

This is probably due to the difficulty of arranging the crystalline regions due to the 

narrowing of cryogel pores. These findings are accordant with the FTIR and DSC 

results. 

Figure 4.10 shows the angular frequency sweep (ω) test of OHG with 5 w/v% CSF and 

0.3 xC18A  at 25 oC (Fig. 4.10a), 65 oC (Fig. 4.10b) and again at 25 oC (Fig. 4.10c), 

respectively. This test was conducted in order to demonstrate the temperature-induced 

reversible softening and hardening of OHGs.  The crystalline regions of OHG that can 

melt and regenerate reversibly with temperature give it mechanical and viscoelastic 

properties that differ above and below the melting temperature.  

Elastic modulus G' for OHG at 25 oC at swelling equilibrium decreased approximately 

6.8 fold (1.49 MPa to 0.219 kPa) after initial heating from 25 oC to 65 oC, when OHG 

was cooled back to 25 oC has recovered to its initial level. At 65 oC heated stage, it is 

observed that G' increases from 182 kPa to 248 kPa with increasing ω. The tan δ value, 

which expresses the ratio of the viscous modulus (G'') to the elastic modulus, increases 

from 0.36 to 0.4 with increasing frequency at heated stage.  

Also it was seen decreased from 0.4 to 0.12 upon heating, form 25 to 65 oC. These 

values reveal that both elastic and viscous moduli are sensitive to angular frequency 

above the melting temperature. In addition, the recovery of the initial G', G'' and tan δ 
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values at 25 oC after cooling stage reveals that the OHGs have reversibly adjustable 

properties depending on the temperature. 

 

Figure 4.10: Rheological angular frequency (ω) sweep measurements of OHG with 

5 w/v% CSF and 0.3 xC18A at 25 oC (a), 65 oC (b) and again at 25 oC (c). Solid and 

hollow symbols represent G', G'' and the red line represents tan δ values, 

respectively. γ0 = 0.1%. 

 

Mechanical properties of OHGs were measured at room temperature by uniaxial 

compression tests. Figure 4.11a shows representative stress-strain curves of OHG with 

5 w/v% CSF and 0.3 xC18A and its organogel and hydrogel constituents. As seen in the 

inner figure, the toughness (W)  of the OHG is 5.32 ± 0.1 MJ.m-3, which is 

approximately 3 and 24 times higher than the toughness of its individual organogel 

and cryogel constituents (1.77 ± 0.16 and 0.22 ± 0.02 MJ.m-3, respectively). 

In order to investigate the effect of CSF and xC18A parameters on mechanical properties, 

OHGs with constant 0.3 xC18A  and increasing CSF  were used for CSF relevancy tests, 

and OHGs with constant 5 w/v% CSF and increasing xC18A were used to determine the 

relation of xC18A values with mechanical behaviour. Figures 4.11b and 4.11c show 

representative stress-strain curves of OHGs at increasing xC18A and CSF values, 

respectively. The built-in figures are close-up views of the initial low-stress regions. It 

was seen that conversion of cryogels to OHG significantly improved their mechanical 

properties. For example, Young's Modulus (E) increased 137-fold (0.043 ± 0.02 MPa 

to 5.9 ± 0.5 MPa) after conversion of CSF = 5 w/v% cryogel to OHG with 5 w/v% CSF 

and 0.3 xC18A, the fracture stress (σf) increased 8-fold (from 3.64 ± 1.3 MPa to 29.8 ± 

0.8 MPa). 
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Figure 4.11: (a) Representative stress - strain curves for wet SF cryogel, organogel 

and OHG. (b) Stress-strain curves of OHGs 5 w/v% CSF and increasing xC18A. The 

dashed black line represents the reference wet cryogel. (c) Stress-strain curves of 

OHGs with constant 0.3 xC18A  and increasing CSF. Young's modulus E, fracture 

stress σf, fracture strain εf,  toughness W values plotted against xC18A (d,f,h,j). and CSF 

(e,g,i,k), respectively. The dashed lines represent the wet cryogel values as a 

reference. 

 

 It was observed that the values of E, W, σf are all increased with increasing xC18A, while 

the fracture stress (εf) values exhibited a little drop but still remained above 80%. These 

improvements are due to the formation of crystalline regions in the micro-organogels 

formed within the cryogel pores. In addition, increasing xC18A also increased the 
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plateau stress of OHGs (Figure 4.11b, in-figure). This finding shows that the xC18A ratio 

has a supportive effect on pore strength and durability. The obtained results revealed 

that the OHGs produced within the scope of our study have superior mechanical 

properties than cryogels [110–112] and OHGs [97,113–117] previously reported in the 

literature. 

 

The considerable increase in mechanical properties, particularly W, in OHGs suggests 

that the cryogel skeleton has developed a much more efficient energy dissipation 

ability as a result of conversion to OHG. While micro-organogels, which are the 

discontinuous structure forming OHG, act as a second network, just as in double-

network gels containing sacrificable fragile components under mechanical 

deformation affecting on OHG [92,93] the cryogel scaffold, which is the continuous 

phase, undertakes the task of maintaining integrity To further elucidate this 

mechanism, OHGs were subjected to cyclic mechanical tests with sequential loading 

and unloading steps up to 80% maximum compression strain (εmax). 

In Figure 4.12 cyclic mechanical test plots of regular wet cryogels synthesized at 

different CSF ratios and OHG with 5 w/v% CSF and 0.1 xC18A are given. Figure 4.12a,b 

shows the representative curves of tests of CSF = 5 w/v% cryogels for 5 of loading-

unloading cycles and for 8 cycles with progressive increments of 10%, reaching 80% 

𝜀𝑚𝑎𝑥 and for 5 loading-unloading cycles up to the constant 80% εmax, respectively. In 

zoom in-figures, the hysteresis energies (Uhys), calculated as the area between the 

loading and unloading curves of the cryogels at different CSF values in the relevant 

tests, are shown as a function of εmax and the number of cycles.  

Figure 4.12 c,d shows the representative curves of tests of OHGs with 5 w/v% CSF and 

0.1 xC18A, for 5 of loading-unloading cycles and for 8 cycles with progressive 

increments of 10%, reaching 80% 𝜀𝑚𝑎𝑥 and for 5 loading-unloading cycles up to the 

constant 80% 𝜀𝑚𝑎𝑥, respectively. Here, in the in-figures, the Uhys values of 5 w/v% 

(circle) and OHG with 5 w/v% CSF and 0.1 xC18A made with this cryogel are given in 

comparison. In all figures, solid lines show loading and dashed lines show unloading 

curves. 
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Figure 4.12: Representative cyclic mechanical test plots of (a) CSF = 5  w/v% 

cryogel and (c) OHGs with 5 w/v% CSF and 0.1 xC18A, reaching 80% maximum 

compression ratio (εmax) with 8 loading-unloading cycles with successive 10% 

increments. Zoom in-figures show (a) change in the hysteresis energies (Uhys) of 

different cryogels as a function of εmax and (c) change in the Uhys of cryogel and OHG 

as a function of εmax. Representative cyclic mechanical test plots of (b) CSF = 5  w/v% 

cryogel and (d) OHG with 5 w/v% CSF and 0.1 xC18A, with 5 consecutive cycles at a 

constant 80% maximum compression ratio (εmax). In-figures express (b) change in the 

hysteresis energies (Uhys) of different cryogels as a function of εmax and (d) change in 

the Uhys of cryogel and OHG as a function of εmax. 
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The cyclic test results reveal that Uhys, for cryogels, increases with increasing CSF 

value. The Uhys value is a measure of the energy dissipation ability of gels. The 

increased energy dissipation ability of cryogels is mainly due to the friction between 

the pore walls of compressible cryogels and the water entering and leaving the pores 

[66]. The pore walls of macroporous cryogels are not stretched and brittle in the wet 

state, unlike swollen hydrogels. They also have very thick and steady pore walls 

compared to hydrogels. These walls preserve their structural integrity as the pores 

collapse under mechanical deformation and reopen when the tension is removed, just 

like a sponge. In the meantime, a friction occurs between the water that comes out of 

the pores and fills back, and this provides the cryogels with an effective energy 

dissipation mechanism. With increasing CSF, the average pore sizes decreased and the 

pore walls thickened, thus the surface area of the pore walls that created friction with 

water increased. This creates a gradually improving energy dissipation mechanism. In 

fact, the highest amount of SF, CSF = 20 w/v% cryogels, Uhys values are even above 

OHGs’. However, the Uhys values of OHG were found to be much higher than the 

cryogel from which it was produced. This effect is due to the fact that the fragile 

organogel structure sacrifices itself and disintegrates at the microscopic level and help 

OHG to maintain its structural integrity, dissipating the deformation energy while 

OHG when it is exposed to a deformative stress. 

4.2.5 Shape memory tests of organohydrogels 

Due to their semi-crystalline structure resulting from poly(AAc-co-C18A) micro-

organogels, all OHGs produced have shape memory properties at values above the 

melting temperature (Tm) of the crystalline regions. In order to demonstrate this, OHGs 

produced in cylinders with a diameter of 5 mm were subjected to shape memory testing 

by fixing temporary horseshoe-like shapes by end-to-end bending method. Figure 4.13 

shows the shape recovery test with permanent, fixed and recovered shapes and shape 

memory test results. Figure 4.13a-c shows images of an OHG specimen during the 

bending shape memory test. In (a), OHG is initially in the form of a straight rod (θ0 = 

180o). After being heated to 65 °C, it was folded under the influence of a force to re-

shape it as a horseshoe, as if its two ends were meeting (b). In this state, when the force 

was removed after cooling to 25 °C, OHG fixed this temporary shape. OHGs can fix 

their temporary shape by the hydrophobic interactions of C18A crystals in their 
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micrometer-sized pores, which were reversibly cracked up when the temperature was 

increased and were regenerated when the temperature decreased. 

 

Figure 4.13: (a-c) Shape fixity and recovery behavior of OHG with 5 w/v% CSF and 

0.3 xC18A (d-e) Variations of shape fixation Rf and shape recovery Rr rates plotted 

against xC18A and temperature, respectively. θd, θf, and θr represent the deformation 

angle under force, the fixed angle after the force is removed, and the recovery angles 

during heating, respectively. Dashed bar represents the Rr of OHG with 20 w/v% CSF 

and 0.3 xC18A. 
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When this temporary shape is heated and no external intervention is made, the cryogel 

scaffold regains its main shape (straight rod) as a result of returning to their initial 

configuration as a result of entropic elasticity (Fig. 4.13c). 

Figure 4.13d and 4.13e show the shape fixation (Rf) and shape recovery (Rr) values of 

OHGs as a function of xC18A and temperature, respectively. These values are defined 

using equation (4.3) and equation (4.4), respectively. 

 𝑅𝑓 =
𝜃f − 180

𝜃𝑑 − 180
 (4.3) 

 𝑅𝑟 =
𝜃𝑑 − 𝜃𝑟

𝜃𝑑 − 180
 (4.4) 

 

 

Here θd, θf and θr represent the deformation angle of the heated OHG under force, the 

fixed angle when cooled and the force removed, and the angle recovered after 

reheating, respectively.  

The increase in Rf value with increasing xC18A (Figure 4.13d) revealed that the increased 

crystallinity of OHG improved its ability to fix the temporary shape. Here all xC18A 

values are scanned for OHGs with constant 5 w/v% CSF and increasing xC18A. The OHG 

at the highest xC18A value can completely fix the given temporary shape. Also, for 

comparison with regard to CSF influence, OHG with 20 w/v% CSF and 0.1 xC18A was 

also tested, and the Rf value was found to be slightly below that of OHG with 5 w/v% 

CSF and 0.3 xC18A. For all OHGs, the Rr value is over 95% at 65 °C (Figure 4.14e).
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5.  CONCLUSIONS 

Organohydrogels (OHG), which are nature-inspired amphiphilic functional soft 

materials, are promising in many applications such as sensors, freeze-resistant 

materials, drug delivery systems, soft robotics and actuators. In this study, a new and 

effective approach has been developed for the synthesis of OHGs with programmable 

mechanical and viscoelastic properties. In this approach, macroporous silk fibroin (SF) 

cryogel scaffolds of various porosities  were used as the hydrophilic continuous phase 

of the OHGs.  The macropores of the cryogels were filled with organogel precursor 

solution containing C18A, AAc, BAAm, and AIBN. Free-radical polymerization 

within the pores of the cryogels resulted in the formation of OHGs with tunable 

mechanical and viscoelastic properties.SF cryogels were produced by cryogelation 

reactions performed at -18 oC with the method previously reported in our research 

group. These cryogel scaffolds were synthesized at 4 different SF concentrations (CSF) 

of 5, 10, 15 and 20 w/v%, in order to examine the effect of SF concentration on 

porosity. The organogel structure was synthesized using a gel precursor system 

containing a covalent crosslinking agent and a thermal radical initiator, using a 

hydrophilic monomer (AAc) as well as a hydrophobic monomer (C18A) to form 

crystalline regions. Poly(AAc-co-C18A) organogel was synthesized in the pores of SF 

cryogels of different concentrations, whose interconnected μm-sized pores were 

emptied with a freeze dryer, in this ethanolic organogel precursor solution containing 

AAc, C18A, BAAm and AIBN. The crystalline regions in the OHG structure are 

formed by C18A comonomer blocks that form hydrophobic interactions with the alkyl 

side chains of the organogel chains they constituted. In order to show the effect of 

OHG on the degree of crystallization (fcry) and to examine the effects of this 

crystallization on thermal, mechanical and viscoelastic properties, and shape memory 

ability, OHG production was made using organogel precursors of 4 different C18A 

mole fractions (xC18A) 0.1, 0.2, 0.25 and 0.3 were filled into SF cryogels. 
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The porosity of the cryogel scaffolds decreased from 92.7 to 74 % with increasing CSF. 

SEM imaging and swelling tests showed that average pore diameter decreases from 

25.71 ± 8.2 to 16.72 ± 4.2 μm, total pore volume (Vp) from 17.4 ± 1.1 to 2. 87 ± 0.7 

ml.g-1 with increasing CSF. On the other hand, the mechanical properties of cryogels 

improved gradually, Young's modulus (E) increased from 0.04 to 0.52 MPa and 

toughness (W) values increased from 0.2 to 0.34 MJ.m-3.As a result of micro-organogel 

synthesis within the pores, there was a remarkable improvement in mechanical 

properties compared to the initial cryogel stage. For example, E values of OHGs were 

measured as approximately 26 times higher than that of cryogels, and W values of 

approximately 27 times. It was determined that both increasing xC18A and increasing 

CSF in OHGs increased the E, W and fracture stress values, and the fracture strain 

remained at around 80% even though it decreased slowly. These superior mechanical 

characteristics of OHGs compared to the individual properties of their constituents 

(organogel and cryogel) are due to the efficient energy dissipation mechanism created 

in their biphasic structure. This energy dissipation mechanism is due to the fact that 

the cryogel continuous phase helps to maintain mechanical integrity, while the 

organogel discontinuous phase provides energy damping by micro-fractures. In 

addition to changing the mechanical properties of OHG at different rates with the 

changing mole fraction of C18A, the melting point (Tm) and degree of crystallization 

(fcry) of the semi-crystalline micro-organogel structure are also varied between 41.8 - 

53.7 oC and 2 – 15.7%, respectively. For OHGs with constant 0.3 xC18A  and increasing 

CSF, it was calculated that while the Tm value did not change with the increasing CSF 

effect, the fcry value decreased in the range of 15.7% - 2.9%. This reduction is due to 

the difficulty of oriented C18A side chains to form crystalline regions within the 

cryogel pores getting narrower. These crystalline regions of OHGs give them shape 

memory capabilities as well as adjustable mechanical and viscoelastic properties that 

vary under and above Tm temperature. These C18A crystallites were also determined 

with X-Ray Diffraction (XRD) measurements from the sharp peaks indicated at 2θ = 

21.6o. All OHGs have been shown to have a shape recovery of over 95%. In this 

respect, these OHGs developed within the scope of the study are thought to be suitable 

for use in tissue engineering, soft robotics, sustained drug release systems and space 

applications. In addition, this method is a method that can be recommended to be used 

in the production of OHG, in the heteronetworked approach of OHG production. 
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