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EFFECT OF CRYOGENIC CONDITIONS ON THE PROPERTIES OF 

SYNTHETIC AND BIOLOGICAL CRYOGELS 

 

SUMMARY 

Cryogel is simply defined as a three-dimensional, chemically or physically cross-

linked polymer network, commonly synthesized via cryogelation. Cryogelation which 

is inspired by the freezing of seawater in nature occurs below the freezing temperature 

of the reaction system. A semi-frozen reaction system is observed during cryo-

gelation, which refers to some unfrozen domains in an apparently frozen system. Cryo-

gelation is carried out in unfrozen domains, and the frozen domains are responsible for 

pore formation. Thus, the cross-linked macroporous cryogels are obtained by 

cryogelation in the semi-frozen medium.  

Cryogels have many unique properties, such as high mechanical strength, viscoelastic 

behavior, biocompatibility, biodegradability, and high swelling ability. Among these 

properties, the main characteristic feature of cryogels is their interconnected 

macroporous structure. They can be used in various applications, i.e. as encapsulation 

agents in drug delivery systems, as scaffolds in tissue engineering and as sorbent 

materials for the removal of pollutants from waters due to their macroporous 

structures. Therefore, the total volume of the macropores in cryogels is vital for 

cryogel applications. Especially, the determination before the synthesis of cryogels 

offers plenty of advantages and savings. 

The main aim of this study was to find a relationship between the cryogenic conditions 

and the pore volume of the cryogels. For this purpose, a series of synthetic and 

biological cryogels were prepared and their cryogenic conditions were simulated by 

differential scanning calorimetry (DSC).  The total pore volumes of cryogels were 

compared with the ice volumes calculated from the DSC simulation. 

The synthetic cryogels were synthesized from the aqueous solutions of acrylamide, N, 

N-dimethyl acrylamide, acrylic acid sodium salt, methacrylic acid sodium salt and 2-

acrylamido-2-methylpropane sulfonic acid sodium salt with N, N’-methylene 

bisacrylamide as a cross-linker in the presence of suitable initiator-catalyst pairs by 

free-radical cross-linking copolymerization at -18°C. The biological cryogels were 

prepared from the aqueous solutions of silk fibroin and deoxyribonucleic acid with 1, 

4-butanediol diglycidyl ether as a cross-linker in the presence of a catalyst by 

conducting the cross-linking reaction at -18°C. They were characterized after a freeze-

drying process for 3 days. Their gel fractions, equilibrium swelling behaviors in pure 

water, swollen state porosities, and total pore volumes were calculated. Their texture 

determinations were also carried out by optical microscope and scanning electron 

microscope. 

On the other hand, the simulation of their cryogenic conditions was conducted in DSC. 

The aqueous monomer and polymer solutions without initiator and catalyst were 

prepared and frozen at -18°C, which was the gelation temperature in this study. In 

DSC, the frozen solutions were heated from -18°C to 10°C with a scanning rate of 

1°C/min. From the DSC scans of the precursor solutions of the cryogels, their melting 

temperatures, amounts of the unfrozen domains, cryo-concentrations, and ice volumes 

were calculated. 



xxi 

The ice volume of the frozen solutions obtained by DSC should be compatible with 

the total pore volume of cryogels since the formation of ice during cryogelation is 

responsible for the pores of cryogel after completing reaction and thawing of the frozen 

system. It was observed a direct correlation between the ice volume of frozen solutions 

calculated from DSC and the total pore volume of cryogels. The ice volume of the 

frozen AAm, DMAA, AAc-Na, MAAc-Na, AMPS-Na, SF and DNA solutions were 

calculated as 16.5 ± 0.3, 17.9 ± 0.2, 12.0 ± 0.1, 11.8 ± 0.1, 13.1 ± 0.3, 14.4 ± 0.2 and 

13.0 ± 0.2 mL/g, respectively, while the total pore volume of the corresponding 

cryogels were 15.6 ± 0.3, 14.1 ± 0.5, 6.8 ± 0.1, 10.5 ± 0.2, 10.6 ± 0.4, 10.4 ± 0.4 and 

12.4 ± 0.4, mL/g, respectively.  

It is seen that all cryogels exhibited a slightly less pore volume than the estimated ice 

volume from DSC. This difference was attributed to the shrinkage of the pores in the 

cryogels during freeze-drying. Freeze-drying process leads to the formation of the 

pores in cryogels by sublimation of the frozen ice under a high vacuum. Consequently, 

we show that the total pore volume of cryogels can be approximately predicted by 

simulating the cryogenic conditions in DSC before the cryogel synthesis. Because 

various cryogenic conditions, types of monomers and polymers can be simulated by 

DSC, the prediction of the porosity of the cryogels via DSC will reduce chemical 

consumption and save time and labor force. 
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SENTETİK VE BİYOLOJİK KRİYOJELLERİN ÖZELLİKLERİNE 

KRİYOJENİK KOŞULLARIN ETKİSİ 

 

ÖZET 

Kriyojel basitçe kriyojelleşme ile sentezlenen, üç-boyutlu, kimyasal veya fiziksel 

olarak çapraz bağlanmış polimer zinciri olarak tanımlanır. Kriyojelleşme deniz 

suyunun donmasından ilham alınarak ortaya çıkmıştır. Deniz suyu tuz, biyolojik 

organizmalar gibi birçok türde safsızlık içermesine rağmen donmuş deniz suyunda saf 

buz kristallerinin olduğu keşfedilmiştir. Bunun nedeni, tamamen donmuş gibi görünse 

de, aslında mikroskobik ölçekte bazı donmamış alanlar olmasıdır. Donma sırasında, 

safsızlıklar donmamış alanlarda birikir ve böylece donmuş bölgede saf buz kristalleri 

oluşur. Bu doğal fenomenden esinlenerek, kriyojelleşme, çözücünün donma sıcaklığı 

altında bir öncü-çözücü sisteminden makro gözenekli, kimyasal veya fiziksel olarak 

çapraz bağlı polimer kriyojelleri sentezlemek için kullanılmaya başlanmıştır. Bir öncü 

monomerik (düşük moleküler) veya polimerik (yüksek moleküler) yapıda olabilir. 

Kullanılan çözücünün donma sıcaklığının altında olan kriyojelleşme sırasında yarı 

donmuş bir ortam oluşur. Yarı donmuş ortam, görünüşte donmuş bir sistemde 

donmamış sıvı bölgelerin varlığını ifade eder. Kriyojelleşme bu donmamış alanlarda 

gerçekleşir ve donmuş alanlar gözenek oluşumundan sorumludur. Böylece yarı 

donmuş ortamda kriyojelleşme ile çapraz bağlı makro gözenekli kriyojeller elde edilir. 

Kriyojeller, yüksek mekanik mukavemet, viskoelastik davranış, biyouyumluluk, 

biyolojik olarak parçalanabilirlik ve yüksek şişme yeteneği gibi birçok benzersiz 

özelliğe sahiptir. Bu özellikler arasında, kriyojellerin ana karakteristik özelliği, 

birbirine bağlı makro gözenekli bir yapıya sahip olmalarıdır. Makro gözenekli yapıları 

nedeniyle kapsülleme ajanları olarak ilaç dağıtım sistemlerinde, sorbent materyalleri 

olarak çevresel uygulamalarında olmak üzere birçok alanlarda kullanılabilirler. Bu 

nedenle, kriyojellerdeki bu makro gözeneklerin hacminin belirlenmesi birçok 

uygulama için hayati önem taşımaktadır. Özellikle makro gözenek hacminin kriyojel 

sentezinden önce belirlenmesi birçok avantaj ve tasarruf sağlayabilir.  

Bu çalışmanın temel amacı, kriyojenik koşullar ile kriyojellerin gözenek hacmi 

arasında bir ilişki bulmaktı. Bu amaçla, sentetik ve biyolojik kriyojeller sentezlenmiş 

ve bunların kriyojenik koşulları diferansiyel taramalı kalorimetresinde simüle 

edilmiştir. Bir ilişki bulmak için kriyojellerin toplam gözenek hacimleri ve bu 

simülasyondan hesaplanan buz hacimleri karşılaştırılmıştır. 

Sentetik kriyojeller, akrilamid (AAm), N,N-dimetil akrilamid (DMAA), akrilik asit 

sodyum tuzu (AAc-Na), metakrilik asit sodyum tuzu (MAAc-Na) ve 2-akrilamido-2-

metilpropan sülfonik asit sodyum tuzunun (AMPS-Na) sulu çözeltilerinden, çapraz 

bağlayıcı olarak N,N’-metilen bisakrilamid (BAAM) kullanılarak uygun başlatıcı-

katalizör varlığında -18°C'de serbest radikal çapraz bağlama kopolimerizasyonu ile 

sentezlenmiştir. Biyolojik kriyojeller, ipek fibroin (SF) ve deoksiribonükleik asidin 

(DNA) sulu çözeltilerinden, çapraz bağlayıcı olarak 1,4-bütandiol diglisidil eter 

(BDDE) kullanılarak katalizör varlığında -18°C’de çapraz bağlama reaksiyonu ile 

sentezlenmiştir. 3 gün boyunca vakum altında dondurarak kurutulduktan sonra, jellerin 

çeşitli özellikleri belirlenmiş ve karşılaştırılmıştır.  

1 gram monomer veya polimerden elde edilen çapraz bağlı polimer kesri olan jel kesri, 

Wg hesaplandığında jellerin 0.8-1.4 arasında jel kesirlerine sahip oldukları 

görülmüştür. Bu değer 1’e yaklaştıkça daha çok monomer veya polimer çapraz bağlı 
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zincire katılır ve 1’den yüksek bir değer hesaplanması imkansızdır. Buna rağmen 

P(AAc-Na) ve P(MAAc-Na) için jel kesri 1’den fazla hesaplanmıştır. Bunun nedeni 

de saf su ile polimer zincirindeki iyonik grupları arasındaki güçlü etkileşimlerin neden 

olduğu bağlı sudur, bağlı su dondurarak kurutma işlemi ile ayrılamadığı için  bu jeller 

için 1’den fazla jel kesri hesaplanmıştır.  

Kriyojeller, çapraz bağlı yapıları nedeniyle çözücüler içinde çözünmeden şişerler. Bu 

çalışmada, tüm kriyojeller küçük numuneler halinde kesilmiş ve şişme davranışlarını 

belirlemek için bu jeller için iyi bir çözücü olan saf suya daldırılmıştır. Saf suda 

dengeye ulaştıktan sonra kriyojellerin ağırlıkça, qw ve hacimce, qv şişme oranları 

hesaplanmıştır. Jellerin 1.1-3.9 aralığında hacimce şişme ve 8.1-135.8 aralığında 

ağırlıkça şişme değerlerine sahip olduğu hesaplanmıştır. Bu değerler detaylı 

incelendiğinde iyonik jel olan P(AAc-Na), P(MAAc-Na), P(AMPS-Na) ve DNA 

kriyojellerinin iyonik olmayan P(AAm), P(DMAA) ve SF kriyojellerinden daha fazla 

şiştiği gözlemlenmiştir. İyonik kriyojellerin iyonik olmayan kriyojellerden çok daha 

fazla şişmesinin nedeni, iyonik kriyojellerin polimer zincirindeki yüklü birimlerdir. 

Yüklü birimler kriyojel içindeki ve dışındaki karşı iyonların konsantrasyon farkına 

neden olur ve bu osmotik basınç yaratır. Osmotik basınç nedeniyle daha fazla su 

molekülü jele girmek ister. Bu nedenle de, osmotik basınç yaratan iyonik kriyojeller 

daha fazla şişerler. Kriyojellerin şişmiş durumdaki gözenekliliği, Ps% ağırlıkça ve 

hacimce şişme oranlarından yaklaşık olarak hesaplandığında da tüm kriyojellerin 

%90'dan fazla şişmiş durumda gözenekliliğe sahip oldukları görülmüştür.  

Kriyojellerin toplam gözenek hacimleri, sadece gözenekler tarafından alınan zayıf 

çözücü hacminden hesaplanmıştır. Zayıf çözücü, çapraz bağlı polimer zinciri ile 

etkileşime girmez, sadece gözenekleri doldurur. Böylece, toplam gözenek hacmi, zayıf 

çözücünün gözeneklerle doldurulmasından sonra ağırlık değişimi ile belirlenebilir. 

Zayıf çözücü olarak DNA kriyojeli için metanol, diğerleri için aseton kullanılmıştır. 

Küçük kriyojel numuneleri, dengeye ulaşana kadar zayıf çözücüde bekletildikten 

sonra gözenek hacimleri hesaplanmıştır. Kriyojellerin 6.6-15.6 mL/g arasında gözenek 

hacmine sahip oldukları hesaplanmıştır. 

Kriyojellerin iç yapıları hem optik mikroskop hem de taramalı elektron mikroskobu 

ile incelenmiştir. Optik mikroskop ölçümleri üzerinden kriyojellerin ortalama gözenek 

çapları hesaplanmıştır. Kriyojellerin 35.9-207.8 μm aralığında gözenek çaplarına sahip 

oldukları bulunmuştur. Taramalı elektron mikroskobu ölçümleri de yapılmış, bu 

ölçümler üzerinden hesaplanan gözenek çaplarının optik mikroskop ile hesaplanan 

değerlere yakın olduğu görülmüştür.  

Diğer bir yandan, kriyojenik koşullarının simülasyonu, diferansiyel taramalı 

kalorimetresinde gerçekleştirilmiştir. Başlatıcı ve katalizör içermeyen, sulu monomer 

veya polimer ve çapraz bağlayıcı içeren çözeltiler hazırlanmış ve bu çalışmada 

jelleşme sıcaklığı olan -18°C'de dondurulmuştur. Diferansiyel taramalı 

kalorimetresinde, bu donmuş çözeltiler, 1°C/dk'lık bir tarama hızıyla -18°C'den 

10°C'ye eritilmiştir. Elde edilen erime piklerinden çözeltilerin erime 

sıcaklıkları,  erime piklerinin altındaki alandan çözeltideki donmamış alanların 

miktarı, kriyo-konsantrasyonları ve buz hacimleri hesaplanmıştır.  

Öncelikle bu yöntem ile -18°C’de dondurulmuş saf su simüle edilmiştir. Elde edilen 

erime pikinden saf suyun erime sıcaklığının -0.3°C olduğu ve %92.3’lik bir alanın 

donduğu hesaplanmıştır. Literatürde saf suyun erime sıcaklığının 0°C olduğu 

bilinmesine rağmen, bu çalışmada -0.3°C olarak hesaplanmasının nedeni test edilen 

örnek hacmi, tarama hızı gibi birçok ölçüm parametresi olabilir. Saf suyun -18°C’de 
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bile %7.7’lik bir kısmının donmamış olmasının nedeni ise su moleküllerinin 

oluşturduğu hidrojen bağlarıdır. Su moleküllerinin proton verici ve alıcı tarafları 

arasında moleküller arası hidrojen bağları oluşur ve bu etkileşim donmayı 

zorlaştırabilir. Diğer donmuş çözeltilerin erime noktaları da (-6.6)-1.2°C aralığında 

olduğu hesaplanmıştır. Ayrıca, akrilamid monomerinin saf su ile ötektik karışım 

oluşturduğu da görülmüştür.  

Erime piklerinin altındaki alandan, çözeltilerdeki donmamış bölge miktarları kütlece 

%6.5-38.0% aralığında hesaplanmıştır. Kriyo-konsantrasyonlarının %12.2-44.7 a/h ve 

buz hacimlerinin 11.8-17.9 mL/g aralığında olduğu hesaplanmıştır. Donmamış alanın 

oluşmasının nedeni saf su ile monomer veya polimer arasındaki moleküller arası 

hidrojen bağının oluşumudur. Değerlere yakından bakıldığında da iyonik olan AAc-

Na, MAAc-Na ve AMPS-Na ve DNA çözeltilerinde daha fazla donmamış bölge 

görülmüştür. Bunun nedeni bu iyonik monomerlerin ve polimerin taşıdığı negatif 

yüklerin saf su ile daha fazla ve daha güçlü hidrojen bağı yapmasıdır. Böylece bu 

çözeltiler -18°C’de daha fazla donmamış alana, bu yüzden daha az buz oluşumuna 

sahip oldukları hesaplanmıştır.  

Diferansiyel taramalı kalorimetre ile elde edilen donmuş çözeltilerin buz hacmi, 

kriyojellerin toplam gözenek hacmi ile uyumlu olmalıdır, çünkü kriyojelasyon 

sırasında buz oluşumu kriyojelin gözeneklerinden sorumludur. Elde edilen sonuçlar 

karşılaştırıldığında donmuş çözeltilerin buz hacmi ile kriyojellerin toplam gözenek 

hacmi arasında doğrudan bir ilişki olduğu gözlemlenmiştir. Dondurulmuş AAm, 

DMAA, AAc-Na, MAAc-Na, AMPS-Na, SF ve DNA çözeltilerinin buz hacimleri 

sırasıyla 16.5 ± 0.3, 17.9 ± 0.2, 12.0 ± 0.1, 11.8 ± 0.1, 13.1 ± 0.3, 14.4 ± 0.2 ve 13.0 ± 

0.2 mL/g olarak hesaplanmıştır. Karşılık gelen kriyojellerin toplam gözenek hacimleri 

sırasıyla 15.6 ± 0.3, 14.1 ± 0.5, 6.8 ± 0.1, 10.5 ± 0.2, 10.6 ± 0.4, 10.4 ± 0.4 ve 12.4 ± 

0.4 olarak hesaplanmıştır.  

Tüm kriyojellerin tahmin edilen buz hacminden biraz daha az gözenek hacmi 

sergilediği görülmüştür. Bu fark, donmuş buzu yüksek vakum altında süblimleştirme 

yolu ile kriyojelden uzaklaştıran işlem olan dondurarak kurutma işlemi sırasında 

gözeneklerin büzülmesinden kaynaklanabilir. Dondurarak kurutma sırasında yüksek 

vakum nedeniyle gözeneklerde bir büzülme olsa bile, sonuç olarak, kriyojelin sahip 

olabileceği toplam gözenek hacmi kriyojel sentezi yapılmadan, kriyojenik koşulların 

diferansiyel taramalı kalorimetrede simüle edilmesi ile yaklaşık olarak tahmin 

edilmiştir. Buna ek olarak, çeşitli kriyojenik koşullar, birçok öncül türü ve farklı 

miktarlarda monomer ve çapraz bağlayıcı bu yöntem ile simüle edilebilir ve bu farklı 

denemelerin nihai kriyojel üzerindeki etkileri hem sentez yapılmaya gerek kalmadan 

hem de kimyasallardan, zamandan ve iş gücünden tasarruf ederek bulunabilir. 
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 INTRODUCTION 

Solid, liquid, or gas. It was known that matter could be classified in these forms in the 

beginning of science. However, the classification of the matter was not limited to these 

three classes. Other forms showed up with the progress of science and will continue to 

arise. For instance, plasma was accepted as the fourth state of matter [1]. 

The other novel state of matter is gel, which is classified as soft matter. Various 

definitions exist for gel by scientists in different fields of science. In chemistry, gels 

are simply described as a three-dimensional cross-linked polymer network [2]. Gels 

are obtained by sol-gel transition or gel point. Gelation occurs by chemical or physical 

cross-linking at gel point after a solution which includes monomeric or polymeric 

precursor in appropriate medium, gas or generally liquid, and other ingredients are 

prepared. In suitable polymerization conditions according to the solution, a chemically 

or physically cross-linked polymer network can be achieved at the gel point. In order 

to determine gel point, the inverted test tube method, fallen ball method, viscoelasticity 

measurement, differential scanning calorimetry method, dynamic light scattering, and 

oscillatory shear rheology could be used [3, 4]. 

There are plenty of diverse techniques to characterize the properties and behaviors of 

gels. Fourier transform infrared spectroscopy and nuclear magnetic resonance 

spectroscopy can be used to analyze polymer structure and molecular mobility in sol-

gel transition, to get information on the interaction between polymer and solvent and 

the cross-linked structure of the gel. Microscopy techniques  such as optical 

microscopy, atomic force microscopy, confocal laser scanning microscopy, or 

scanning electron microscopy could be used to observe the internal structure of gels 

and detailed analysis of physical structure, network chains and cross-link points. 

Mechanical, viscoelastic and rheological properties can be investigated by rheometer. 

Thermal analysis like differential scanning calorimetry can be used to determine 

thermal properties of gels as a function of temperature and thermomechanical analysis 

can be used to measure sample deformation of gels as a function of temperature. 
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Optical properties, refraction and transmissivity indices of gels can also be specified 

by a refractometer [5]. 

Gels have both liquid- and solid-like properties. These properties depend on the 

structure of the cross-linked polymer network and the interaction between polymer and 

solvent [6]. Gels can be manufactured easily and cost-friendly with unique mechanical 

properties (strength, modulus, elongation), response to external physical (changes in 

temperature, electric or magnetic field, light, pressure, sound) and chemical (changes 

in pH, composition, concentration and molecular species) stimuli, have self-healing 

ability and shape memory behavior, be biodegradable, biocompatible and injectable 

and have a significant degree of swelling-deswelling ability thanks to their porous and 

cross-linked structures [7-9]. These properties enable gels to be used in various 

applications such as drug delivery systems, tissue engineering, artificial implants, 

wearable smart electronics and implantable devices, chemical sensors and actuators, 

agriculture, and printable materials in 3D printing technology [10-12]. 

Gels can be classified based on the type of cross-linking, porous structure, natural or 

synthetic, and the types of solvent. 

- There are chemical and physical gels. Chemical gels, which are alternatively 

called irreversible gels, are formed by covalent bonds, created by heat, 

radiation, light, etc. with cross-linking agents [13, 14] whereas physical gels, 

which are reversible are formed via non-covalent interactions such as metal-

ligand interactions, hydrogen bonding, hydrophobic interactions, electrostatic 

interactions, van der Waals forces [15, 16]. 

- Gels can have a non-porous or porous structure. Porous gels are classified in 

pore sizes, namely microporous (up to 20 Å), mesoporous (20-500 Å) and 

macroporous gels (greater than 500 Å) according to IUPAC classification [17-

19]. 

- The cross-linked polymer network can be natural or synthetic based. Examples 

of natural polymers are collagen, cellulose, chitosan, alginate, silk fibroin, 

DNA and hyaluronic acid [20-23]. Moreover, the examples of synthetic ones 

are polyacrylamide, polyacrylic acid, poly(N-isopropyl acrylamide), poly(2-
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acrylamide-2-methyl propane sulfonic acid), polyisobutylene, poly(ethylene 

glycol), poly(vinyl alcohol), poly(methyl methacrylate), poly(hydroxyethyl 

methyl acrylate), polyurethanes and poly(vinyl pyrrolidone) [24-26]. 

- Gels are named based on solvent type. For instance, hydrogel, organogel or 

aerogel when the solvent is water, organic or air, respectively [27-30]. 

- There are some other types of gels, which are chemotropic gels formed by 

chemical reactions, ionotropic gels formed by ionic bonding, thermotropic gels 

formed by heating and cryogels formed by cryogenic conditions at 

temperatures below the freezing point of the solvent, mostly subzero 

temperatures [31]. 

Cryogel is a cross-linked polymer gel obtained via cryogelation reaction from a semi-

frozen monomeric or polymeric precursor-solvent system. The point which 

distinguishes cryogelation from other gelation reactions is that it occurs at 

temperatures below the freezing temperature of solvents. At these temperatures, most 

solvent molecules are frozen and there are some unfrozen solvent molecules where 

polymerization and cross-linking reactions take place. The frozen solvent molecules 

act as a porogen during completing these reactions, and the interconnected 

macroporous cryogels are obtained in this way [32].  

The determination of the amount of unfrozen solvent is vital for cryogels since the 

frozen solvent domains are responsible for pore formation and the macroporous 

structure is the characteristic property of cryogels. Although there are many studies 

about the unfrozen solvent of gels and cryogels in literature, e.g. the determination of 

the amount of non-freezable water of polyacrylamide cryogels in different 

concentrations [33], or silk fibroin cryogels [34], no enough research exists about the 

estimation the amounts of unfrozen solvent before synthesis of cryogels. There are 

only two studies, in which these amounts were calculated in poly(2-acrylamido-2-

methyl-1-propane sulfonic acid) cryogel in 2019 [35], and in methacrylated hyaluronic 

acid cryogel in 2020 [36] by the simulation of cryogenic conditions in differential 

scanning calorimetry. 

The main aim of this study is to find a correlation between the total pore volume of 

cryogels and their cryogenic conditions by improving a simulation technique in 
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differential scanning calorimetry (DSC). For this purpose, a series of synthetic and 

biological cryogels were synthesized under the same cryogenic conditions and their 

pore volumes were measured. Then, these conditions were simulated by DSC and the 

amounts of unfrozen solvent were calculated. The results obtained from the 

synthesized cryogels were compared with those of DSC simulations. As will be seen 

below, a distinct correlation was found between these results which would provide the 

prediction of the porosity of the cryogels by a simple DSC measurement.  
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 CRYOGELS 

Cryogel is a three-dimensional cross-linked polymer gel with interconnected 

macropores [37]. The term “cryogel”, combining ‘cryo' (Greek origin word meaning 

frost, ice) and ‘gel', was mentioned for the first time by Vladimir I. Lozinsky in 1984, 

to design chemically cross-linked polymeric material in a semi-frozen organic medium 

[38]. And, the first application of cryogel was also carried out by the team including 

Lozinsky to immobilize microorganisms within poly(vinyl alcohol) cryogel in 1989 

[39]. Then, cryogels gained popularity and their different properties and application 

areas have been investigated for many years. Nowadays, cryogels can be used in a 

wide range of fields such as electrochemical, biotechnological, pharmaceutical, 

medical applications, and so on [40].  

 Cryogelation Reaction 

Cryogelation which is a simple technique to synthesize macroporous cryogels in a 

semi-frozen medium is conducted based on a freezing system of seawater. In nature, 

seawater involves many kinds of impurities such as salts, biological organisms, and 

pollutants, however, the formation of pure ice crystals was discovered in frozen 

seawater [41]. The reason is that there are actually some unfrozen domains on a 

microscopic scale although it seems totally frozen on a macroscopic scale. During 

freezing, the unfrozen domains are convenient areas for the impurities to be thrown 

out by pure water, all impurities are entrapped by these unfrozen domains and thus, 

pure ice crystals are created. 

Inspired by this natural phenomenon, cryogelation has started to be used to synthesize 

macroporous chemically or physically cross-linked polymer cryogels from a 

precursor-solvent system under the freezing temperature of the solvent. A precursor 

could be monomeric (low molecular) or polymeric (high molecular). Under the 

freezing temperature of the solvent, the moderately frozen or semi-frozen medium is 

obtained. Semi-frozen medium refers to the existence of unfrozen liquid microphase 

(UFLMP) in an apparently frozen system [42]. 
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Cryogelation includes four main steps (Figure 2.1); (a) Preparation of precursor-

solvent system, (b) Freezing of the system, (c) Completing cryogelation reaction in a 

semi-frozen state, and (d) Thawing of the system [43]. The first step involves the 

preparation of a solution, which contains a monomeric or polymeric precursor, a cross-

linker, an initiator, and a suitable solvent. Then, the solution is frozen under the 

freezing temperature of the solvent. This temperature is a gelation temperature and 

should be 2-20°C [44] below the freezing point of the solvent since it affects the 

gelation efficiency and the properties of the cryogel. Keeping the solution for a certain 

time at the gelation temperature allows being completed reactions. At the gelation 

temperature, the polymerization and cross-linking reactions are carried out in the 

UFLMP and most solvent molecules start to freeze. It is accepted that just solvent 

molecules are frozen and precursor, cross-linker, and initiator are concentrated in the 

UFLMP. Due to this effect, the initial concentration of precursor increases, and this 

increased precursor concentration is named a cryo-concentration. For the last step, the 

semi-frozen system should be thawed. The frozen solvent molecules, which are 

responsible for pore formation are removed, and finally, the macroporous and cross-

linked polymer networks are obtained.  

 

Figure 2.1 : Schematic representation of cryogelation. (a) Preparation of precursor-

solvent system, (b) Freezing of the system, (c) Completing cryogelation reaction in a 

semi-frozen state, and (d) Thawing of the system. 
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A series of chemical cryogels were synthesized by cryogelation in this study. There 

are two basic ways to obtain chemical cryogels [45]: 

i- Cryopolymerization of monomeric precursor (polymerization and cross-linking 

reactions at the same time) 

ii- Just cross-linking of polymeric precursor via a chemical cross-linking agent 

The former method was used for synthetic cryogels, and the latter method was used 

for biological cryogels in this study. 

Synthetic cryogels were produced by free radical cross-linking copolymerization of a 

synthetic monomer such as acrylamide via N, N′-methylene bisacrylamide (BAAM) 

cross-linker in a semi-frozen aqueous medium with a suitable redox initiator system, 

which was explained through the mechanism of poly(acrylamide) in Figure 2.2. 

Tanaka suggested that the polymerization starts with a reaction between KPS and 

TEMED in which free radicals are formed [2]. The free radicals are combined with 

acrylamide or bisacrylamide, and activated acrylamide monomers are formed by 

transferring the unpaired electron to the acrylamide unit as a result of the radical 

reaction. Activated monomers react successively through their aminocarbonyl groups, 

leading to a long cross-linked polymer chain.  
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Figure 2.2 : Free-radical crosslinking copolymerization of acrylamide and N, N’-

methylene(bis) acrylamide, leading to cross-linked polyacrylamide. 

 

Biological cryogels were produced by a chemical cross-linking reaction of a 

biopolymer such as DNA via 1, 4-butanediol diglycidyl ether (BDDE) cross-linker in 

a semi-frozen aqueous medium, which was explained through the mechanism of DNA 

in Figure 2.3. BDDE has epoxide groups on both ends, which react with the amino 

groups on the nucleotide bases of DNA in the presence of TEMED [44]. Thus, a cross-

linked DNA network can be obtained.  

 

Figure 2.3 : The crosslinking reaction of the amino groups on the nucleotide bases 

with the epoxide groups on BDDE, leading to cross-linked DNA. 

 Swelling Behaviors of Cryogels 

Cryogels can swell in suitable solvents without dissolving due to their cross-linked 

structure. This swelling of cryogels is conducted by two processes; (a) swelling of 

polymer network and (b) filling of pores by solvent [17]. During swelling, the polymer 

network takes up solvent via the attractive interaction between solvent molecules and 

the network chain and expands gradually. The pores of cryogels are also filled by the 

solvent (Figure 2.4). 

The swelling behavior of cryogels is understood with the equilibrium weight and 

volume swelling ratios. Both swelling and filling processes are taken into account for 

the equilibrium weight swelling ratio, qw. On the other hand, just swelling of the 

polymer network is responsible for the equilibrium volume swelling ratio, qv [44]. 
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Figure 2.4 : Schematic representation of a swelling of macroporous cryogel. 

 Design of Cryogels 

Cryogels can be designed with desired properties by various polymerization 

techniques. For example, redox-initiated free radical polymerization, which is the most 

common polymerization method, can be used for hydrophilic cryogels in water and 

hydrophobic cryogels in organic solvents. Micellar or emulsion polymerization is 

preferred to be synthesized amphiphilic block copolymers [46]. 

The porous structure, swelling capacity, mechanical and viscoelastic properties of 

cryogels depend on cryogelation parameters such as gelation temperature, amounts of 

monomer or cross-linker, and monomer type. Therefore, cryogelation conditions are 

key factors to be achieved the cryogels with desired properties. For instance, the pore 

size of cryogels can be varied with gelation temperature. Ivanov et al. showed that the 

pore size of polyacrylamide cryogels decreased as gelation temperature decreased, as 

indicated in their scanning electron images [47]. The smaller pores were also obtained 

for poly(2-acrylamido-2-methylpropane sulfonic acid sodium salt cryogels by addition 

of salts into the reaction solution, due to decreasing the freezing temperature of the 

solution [48]. 

The mechanical properties of cryogels can be improved by the increase of monomer 

concentration, introducing of comonomers, or adding nanoparticles [49-51]. For 

instance, as reported by Chopra et al., the mechanical properties of gelatin cryogel 
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were improved by adding graphene oxide into the gel matrix. The mechanical strength 

and Young modulus of gelatin cryogel increased with the addition of graphene oxide, 

and also continued to increase as the amount of graphene oxide was increased [52]. 

 Applications of Cryogels 

Cryogels are researched for many years, and they can be used in various fields pursuant 

to their specific properties. Biomedical and biotechnological applications such as 

chromatography for the separation of biological molecules, and suitable carriers of 

molecules or cells benefit from cryogels due to their interconnected macropores, and 

chemical and mechanical stability [53]. Cryogels also have high mechanical strength, 

biocompatibility, biodegradability, injectability, and encapsulation ability in order to 

use tissue engineering [54] and drug delivery systems [55]. 

Cryogels are an ideal sorbent material to remove toxic chemicals from the environment 

such as crude oil, polycyclic aromatic hydrocarbons, and heavy metals thanks to their 

high swelling ability, reusability, and recoverability of chemicals [56]. 

The properties of environmental compatibility, chemically inertness, high mechanical 

strength, and electrical conductivity enable cryogels to be used in supercapacitors, 

batteries, solar and electrochemical applications [57, 58].
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 DIFFERENTIAL SCANNING CALORIMETRY 

Thermal analysis is a technique that determines the internal structure and physical condition of 

different materials under isothermal conditions or programmed temperature gradients in time. 

Thermal analysis can be also used to analyze mass change, side products, and heat of reaction 

during chemical reactions. There are many thermal analysis techniques such as 

thermogravimetry, differential scanning calorimetry, differential thermal analysis, 

thermodilatometry, and thermomechanical analysis [59]. 

Differential scanning calorimetry (DSC) is a common thermal analysis technique among them 

due to several advantages. DSC is a fast, reliable, highly sensitive method in a wide range of 

applications like polymers, plastics, foods, pharmaceuticals, glasses, ceramics, and proteins, 

and also needs small samples to analyze [60, 61]. 

The principle of DSC is based on observing the change in specific heat capacity of material 

when material and reference, generally blank, are exposed to a temperature program which 

could be isothermal, heating, or cooling mode at a certain rate.  As a result of DSC 

measurement, the curve which shows the change in specific heat capacity or heat flow, 

determined from the specific heat capacity, of material as a function of temperature is obtained 

and used to determine glass transition temperature, melting temperature, degree of crystallinity, 

thermal conductivity, main transitions in disordered structure (β-, α-, γ-, δ-transitions), phase 

diagrams and purity determination [62]. 

In this study, DSC is used to find the melting temperature and enthalpy of fusion of different 

solutions. The frozen solutions are heated and melted by DSC, and the melting peaks are 

obtained after the endothermic melting process. Enthalpy of fusion is calculated by integrating 

peak area [61]. 

An ideal melting peak and characteristic temperatures can be seen in Figure 3.1. These 

temperatures are specified on the baseline. The baseline is the line that is drawn between the 

points of the curve before and after the peak, assuming no curve. Ti and Tf are the initial and 
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final peak temperatures, where the peak begins and ends, respectively. Te is the extrapolated 

peak onset temperature, in which the line with increasing peak slope intersects the interpolated 

baseline. Tc is the extrapolated peak offset temperature, in which the line with decreasing peak 

slope intersects the interpolated baseline. Tp is the peak maximum temperature [63]. 

 

Figure 3.1 : An ideal melting peak. 

 

Every peak cannot be obtained ideally since the melting peaks reflect the properties of samples. 

Different types of samples have different melting curves as seen in Figure 3.2. In this study, 

(d), (e) and (f) curves were obtained (explained in detail in 6. Results and Discussion). The 

melting temperatures are determined on these curves according to International Confederation 

for Thermal Analysis and Calorimetry (ICTAC). It was established in Scotland in 1965 to 

provide and promote a better understanding of thermal analysis and calorimetry internationally. 

According to ICTAC standards, the melting temperature is the extrapolated peak onset 

temperature for metals, organics, and similar pure materials, however, the peak maximum 

temperature is taken as the melting temperature for polymers. The second peak maximum 

temperature is taken as the melting temperature for eutectic mixtures since eutectic mixtures 

have two peaks during the melting process and the second peak is responsible for the main 

melting [64, 65]. These melting temperatures indicated by ICTAC can also be seen as blank 

circles in Figure 3.2. 
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Figure 3.2 : Melting curves: (a) liquid crystal, (b, c) melting with decomposition, (d) 

polymer, (e) eutectic mixture and (f) non-polymeric pure substance [66]. 
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 EXPERIMENTAL PROCEDURE 

 Chemicals 

i) Monomers 

Acrylamide (AAm, Merck) and N, N-dimethyl acrylamide (DMAA, Sigma-Aldrich) 

were used as non-ionic synthetic monomers. The molecular weight of AAm and 

DMAA are 71.07 and 99.13 g/mole, respectively.  

 

   

Figure 4.1 : The chemical structures of non-ionic synthetic monomers: (a) 

Acrylamide and (b) N, N-dimethyl acrylamide. The structures were drawn by 

ChemSketch Freeware of ACD/Labs. 

 

Acrylic acid sodium salt (AAc-Na), methacrylic acid sodium salt (MAAc-Na), and 2-

acrylamido-2-methylpropane sulfonic acid sodium salt (AMPS-Na) were used as ionic 

synthetic monomers. To prepare an aqueous stock solution of AAc-Na, 7.5 g acrylic 

acid (AAc, Merck) was dissolved in 30 mL pure water at 23 ± 2°C under stirring. After 

completely dissolution, the solution was titrated with 1 M NaOH to pH = 7. Then, the 

final solution volume was completed to 100 mL with pure water and 0.797 M AAc-

Na solution was obtained. By using the same method, 0.694 M MAAc-Na (MAAc 

supplied from Merck) and 0.966 M AMPS-Na (AMPS supplied from Sigma-Aldrich) 

aqueous stock solutions were also obtained. The molecular weight of AAc-Na, MAAc-

Na, and AMPS-Na are 94.06, 108.09, and 229.25 g/mole, respectively. 

(a) (b) 
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Figure 4.2 : The chemical structures of ionic synthetic monomers: (a) Acrylic acid 

sodium salt, (b) Methacrylic acid sodium salt and (c) 2-acrylamido-2-methylpropane 

sulfonic acid sodium salt. The structures were drawn by ChemSketch Freeware of 

ACD/Labs. 

ii) Polymers 

Silk fibroin (SF) and double-stranded deoxyribonucleic acid (DNA) were used as 

biological polymers. SF was isolated from Bombyx mori cocoons (Kozabirlik, 

Turkey) as described before [67, 68]. Briefly, the cocoons were boiled in aqueous 

solution of 0.02 M Na2CO3 during which sericin proteins were extracted from cocoons. 

The remaining SF was rinsed with water and then dissolved in aqueous solution of 9.3 

M LiBr for 2 hours at 60°C. The homogeneous SF solution was dialyzed against pure 

water using 10000 MWCO dialysis tubing (Snake Skin, ThermoFisher). The 

concentration of aqueous SF solution after dialysis concentration was 9.1 wt%. DNA 

was supplied from Sigma-Aldrich as double-stranded deoxyribonucleic acid sodium 

salt from salmon testes. Its molecular weight is 1.3x106 g/mole which corresponds to 

approximately 2000 base pairs.  

 

 

(a) (b) 

(c) 
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Figure 4.3 : The pictures of bombyx mori cocoons (left) and deoxyribonucleic acid 

sodium salt from salmon testes (right). 

 

iii) Cross-linker 

N, N′-methylene bis(acrylamide) (BAAM, Merck) was used as a cross-linker in the 

free-radical cross-linking copolymerization reactions of the monomers. The molecular 

weight of BAAM is 154.17 g/mole. 

1,4-butanediol diglycidyl ether (BDDE, Sigma-Aldrich) was used as a cross-linker in 

the cross-linking reactions of the biopolymers SF and DNA. The molecular weight of 

BDDE is 202.25 g/mole 

        

Figure 4.4 : The chemical structures of N, N′-methylene bis(acrylamide) (a) and 1,4-

butanediol diglycidyl ether (b). The structures were drawn by ChemSketch Freeware 

of ACD/Labs. 

iv) Initiator 

Potassium persulfate (KPS, Fluka) was used as an initiator. Its molecular weight is 

270.33 g/mole. 300 mM KPS stock solution was prepared by dissolving 811 mg KPS 

in 10 mL pure water. 

 

Figure 4.5 : The chemical structure of potassium persulfate. The structure was 

drawn by ChemSketch Freeware of ACD/Labs. 

v) Catalyst 

Sodium metabisulfite (SMS, Fluka) was used as a catalyst for just DMAA monomer. 

Its molecular weight is 190.11 g/mole. 100 mM SMS stock solution was prepared by 

dissolving 190 mg SMS in 10 mL pure water.  

(a) (b) 
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N, N, N′, N′-tetramethylethylenediamine (TEMED, Sigma-Aldrich) was used as a 

catalyst for other monomers. TEMED was also used as a pH regulator for polymers. 

The molecular weight of TEMED is 116.20 g/mole. 

 

      

Figure 4.6 : The chemical structures of sodium metabisulfite (a) and N, N, N′, N′-

tetramethylethylenediamine (b). The structures were drawn by ChemSketch 

Freeware of ACD/Labs. 

vi) Solvent 

Pure water was used as a solvent for all cryogel solutions, and also used in equilibrium 

swelling measurements. Pure water was obtained by a water purification system, 

which was SG euRO 10 DI. The system is based on the production of pure water out 

of potable tap water with Reverse-Osmosis and final deionization technology. The 

conductivity of pure water was 12.9 µS/cm.  

vii) Additive 

Sodium bromide (NaBr, Merck) was used to solve DNA. 400 mM NaBr stock solution 

was prepared by dissolving 206 mg in 5 mL pure water. Its molecular weight is 102.89 

g/mole. 

 Synthesis of Cryogels 

All cryogels were synthesized at -18°C. The initial concentration of all monomers and 

polymers denoted by Cnom was fixed at 5 w/v%. The amount of the cross-linker BAAM 

in terms of its mole ratio with respect to the monomer was also fixed at 1/80 for 

synthetic cryogels. The amounts of the cross-linker BDDE were 2 w/v% for DNA 

cryogel and 1.993 mL per gram fibroin (e.g., 20 mmole epoxide groups per gram of 

fibroin) for SF cryogel, respectively. The amount of the initiator KPS was 3 mM for 

all synthetic cryogels. The amounts of catalyst were 1 mM SMS for just P(DMAA) 

cryogel and 0.25 v/v% TEMED for other synthetic cryogels and biological cryogels. 

(a) (b) 
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A typical procedure for the synthesis of cryogels based on synthetic polymers is given 

below for AAm-BAAM system at Cnom=5w/v%: 

0.5 g AAm was dissolved in 9.875 mL pure water in a glass vial, and then 13.6 mg 

BAAM was added. After AAm and BAAM were completely dissolved, 0.1 mL of 300 

mM KPS stock solution and 0.025 mL TEMED were added. The solution was 

transferred into 1 mL plastic syringes after stirring for a few seconds. Cryogelation 

reaction occurred in a deep freezer at -18°C for 24 hours. 

Typical procedures for the synthesis of biopolymer cryogels are given below for SF 

and DNA systems using BDDE cross-linker and TEMED catalyst: 

For SF cryogel, 5.5 mL solution of the SF solution at a concentration of 9.1 wt% was 

mixed in a glass vial with 3.5 mL pure water and 0.996 mL BDDE. After adding 0.025 

mL TEMED and stirring properly, the solution was transferred into 1 mL plastic 

syringes. Cross-linking reaction occurred in a deep freezer at -18°C for 24 hours. 

For DNA cryogel, 0.5 g DNA was dissolved in 4 mM aqueous NaBr solution at 35°C 

for 1 day. Then, 0.18 mL BDDE was added and stirred at 35°C for 1 hour. After the 

addition of 0.025 mL TEMED, the solution was transferred into 1 mL plastic syringes 

to occur cross-linking reaction in a deep freezer at -18°C for 3 days. 

 Preparation of Solutions for DSC Measurements 

The solutions for DSC measurements included monomer or polymer, cross-linker, and 

pure water, except initiator and catalyst. The concentrations of monomer, polymer, and 

cross-linker in these solutions were equal to the cryogel solutions. After the solutions 

were prepared except for the initiator and catalyst, approximately 15 mg of these 

solutions were transferred in the aluminum pan of DSC instrument. The solutions with 

the aluminum pan were frozen at -18°C for 24 h. After 24 h, the aluminum pans were 

put in the instrument and the measurement was started.  

 



19 

 CHARACTERIZATION METHODS 

 DSC Measurements 

The amount of unfrozen domain, cryo-concentration, and ice volume of the frozen 

solutions were determined by differential scanning calorimetry (Perkin-Elmer 

Diamond DSC 4000) under a nitrogen atmosphere. The frozen aqueous solutions in 

aluminum pans were held in the instrument at −18°C for 2 hours and, then heated from 

-18°C to 10°C with a scanning rate of 1°C/min. The consequence of this heating was 

obtained different melting peaks for all solutions. With these melting peaks, the 

melting temperature, the amount of unfrozen domain, cryo-concentration, and ice 

volume were calculated. 

 

Figure 5.1 : Perkin-Elmer Diamond DSC 4000. 

5.1.1 Melting temperature 

The melting temperatures of frozen solutions were determined from their melting 

peaks according to ICTAC (International Confederation for Thermal Analysis and 

Calorimetry) standards. ICTAC standards indicate that the melting point should be 

taken as the extrapolated peak onset temperature for pure materials, organics, and 

metals, the peak maximum temperature for polymers, and the peak temperature of the 

second melting peak for eutectic mixtures. Hence, the melting temperatures were 

determined from the extrapolated peak onset temperature for pure water, DMAA, 

AAc-Na, MAAc-Na and AMPS-Na; the peak temperature of the second melting peak 

for AAm, and the peak maximum temperature for SF and DNA solutions. 
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5.1.2 Unfrozen water fraction 

The melting enthalpy of frozen water in the solution, ΔH was determined from the area 

under the melting peak from DSC. The mass fraction of unfrozen water was calculated 

by the equation (5.1):  

𝑓𝑢𝑛𝑓 = 1 −
∆𝐻

∆𝐻𝑚
                                                 (5.1) 

where ΔHm is the melting enthalpy of ice, 333.89 J/g. 

5.1.3 Cryo-concentration 

Cryo-concentration, which is the concentration of accumulated monomer or polymer 

molecules in unfrozen domains of the solution was abbreviated as Ctrue and calculated 

by the equation (5.2):   

𝐶𝑡𝑟𝑢𝑒 =  
𝐶𝑛𝑜𝑚

𝐶𝑛𝑜𝑚+(1−𝐶𝑛𝑜𝑚)𝑓𝑢𝑛𝑓
∗ 100                                   (5.2) 

where Cnom is the initial concentration, 5 w/v%. 

5.1.4 Ice volume 

The ice volume of the frozen solutions was calculated by the equation (5.3):   

𝑉𝑖𝑐𝑒 =  
(1−𝐶0)(1−𝑓𝑢𝑛𝑓)

𝑑𝑖𝑐𝑒𝐶0
                                              (5.3) 

where dice is the density of ice at −18°C, 0.995 g mL-1. 

 Characterization of Cryogels 

The syringes containing cryogels were taken out of the deep freezer at different 

reaction times to stop the cryogelation reactions at -18°C and to compare their 

properties. All cryogels, except DNA cryogels, were taken out after 1, 2, 3 and 4 days. 

Since DNA needs at least 3 days to complete the cross-linking and gelation reactions 

at −18°C, DNA cryogels were taken out of the deep freezer after 3, 4, 5 and 6 days. 

After taking out of the syringes, all cryogels were immersed in an excess of pure water 

at room temperature to remove soluble chemicals, which did not get involved in the 

cross-linked polymer network during cryogelation. Then, they were characterized after 

freeze-drying (Christ Alpha 2-4 LD-plus, Figure 5.2). Freeze-drying process involves 

three steps which are freezing, main-drying and final-drying. Freezing step occurs at -

25°C under atmospheric pressure for 24 hours, main-drying occurs at -40°C under 0.12 
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mbar vacuum for 24 hours and final-drying occurs at -60°C under 0.011 mbar vacuum 

for 24 hours. Total freeze-drying process takes 3 days. 

 

Figure 5.2 : Christ Alpha 2-4 LD-plus freeze-dryer. 

5.2.1 Gel fraction 

The gel fraction, Wg indicates the cross-linked polymer fraction obtained from 1 g of 

monomer or polymer. The gel fraction of cryogels was calculated by the equation 

(5.4):  

𝑊𝑔 =  
𝑚𝑑𝑟𝑦

𝑚0𝑤
                                                       (5.4) 

where mdry is the weight of the dried cryogel, m0 is the weight of as-prepared cryogel 

and w is the weight fraction of monomer or polymer in the cryogelation solution which 

was fixed at 0.05. All weights were measured by an analytical balance as shown in 

Figure 5.3. 

 

Figure 5.3 : The analytical balance. 
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5.2.2 Equilibrium swelling measurements 

The swelling behavior of cryogels was investigated in a good solvent, which was pure 

water in this study. The freeze-dried cryogels after preparation were cut into small 

samples, and they were immersed in pure water until reaching equilibrium at room 

temperature. Then, their equilibrium weight swelling ratio, qw and equilibrium volume 

swelling ratio, qv were calculated by the equations (5.5) and (5.6):  

𝑞𝑤 =  
𝑚𝑠

𝑚𝑑𝑟𝑦
                                                        (5.5) 

𝑞𝑣 =  (
𝐷𝑠

𝐷𝑑𝑟𝑦
)3                                                     (5.6) 

where ms and Ds are the weight and diameter of the swollen samples in pure water, 

respectively, and mdry and Ddry are the weight and diameter of the freeze-dried samples, 

respectively. All diameters were measured by absolute digimatic caliper (Mitutoyo, 

Figure 5.4) which has 0-150 mm measurement range with 0.02 mm accuracy.  

 

Figure 5.4 : Mitutoyo brand digimatic caliper. 

5.2.3 Swollen state porosity 

The swollen state porosity, Ps can be predicted from the equilibrium weight and 

volume swelling ratios of cryogels.  The porosities of cryogels in the swollen state 

were calculated by the equation (5.7):  

𝑃𝑠 =  1 −
𝑞𝑣

1+(𝑞𝑤−1)
𝑑2

𝑑1
⁄

                                            (5.7) 

where d1 and d2 are the densities of pure water and polymer, respectively. For 

calculations, the density of pure water was taken as 1 g/mL. Moreover, the densities 

of P(AAm), P(DMAA), P(AAc-Na), P(MAAc-Na), P(AMPS-Na) and SF were taken 

as 1.35 [69], 1.21 [70], 1.10 [71], 1.29 [72], 1.44 [73] and 1.35 [49] g/mL, respectively. 

The density of DNA was taken as 1.05 g/mL, calculated by mass divided by volume 

of 5 w/v% concentration DNA solution. 
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5.2.4 Total pore volume 

The total pore volume, Vp indicates pore volume in milliliters per gram of the cross-

linked polymer network. For Vp measurements, freeze-dried cryogel specimens were 

immersed in a poor solvent until reaching equilibrium at room temperature. Because 

the poor solvents fill just pores while do not interact with the polymer network, the 

mass increase of a freeze-dried cryogel specimen in a poor solvent gives the total pore 

volume, Vp. Methanol was chosen as a poor solvent for just DNA cryogels while 

acetone was chosen for all other cryogels. The total pore volume was calculated by the 

equation (5.8):   

𝑉𝑝 =  
𝑚𝑝𝑜𝑜𝑟−𝑚𝑑𝑟𝑦

𝑑𝑝𝑜𝑜𝑟𝑚𝑑𝑟𝑦
                                                   (5.8) 

where mpoor and mdry are the weights of the samples in poor solvent and dried state, 

respectively, dpoor is the density of poor solvent, 0.7845 g/mL for acetone and 0.792 

g/mL for methanol.  

5.2.5 Texture determination 

The texture determinations of cryogels in a dried state were carried out by optical 

microscope and scanning electron microscope.  

Optical microscope (Olympus CX-31 microscope) as shown in Figure 5.5 was used to 

determine the interior structure of the cryogels in dry-state. All cryogels were cut into 

thin samples and then transferred to glass microscope slides. Their photographs were 

captured by Q Imaging Camera, connected to a computer. Then, the average pore 

diameters of cryogels formed at different gelation times were calculated from the 

images using Image-Pro Plus software. 

 

Figure 5.5 : Olympus CX-31 microscope. 



24 

Scanning electron microscope (SEM, Quanta FEG 250, Figure 5.6) was also used 

to investigate the interior structure of the cryogels in dry-state under a high vacuum. 

After cryogel samples were coated with Au-Pd, SEM images were obtained for all 

cryogels at several magnifications, between 50 and 1000 times. 

 

Figure 5.6 : Quanta FEG 250 scanning electron microscope. 
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 RESULTS AND DISCUSSION  

The main aim of this study was to find a correlation between between the amount of 

unfrozen domain of cryogels and their cryogenic conditions by using a simulation 

technique in differential scanning calorimetry (DSC). If there is a correlation, it means 

that the porosity of cryogels can be predicted before the cryogel synthesis. For this 

purpose, a series of cryogels were synthesized under the same conditions and, their 

pore volumes and other properties were characterized. The cryogels presented here are 

two non-ionic and three ionic ones based on synthetic polymers, and two biological 

ones. Their pore volumes were compared with the simulation results of the 

cryogelation conditions conducted by DSC.  

All results were analyzed under 4 main headings; 

(i) The cryogenic conditions were simulated using the frozen precursor solutions of 

the cryogels by DSC, and the corresponding DSC graphs and calculations were 

discussed in Section 6.1 DSC Results. 

(ii) DSC results of all monomer and biopolymer precursor solutions with cross-linker 

were discussed and compared in Section 6.2 Comparison of DSC Results. 

(iii) Different cryogels synthesized under the same conditions and their properties were 

presented in detail and discussed in Section 6.3 Cryogel Results. 

(iv) Finally, total pore volume of the cryogels and the simulation results by DSC were 

compared and whether these results were compatible were discussed in Section 6.4 

Comparison of Results. 

 DSC Results 

The melting temperature, unfrozen water fraction, cryo-concentration, and ice volume 

of frozen solutions were calculated from their melting peaks in DSC measurements. 

All solutions were tested several times and the average values were taken into 

consideration. Firstly, frozen pure water was tested to calculate the melting 



26 

temperature and the mass fraction of the unfrozen domain at -18°C, which was the 

cryogelation temperature.  

Pure water 

When frozen pure water was heated from -18°C to 10°C in DSC, a single endothermic 

peak was observed as seen in Figure 6.1. The average melting temperature Tm of pure 

water was calculated as -0.30 ± 0.07°C from the extrapolated onset temperature, and 

the average mass fraction of the frozen domain of pure water at -18°C was calculated 

as 92.3 ± 3.2 wt% from the area under the melting peak. 

We should note that the Tm value indicated above deviates from the theoretical value 

of 0°C [74], which is attributed to the scanning rate dependence of Tm. For instance, 

the melting temperature of pure water was reported as 0.09 and −0.07°C at a scanning 

rate of 0.1°C/min [75] as compared to -0.30 ± 0.07°C at a scanning rate of 1°C/min in 

this study. Moreover, the sources of deviations could also be several other 

measurement parameters such as the sample volume. 

These results also showed that pure water had 7.7 wt% unfrozen domain on 

microscopic scale at -18°C although it seemed entirely frozen on macroscopic scale. 

The unfrozen domains originated from the formation of hydrogen bonding between 

water molecules. The intermolecular hydrogen bonds were formed between the proton 

donor and acceptor sides of water molecules, thus, this interaction made freezing 

difficult, and some water molecules stay unfrozen state even at -18°C. 
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Figure 6.1 :  DSC scan of pure water. Scanning rate = 1°C/min. 
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The melting peaks of the frozen 5 w/v% AAm, DMAA, AAc-Na, MAAc-Na, AMPS-

Na, SF and DNA solutions in pure water with and without cross-linker were measured 

by DSC, to simulate synthesis conditions of cryogels. 

Non-ionic synthetic monomer solutions 

5 w/v% AAm and DMAA aqueous solutions without and with cross-linker were first 

frozen at -18°C, and then heated from -18°C to 10°C in DSC instrument. The amount 

of BAAM was fixed at a mole ratio of 1/80 with respect to AAm or DMAA. Figure 

6.2 shows the melting peaks of these solutions without (dashed lines) and with cross-

linker (solid lines). For comparison, DSC scan of pure water is also shown in the 

Figure 6.2 by solid black curve. The results of calculations from DSC curves, namely 

the melting temperature, the mass fraction of the unfrozen domains, the cryo-

concentrations and the ice volumes, are compiled in Table A.1.  
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Figure 6.2 : DSC scans of pure water (black line), 5 w/v% DMAA solutions without 

(blue dashed line) and with cross-linker (blue solid line) and 5 w/v% AAm solutions 

without (green dashed line) and with cross-linker (green solid line). The solutions 

were first frozen at -18°C, and then melted by heating from -18°C to 10°C at a rate of 

1°C/min. 
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For the frozen DMAA solution, only one peak appear in the DSC scans so that the 

extrapolated onset temperature was taken as its melting temperature. However, as seen 

in Figure 6.2, two melting peaks appear for the frozen AAm solutions, which is 

attributed to the formation of a eutectic mixture between AAm and pure water. The 

formation of the eutectic mixture in the AAm-pure water system is also demonstrated 

in Figure 6.3 showing DSC scans of pure water, pure AAm and 5 w/v% AAm solution. 

The frozen 5 w/v% aqueous AAm solution exhibits two melting peaks while both pure 

water and pure AAm show only one melting peaks. The eutectic temperature was 

calculated from the extrapolated onset temperature of the first peak as -9.35 ± 0.05°C, 

which was almost the same as that reported by Lozinsky in 2005 [76]. The melting 

temperature was taken as the peak temperature of the second (main) peak for AAm. 
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Figure 6.3 : DSC scans of pure water (black line), pure AAm (red line) and 5 w/v% 

aqueous AAm solution (green line). The solutions were first frozen at -18°C, and 

then melted by heating from -18°C to 10°C at a rate of 1°C/min. 

Figure 6.4 shows the melting temperatures Tm of pure water, 5 w/v% AAm and DMAA 

solutions without (empty circles) and with cross-linker (filled circles). The average 

melting temperatures of AAm and DMAA solutions without cross-linker were 0.35 ± 

0.01°C and -3.40 ± 0.07°C, respectively. With the addition of cross-linker to these 

precursor solutions, the average melting points for both increased by approximately 

1°C as seen by the filled symbols in Figure 6.4. 
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Figure 6.4 : The melting temperatures of pure water, 5 w/v % AAm and DMAA 

solutions without (empty circles) and with cross-linker (filled circles). 

Figure 6.5a shows the mass fraction funf of unfrozen domain of frozen DMAA and 

AAm solutions without (empty triangles up) and with cross-linker (filled triangles up). 

It is seen that the solutions contain some unfrozen domains like pure water at -18°C. 

From the area under melting peaks, the average mass fraction funf of the unfrozen 

domains in the frozen DMAA and AAm solutions without cross-linker were calculated 

as 26.0 ± 3.2 wt% and 29.2 ± 1.8 wt%, respectively. As ice crystals are formed in 

frozen domains, monomers were expelled from ice and concentrated in the unfrozen 

domains, hence the concentrations of DMAA and AAm in these domains increased 

from 5 w/v% to 16.9 ± 1.7 w/v% and 15.3 ± 0.8 w/v%, respectively (empty triangles 

in Figure 6.5b). This increase in the monomer concentration called cryo-concentration 

is the true monomer concentration at which the cryogelation reactions occur. 

Moreover, the ice volumes of frozen DMAA and AAm solutions were calculated as 

14.1 ± 0.6 mL/g and 13.6 ± 0.4 mL/g, respectively (empty diamonds in Figure 6.5b). 

With the addition of cross-linker, their melting temperatures increased so that the mass 

fraction of unfrozen domains of both solutions decreased as seen by the filled symbols 

in Figure 6.5a. Less unfrozen domain means that more frozen water and less area for 

monomers to be concentrated, so more concentrated monomers and more ice volume. 

Thus, the increase in true concentration and ice volume of both solutions after adding 

cross-linker were seen in Figure 6.5b, the filled symbols. The true concentrations of 

DMAA and AAm solutions with cross-linker were 44.7 ± 4.7 w/v% and 27.8 ± 2.2 

w/v%, respectively. The ice volumes of DMAA and AAm solutions with cross-linker 

were 17.9 ± 0.2 mL/g and 16.5 ± 0.3 mL/g, respectively. 
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Figure 6.5 : (a) The mass fraction funf of unfrozen domain of frozen DMAA and 

AAm solutions without (empty triangles up) and with cross-linker (filled triangles 

up). (b) The true concentration Ctrue (left) of DMAA and AAm solutions without 

(empty triangles down) and with cross-linker (filled triangles down) and the ice 

volume Vice (right) of DMAA and AAm solutions without (empty diamonds) and 

with cross-linker (filled diamonds). Cnom = 5 w/v %. 

Ionic synthetic monomer solutions 

5 w/v% AAc-Na, MAAc-Na and AMPS-Na aqueous solutions without and with cross-

linker were first frozen at -18°C, and then melted by heating from -18°C to 10°C in 

DSC. The amount of BAAM was fixed at a mole ratio of 1/80 with respect to all ionic 

monomers. Figure 6.6 shows the melting peaks of these solutions without (dashed 

lines) and with cross-linker (solid lines). For comparison, DSC scan of pure water is 

also shown in the Figure 6.6 by solid black curve. The results of calculations from 

DSC curves, namely the melting temperature, the mass fraction of the unfrozen 

domains, the cryo-concentrations and the ice volumes, are compiled in Table A.2. 
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Figure 6.6 : DSC scans of pure water (black line), 5 w/v% AMPS-Na solutions 

without (dark yellow dashed line) and with cross-linker (dark yellow solid line), 5 

w/v% MAAc-Na solutions without (dark red dashed line) and with cross-linker (dark 

red solid line) and 5 w/v% AAc-Na solutions without (dark gray dashed line) and 

with cross-linker (dark gray solid line). The solutions were first frozen at -18°C, and 

then melted by heating from -18°C to 10°C at a rate of 1°C/min. 

Firstly, 5 w/v% AAc, MAAc and AMPS aqueous solutions without cross-linker were 

frozen at -18°C, and heated from -18°C to 10°C in DSC. From their extrapolated onset 

temperatures, the average melting temperatures of MAAc, AMPS and AAc aqueous 

solutions without cross-linker were -2.30 ± 0.01°C, -3.30 ± 0.11°C and -4.40 ± 0.02°C, 

respectively (stars in Figure 6.7). When acidic monomers were converted into their 

sodium salt forms by neutralization, their melting points decreased by 2°C for MAAc-

Na and AAc-Na while no change was observed for AMPS-Na monomer as seen by 

the empty symbols in Figure 6.7. This decrease in the melting point can be attributed 

to the increase in the number of ions in the solution. AMPS was not affected by the 

neutralization since it was already fully ionized form in both acidic and sodium salt 

forms. However, AAc and MAAc are weak acids and these additions decreased their 

melting points by increasing their ionization in pure water. After adding cross-linker 

to their sodium salt monomer solutions, the melting temperature of AMPS-Na was 

almost the same whereas it decreased by 1.5°C for MAAc-Na and slightly for AAc-



32 

Na as seen by the filled symbols in Figure 6.7. Since the melting point is also depressed 

by adding solutes, this depression was induced by adding cross-linker.  
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Figure 6.7 : The melting temperatures of pure water, 5 w/v% AMPS, MAAc and 

AAc solutions (stars), 5 w/v % AMPS-Na, MAAc-Na and AAc-Na solutions without 

(empty circles) and with cross-linker (filled circles). 

We also focussed on the DSC measurements of MAAc-Na solutions without the cross-

linker BAAM. As seen in Table A.2, 5 w/v% aqueous MAAc-Na solution remained 

completely unfrozen at -18°C indicating that this solution was in a supercooled state 

at this temperature. As reported before, supercooling of solutions can be prevented by 

ultrasound treatment, adding silver iodide or silver bromide, immersing 

thermocouples, shaking the solution, etc [43, 77-79]. In this study, silver iodide (AgI) 

which is insoluble in water was added into MAAc-Na solution to prevent supercooling 

and promote ice nucleation. When a few AgI crystals were added to the MAAc-Na 

solution, the average mass fraction of the unfrozen domain decreased from 99.5 ± 0.2 

wt% to 30.6 ± 1.2 wt%, which was highlighted in Table A.2. There was no need the 

addition of AgI to MAAc-Na solutions with cross-linker since the addition of cross-

linker was enough to avoid supercooling and to promote freezing at -18°C. Therefore, 

the results with the addition of AgI to MAAc-Na solution without cross-linker were 

taken into consideration in Figures 6.7 and 6.8.  

Figure 6.8 shows the mass fraction funf of unfrozen domains, the true concentrations 

Ctrue and the ice volumes Vice of acidic monomer solutions and their sodium salts both 
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without and with cross-linker. As seen by the empty symbols in Figure 6.8a, the 

average mass fractions of the unfrozen domains in the frozen MAAc-Na, AAc-Na and 

AMPS-Na solutions without cross-linker were calculated as 30.6 ± 1.2 wt%, 34.7 ± 

0.2 wt% and 19.5 ± 0.7 wt%, respectively. After the ionic monomers were expelled 

from ice and concentrated the unfrozen domains, their cryo-concentrations increased 

from 5 w/v% to 14.7 ± 0.5 w/v%, 13.2 ± 0.1 w/v% and 22.3 ± 0.4 w/v%, respectively, 

as seen by the empty symbols in Figure 6.8b. Their ice volumes were also calculated 

as 13.3 ± 0.2 mL/g, 12.5 ± 0.1 mL/g and 15.4 ± 0.1 mL/g, respectively, as seen by the 

empty symbols in Figure 6.8c. With the addition of cross-linker to their sodium salt 

forms, their melting temperatures decreased, and so the mass fraction of unfrozen 

domains increased as seen by the filled symbols in Figure 6.8a. More unfrozen 

domains lead to less ice formation and more area for monomers to be concentrated. 

That is why the slight decreases in cryo-concentration and ice formation were observed 

after adding cross-linker to the ionic monomer solutions as seen by the filled symbols 

in Figures 6.8b and 6.8c. The cryo-concentrations of MAAc-Na, AAc-Na and AMPS-

Na solutions with cross-linker were calculated as 12.2 ± 0.2 w/v%, 12.5 ± 0.1 w/v% 

and 14.3 ± 0.6 w/v%, respectively, and their ice volumes were calculated as 11.8 ± 0.1 

mL/g, 12.0 ± 0.1 mL/g and 13.1 ± 0.3 mL/g, respectively. 
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Figure 6.8 : (a) The mass fraction funf of unfrozen domains of frozen solutions of 

acidic monomers MAAc, AAc and AMPS (stars), their sodium salts MAAc-Na, 

AAc-Na and AMPS-Na without (empty triangles up) and with cross-linker (filled 

triangles up).  (b) The true concentration Ctrue of acidic monomer solutions (stars), 

their sodium salts without (empty triangles down) and with cross-linker (filled 

triangles down). Cnom = 5 w/v %. (c) The ice volume Vice of acidic monomer 

solutions (stars), their sodium salts without (empty diamonds) and with cross-linker 

(filled diamonds). 

Biological polymer solutions 

Finally, the frozen 5 w/v% aqueous SF and DNA solutions without and with cross-

linker were first frozen at -18°C, and then melted by heating from -18°C to 10°C in 

DSC. The amounts of BDDE were 2 w/v% for DNA and 1.993 mL per gram fibroin 

(e.g., 20 mmole epoxide groups per gram of fibroin) for SF solutions. Figure 6.9 shows 

(c) 

(b) 
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the melting peaks of these solutions without (dashed lines) and with cross-linker (solid 

lines). For comparison, DSC scan of pure water is also shown in the Figure 6.9 by 

solid black curve. The results of calculations from DSC curves, namely the melting 

temperature, the mass fraction of the unfrozen domains, the cryo-concentrations and 

the ice volumes, are compiled in Table A.3. 
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Figure 6.9 : DSC scans of pure water (black line), 5 w/v% DNA solutions without 

(cyan dashed line) and with cross-linker (cyan solid line) and 5 w/v% SF solutions 

without (purple dashed line) and with cross-linker (purple solid line). The solutions 

were first frozen at -18°C, and then melted by heating from -18°C to 10°C at a rate of 

1°C/min. 

Figure 6.10 shows the melting temperatures of pure water, 5 w/v % SF and DNA 

solutions without (empty circles) and with cross-linker (filled circles). The average 

melting temperatures of SF and DNA aqueous solutions without cross-linker were 

calculated from the peak maximum temperature, 2.5 ± 0.07°C and 2.0 ± 0.01°C, 

respectively. As indicated by the filled symbols in Figure 6.10, the addition of cross-

linker decreased sharply the melting point of SF while it decreased by approximately 

1°C for DNA, due to the melting point depression induced by adding solutes. 
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Figure 6.10 : The melting temperatures of pure water, 5 w/v % SF and DNA 

solutions without (empty circles) and with cross-linker (filled circles). 

Figure 6.11 shows the mass fraction funf of unfrozen domains, the true concentrations 

Ctrue and the ice volumes Vice of biopolymer precursor solutions without (empty 

symbols) and with cross-linker (filled symbols). As indicated by the empty symbols in 

Figure 6.11a, the average mass fractions of the unfrozen domain of the frozen SF and 

DNA solutions without cross-linker were calculated as 11.8 ± 0.1 wt% and 17.5 ± 0.3 

wt%, respectively. With the addition of cross-linker, these values of SF and DNA 

increased twice as seen by the filled symbols in Figure 6.11a, 24.8 ± 0.9 wt% and 32.1 

± 1.1 wt%, respectively. By the empty symbols in Figure 6.11b, the true concentrations 

of SF and DNA solutions without cross-linker were 30.9 ± 0.1 w/v% and 23.2 ± 0.3 

w/v%, respectively; the ice volumes of SF and DNA solutions without cross-linker 

were 16.8 ± 0.01 mL/g and 15.8 ± 0.04 mL/g, respectively. These values decreased 

with adding cross-linker by the filled symbols in Figure 6.11b, inversely proportion of 

increasing mass fraction of unfrozen domains. The true concentration values of SF and 

DNA with cross-linker decreased to 17.5 ± 0.6 w/v% and 14.1 ± 0.4 w/v%, 

respectively. The ice volume values of SF and DNA with cross-linker decreased 

slightly with respect to solutions without cross-linker, which were 14.4 ± 0.2 mL/g and 

13.0 ± 0.2 mL/g, respectively.  



37 

DNA SF

f u
n

f 
/ 

w
t%

10

15

20

25

30

35
(a)

 
DNA SF

C
tr

u
e
 /

 w
/v

%

5

10

15

20

25

30

V
ic

e
 /

 m
L

g
-1

10

12

14

16

18

20

Cnom = 5 w/v%

(b)

 

Figure 6.11 : (a) The mass fraction funf of unfrozen domain of frozen SF and DNA 

solutions without (empty triangles up) and with cross-linker (filled triangles up). (b) 

The true concentration Ctrue (left) of SF and DNA solutions without (empty triangles 

down) and with cross-linker (filled triangles down) and the ice volume Vice (right) of 

SF and DNA solutions without (empty diamonds) and with cross-linker (filled 

diamonds). Cnom = 5 w/v %. 

 Comparison of DSC Results 

As detailed above, the cryogenic conditions of cryogels were simulated by first 

freezing the precursor solution of cryogels without an initiator and catalyst at -18°C in 

DSC followed by heating from -18°C to 10°C at a fixed rate. The main results obtained 

from their DSC scans were (a) the melting temperature of the frozen 

monomer/biopolymer solutions, (b) the amount of the unfrozen domains of apparently 

frozen monomer/biopolymer solutions at -18°C, (c) the true monomer/biopolymer 

concentration in the unfrozen domains, and (d) the total volume of ice. How these 

results vary depending on the type of the monomers and biopolymers will provide a 

better understanding in monomer/biopolymer concentration during cryogelation and 

the pore volume of the resulting cryogels.  

Figure 6.12 compares the mass fraction funf of the unfrozen domain (triangle) and ice 

volume Vice (diamonds) of the frozen monomer/biopolymer solutions with cross-

linker. The reason for the existence of unfrozen domains in an apparently frozen 

solution at -18°C was attributed to the formation of the intermolecular hydrogen 

bonding between pure water and monomer, or biopolymer. Figure 6.12 shows that both 
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funf and Vice strongly depend on the type of monomer or polymer as well as their degree 

of ionization. 

The frozen DMAA solutions contain fewer amounts of unfrozen domain than the 

frozen AAm solutions because DMAA monomer has more hydrophobic character than 

AAm due to dimethyl groups, and hence, forms fewer hydrogen bonds with pure water, 

which prevents freezing. So, more ice formation was observed in the simulation of the 

frozen DMAA solutions. After DMAA and AAm, funf further increases while Vice 

decreases for SF and DNA solutions. SF is known to exhibit a blocky structure 

consisting of hydrophilic and hydrophobic blocks [80] while DNA is an ionic 

biopolymer consisting of hydrophilic deoxyribose sugar, an anionic phosphate group, 

and four hydrophobic amine bases [81]. Since more hydrogen bonds are formed in the 

frozen DNA solutions due to the strong interaction between water molecules and 

charged units in DNA chain, DNA solutions had more unfrozen domain fractions funf 

and less ice volume Vice than SF. Figure 6.12 also demonstrates that the highest mass 

fraction of unfrozen domains and hence the lowest ice fraction were obtained from the 

frozen ionic monomer solutions. AAc-Na and MAAc-Na have a negatively charged 

carboxylic group, COO- and AMPS-Na has an anionic sulfonate group, SO3
- when 

they dissociate in solutions due to their strong electrolyte nature. These charged groups 

formed stronger hydrogen bonds between water and monomers than non-ionic 

monomers. Thus, the most and least ice volumes were observed in the frozen non-ionic 

monomer solutions and ionic monomer solutions, respectively.  
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Figure 6.12 : The comparison of the mass fraction funf of unfrozen domain (triangle) 

and ice volume Vice (diamond) of the frozen monomer/biopolymer solutions with 

cross-linker. 

 Cryogel Results 

The non-ionic and ionic synthetic cryogels were synthesized from AAm, DMAA, 

AAc-Na, MAAc-Na and AMPS-Na monomers with BAAM cross-linker in the 

presence of redox initiator system at -18°C. The biological cryogels were synthesized 

from SF and DNA biopolymers with BDDE cross-linker in the presence of catalyst at 

-18°C. A reaction time of 24 h sufficed for the preparation of all cryogels except DNA 

ones. We observed that at least 3 days are needed to be completed the cryogelation 

reaction for DNA. To investigate the reaction time dependent variation of the cryogel 

properties, the cryogelation reactions of DNA were stopped after 3, 4, 5 and 6 days 

while the reactions were stopped after 1, 2, 3 and 4 days for other cryogels.  

Figure 6.13 and Table A.4 show the gel fraction Wg of the cryogels formed at different 

reaction times. Wg is the cross-linked polymer fraction obtained from 1 g of monomer 

or polymer. Thereby, Wg close to unity means that almost all the monomers or 

polymers joined to the cross-linked polymer. It is seen that the gel fractions of 

P(AAm), P(DMAA) and P(AMPS-Na) cryogels after a reaction time of one day are 
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0.95 ± 0.04, 1.03 ± 0.10 and 0.99 ± 0.06, respectively. Thus, these values are close to 

unity after 1 day, and remain unchanged at longer reaction times. In contrast, Wg of 

SF and DNA cryogels after a reaction time of 1 day for SF and 3 days for DNA is 

slightly lower, namely 0.84 ± 0.01 and 0.92 ± 0.02, respectively, and Wg slightly 

increases with increasing reaction time as seen in Figure 6.13b. Therefore, 3 days were 

enough to be completed the cryogelation for DNA cryogels and 1 day was enough for 

other cryogels. 

Interestingly, the gel fractions Wg of P(AAc-Na) and P(MAAc-Na) after 1 day of 

reaction time are larger than 1, i.e., 1.14 ± 0.01 and 1.40 ± 0.03, respectively, 

independent on the reaction time between 1 and 4 days. A higher gel fraction of more 

than 1 is impossible due to the law of mass conservation. These results can be 

explained with the existence of the bound water to the polymer chain, which is caused 

by the strong interactions between pure water and ionic groups of the polymer network. 

The bound water cannot be separated by freeze-drying, so the gel fraction values were 

calculated as more than 1. 
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Figure 6.13 : The gel fraction, Wg of cryogels plotted against the gelation time. 

Gelation temperature = -18°C. (a) P(MAAc-Na) (triangle up), P(AAc-Na) (square), 

P(DMAA) (circle), P(AAm) (triangle down), P(AMPS-Na) (star). (b) DNA cryogel 

(hexagonal) and silk fibroin (diamond). 

We observed that all the cryogels presented here swell in pure water without dissolving 

due to their cross-linked structure. In this study, all cryogels were cut into small 

samples and they were immersed in an excess of pure water to determine their swelling 

(b) (a) 
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behaviors. After reaching equilibrium in pure water, the equilibrium weight and 

volume swelling ratios of cryogels were calculated at different gelation times.  

Figure 6.14, Tables A.5 and A.6 present the equilibrium swelling weight qw (filled 

symbols) and the equilibrium volume swelling ratios qv (empty symbols) of the 

cryogels formed at various reaction times. Both qw and qv of P(AAm) and P(DMAA) 

are independent on the gelation time between 1 and 4 days. As seen in Figure 6.14a, 

qw values of P(AAm) and P(DMAA) after 1 day of reaction time are 31.4 ± 0.9 and 

31.7 ± 1.7, respectively, which are much higher than their qv values 1.34 ± 0.11 and 

1.37 ± 0.22, respectively. As indicated in Figure 6.14b, qw and qv of P(AAc-Na), 

P(MAAc-Na) and P(AMPS-Na) are also independent on the gelation time between 1 

and 4 days. qw values of P(AAc-Na), P(MAAc-Na) and P(AMPS-Na) after 1 day of 

reaction time are 93.3 ± 3.2, 124.7 ± 5.8 and 135.8 ± 5.7, respectively. Moreover, qv 

values of P(AAc-Na), P(MAAc-Na) and P(AMPS-Na) after 1 day of reaction time are 

3.91 ± 0.06, 3.07 ± 0.49 and 1.59 ± 0.12, respectively. 

The reason why ionic cryogels swell much more than non-ionic cryogels is the charged 

units in the polymer chain of ionic cryogels. Polyelectrolyte gels dissociate into 

polyanions or polycations and their counterions in a solution. The charged units cause 

the concentration difference of counterions inside and outside the cryogel, which 

create the osmotic pressure. More water molecules want to enter the gel due to the 

osmotic pressure. P(AAc-Na) and P(MAAc-Na) dissociated into the polymer chain 

with COO- and Na+ while P(AMPS-Na) dissociated into SO3
- and Na+ in pure water. 

Therefore, they swelled more than non-ionic P(AAm) and P(DMAA) cryogels, due to 

osmotic pressure. 
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Figure 6.14 : (a) The equilibrium weight swelling ratio qw (filled symbols) and the 

equilibrium volume swelling ratio qv (empty symbols) of P(DMAA) (circle) and 

P(AAm) (triangle down) plotted against the gelation time. (b) The equilibrium 

weight swelling ratio qw (filled symbols) and the equilibrium volume swelling ratio 

qv (empty symbols) of P(AMPS-Na) (star), P(MAAc-Na) (triangle up), P(AAc-Na) 

(square) plotted against the gelation time. 

Figure 6.15 shows the equilibrium swelling weight qw (filled symbols) and the 

equilibrium volume swelling ratios qv (empty symbols) of the biological cryogels 

formed at various reaction times. qw and qv are independent on the gelation time for 

both biological cryogels. qw values of SF and DNA cryogels after a reaction time of 1 

day for SF and 3 days for DNA are 8.1 ± 1.0 and 50.0 ± 3.0, respectively. The reason 

why DNA cryogels swelled much more than SF cryogels is the negative units in DNA 

chain caused by the phosphate group, which caused the osmotic pressure inside and 

outside the gel. Furthermore, the large hydrophobic blocks in silk fibroin structure 

prevented the swelling of SF cryogels in pure water. And, qv values of SF and DNA 

cryogels after a reaction time of 1 day for SF and 3 days for DNA are very close to 

each other, 1.13 ± 0.07 and 1.25 ± 0.09, respectively. 

(a) (b) 
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Figure 6.15 : The equilibrium weight swelling ratio qw (filled symbols) and the 

equilibrium volume swelling ratio qv (empty symbols) of DNA cryogel (hexagonal) 

and silk fibroin (diamond) plotted against the gelation time. 

Figure 6.16 and Table A.7 represent the swollen state porosity Ps% of cryogels formed 

at various reaction times. All cryogels have more than 90% swollen state porosity and 

also, Ps% is independent on the gelation time for all cryogels as seen in Figures 6.16a 

and 6.16b. Ps% values of P(DMAA), P(AAm), P(AAc-Na), P(MAAc-Na) and 

P(AMPS-Na) after a reaction time of 1 day are quite close, 96.3 ± 0.6%, 97.0 ± 0.6%, 

97.4 ± 0.1%, 98.5 ± 0.2% and 99.0 ± 0.2%, respectively. The most porous cryogel was 

P(AMPS-Na) in the swollen state. The values of SF and DNA cryogels after a reaction 

time of 1 day for SF and 3 days for DNA are 89.1 ± 2.3% and 97.3 ± 0.4%, 

respectively. 

Gelation time / day

1 2 3 4

P
s
 %

 

20

40

60

80

100

 Gelation time / day

1 2 3 4

P
s
 %

 

20

40

60

80

100

Gelation time / day

3 4 5 6

 

(a) (b) 



44 

Figure 6.16 : The swollen state porosity Ps% of cryogels plotted against the gelation 

time. (a) P(MAAc-Na) (triangle up), P(AAc-Na) (square), P(DMAA) (circle), 

P(AAm) (triangle down), P(AMPS-Na) (star). (b) DNA cryogel (hexagonal) and silk 

fibroin (diamond). 

The total pore volumes of cryogels are calculated by the uptake of poor solvent volume 

by the pores. Poor solvent does not interact with cross-linked polymer chain, just fills 

in the pores. Thus, the total pore volume can be determined by the change of weight 

after filling poor solvent by pores. Methanol was used as a poor solvent for DNA 

cryogels, and acetone was used as a poor solvent for other cryogels. The small cryogel 

samples were immersed in an excess of poor solvent until reaching equilibrium, and 

then pore volumes were calculated. 

Figure 6.17 and Table A.8 show the total pore volume Vp of the cryogels formed at 

various reaction time. It is seen that the total pore volumes are almost the same except 

for ignorable fluctuations for all cryogels with increasing gelation time. For non-ionic 

cryogels, Vp values of P(AAm) and P(DMAA) after a reaction time of 1 day are 15.6 

± 1.6 mL/g and 14.4 ± 0.1 mL/g, respectively. For ionic cryogels, Vp values of P(AAc-

Na), P(MAAc-Na) and P(AMPS-Na) after a reaction time of 1 day are 6.6 ± 0.5 mL/g, 

10.4 ± 0.1 and 10.2 ± 1.0 mL/g, respectively. For biological cryogels, the values of SF 

and DNA cryogels after a reaction time of 1 day for SF and 3 days for DNA are 10.1 

± 1.2 mL/g and 12.9 ± 1.8 mL/g, respectively. 
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Figure 6.17 : The total pore volume Vp of cryogels plotted against the gelation 

time. (a) P(MAAc-Na) (triangle up), P(AAc-Na) (square), P(DMAA) (circle), 

P(AAm) (triangle down), P(AMPS-Na) (star). (b) DNA cryogel (hexagonal) and silk 

fibroin (diamond). 

The texture determinations of cryogels were carried out by optical and scanning 

electron microscopes. These measurements gave an insight into the interior structure 

of cryogels in freeze-dried states. Figures A.1, A.2 and A.3 show the optical 

microscope images of cryogels formed at various reaction time. Their average pore 

diameters are indicated in Figure 6.18 and Table A.9. There was no change in pore 

diameters for all cryogels with increasing gelation times as seen in Figures 6.18a and 

6.18b. The average pore diameters of P(DMAA), P(AAm), P(MAAc-Na), P(AMPS-

Na) and P(AAc-Na) after a reaction time of 1 day are calculated as 207.8 ± 11.2 µm, 

139 ± 11.3 µm, 138.5 ± 7.1 µm, 74.2 ± 6.0 µm and 43.7 ± 4.6 µm, respectively whereas 

the average values of DNA and SF cryogels after a reaction time of 1 day for SF and 

3 days for DNA are calculated as 135.7 ± 2.9 µm and 35.9 ± 3.7 µm, respectively. 
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Figure 6.18 : The average pore diameter of cryogels plotted against the gelation 

time. (a) P(DMAA) (circle), P(AAm) (triangle down), P(MAAc-Na) (triangle up), 

P(AMPS- Na) (star) and P(AAc-Na) (square). (b) DNA cryogel (hexagonal) and silk 

fibroin (diamond). 

SEM images of cryogels were captured from the samples of P(AAm), P(DMAA), 

P(MAAc-Na), and P(AMPS-Na) cryogels whose have 2 days gelation time and 

(a) (b) 
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P(AAc-Na), SF and DNA cryogels whose have 4 days gelation time because the 

average pore diameters did not change at different gelation times for all cryogels. 

These days were chosen based on the gel fractions of cryogels which are closer to 1 

and the optical microscope images which are seen clearly.  

The optical microscope and SEM images of cryogels are compared in Figures 6.19, 

6.20 and 6.21. The images indicate that all cryogels have porous structure although 

some irregularities in the pore sizes are seen in the SEM images. The irregularity in 

pore size could be caused by the heterogeneous cross-linking at -18°C. After too large 

and too small pores were ignored and the average pore sizes of cryogels were 

calculated through the regular pores in SEM images, the average pore diameters are 

close to the values calculated by optical microscope as indicated in Table 6.1. 

Table 6.1 : The comparison of the average pore diameters of cryogels calculated 

from optical microscope and SEM images. The standard deviations of the 

measurements were given in the parentheses. 

Cryogel type 
by optical 

microscope, µm 
by SEM, µm 

P(AAm) 138.5 (8.7) 130.5 (7.2) 

P(DMAA) 205.4 (10.4) 202.3 (8.9) 

P(AAc-Na) 41.8 (3.0) 51.6 (4.8) 

P(MAAc-Na) 138.7 (8.1) 132.5 (9.3) 

P(AMPS-Na) 73.9 (5.0) 72.4 (3.8) 

SF cryogel 32.4 (4.0) 48.4 (3.7) 

DNA cryogel 133.0 (2.7) 125.1 (7.3) 
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Figure 6.19 : The comparison of the internal structures of P(AAm) (up) and 

P(DMAA) (down) cryogels taken by optical microscope (left) and SEM 

(right). Scaling bars in optical microscope and SEM images are 100 and 300 μm, 

respectively. 
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Figure 6.20 : The comparison of the internal structures of P(AAc-Na) (up), 

P(MAAc-Na) (middle) and P(AMPS-Na) (down) cryogels taken by optical 

microscope (left) and SEM (right). Scaling bars in optical microscope and SEM 

images are 100 and 300 μm, respectively. 
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Figure 6.21 : The comparison of the internal structures of SF (up) and DNA (down) 

cryogels taken by optical microscope (left) and SEM (right). Scaling bars in optical 

microscope and SEM images are 100 and 300 μm, respectively. 

 Comparison of Results 

The main aim of this study was to find a correlation between the total pore volume of 

cryogels and their cryogenic conditions simulated by differential scanning calorimetry 

(DSC). For this purpose, the ice volume of the frozen aqueous solutions at -18°C 

calculated by DSC and the total pore volume of the cryogels were compared.  

Figure 6.22 and Table 6.2 show the ice volume in the precursor solution of the cryogels 

calculated by DSC measurements and the total pore volume of cryogels. As indicated 

in Table 6.2, the ice volume Vice in the frozen AAm, DMAA, AAc-Na, MAAc-Na, 

AMPS-Na, SF and DNA solutions were calculated as 16.5 ± 0.3, 17.9 ± 0.2, 12.0 ± 

0.1, 11.8 ± 0.1, 13.1 ± 0.3, 14.4 ± 0.2 and 13.0 ± 0.2 mL/g, respectively. Since it was 

seen that the reaction time did not affect the total pore volumes for all cryogels, the 

values of the total pore volume of all cryogels formed at different reaction times were 

averaged for each cryogels and these values were compared with the ice volumes 
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obtained by the simulation in DSC instrument. The average pore volumes Vp of 

P(AAm), P(DMAA), P(AAc-Na), P(MAAc-Na), P(AMPS-Na), SF and DNA cryogels 

were 15.6 ± 0.3, 14.1 ± 0.5, 6.8 ± 0.1, 10.5 ± 0.2, 10.6 ± 0.4, 10.4 ± 0.4 and 12.4 ± 0.4 

mL/g, respectively. 

Table 6.2 : The comparison of ice volumes obtained by the simulation in DSC and 

the total pore volumes of cryogels. The standard deviations of the measurements 

were given in the parentheses. 

Solution type Vice, mL/g Cryogel type Vp, mL/g 

AAm 16.5 (0.3) P(AAm) 15.6 (0.3) 

DMAA 17.9 (0.2) P(DMAA) 14.1 (0.5) 

AAc-Na 12.0 (0.1) P(AAc-Na) 6.8 (0.1) 

MAAc-Na 11.8 (0.1) P(MAAc-Na) 10.5 (0.2) 

AMPS-Na 13.1 (0.3) P(AMPS-Na) 10.6 (0.4) 

SF 14.4 (0.2) SF cryogel 10.4 (0.4) 

DNA 13.0 (0.2) DNA cryogel 12.4 (0.4) 

 

The relationship between ice volume, Vice and total pore volume, Vp can be seen in 

Figure 6.22. The filled diamond symbols represent Vice in the frozen solutions which 

were calculated from their melting peaks in DSC, and the blank symbols represent Vp 

of the cryogels which were calculated from the uptaken amount of poor solvent by 

pores. It is seen that all cryogels exhibit a slightly less pore volume than the estimated 

ice volume from DSC. This difference is attributed to the shrinkage of the pores in the 

cryogels during freeze-drying. Freeze-drying process leads to the formation of the 

porous structure by sublimation of the frozen solvent molecules under a high vacuum 

while it preserves the cross-linked polymer structure [82]. As a result, the total pore 

volume of cryogels can be approximately predicted by the simulation of their 

cryogenic conditions in DSC before synthesis even if there was a shrinkage of the 

pores due to high vacuum during freeze-drying. Furthermore, various cryogenic 

conditions and types of monomeric/polymeric precursors can be simulated by DSC 

instrument and their effects on the final cryogel can be compared before the cryogel 

synthesis. Therefore, the prediction of the cryogel porosity can provide saving on 

chemicals, time and labor force significantly. 
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Figure 6.22 : The comparison of the ice volume obtained by the simulation in DSC 

and the total pore volumes calculated from cryogels. 
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 CONCLUSION 

Cryogels are chemically or physically cross-linked polymer gel networks obtained via 

cryogelation reaction below the freezing temperature of the reaction system. A semi-

frozen medium, which refers to the existence of unfrozen domains in an apparently 

frozen system, forms at these temperatures. Cryogels are obtained by cryogelation 

reactions which take place in the unfrozen domains, and the frozen domains are 

responsible for the pore formation of the final cryogels. For that reason, a characteristic 

feature of cryogels is their interconnected macroporous structure thanks to the frozen 

domains. The macroporous structure enables cryogels to be used in various 

applications such as drugs, sorbent materials, and artificial implants. Therefore, that 

the macroporous structure is estimated in advance provides many advantages.  

The main aim of this study was to find a correlation between the total pore volume of 

cryogels and their cryogenic conditions simulated in differential scanning calorimetry. 

A series of synthetic and biological cryogels were synthesized. The synthetic cryogels 

were prepared using AAm, DMAA, AAc-Na, MAAc-Na and AMPS-Na with BAAM 

as a cross-linker in the presence of suitable initiator-catalyst pair at -18°C while the 

biological cryogels were prepared using SF and DNA with BDDE as a cross-linker in 

the presence of a catalyst at -18°C. All cryogels were characterized after freeze-drying. 

Their gel fractions, equilibrium swelling ratios, swollen state porosities and total pore 

volumes were calculated. Their interior structures were also investigated by both 

optical microscope and scanning electron microscope. 

The cryogenic conditions of cryogels were simulated in differential scanning 

calorimetry. The cryogel solutions without initiator and catalyst were prepared and 

frozen at -18°C. The frozen solutions were melted by heating from -18°C to 10°C with 

a scanning rate of 1°C/min in DSC. From their melting peaks obtained by DSC, the 

melting temperatures, the mass amounts of the unfrozen domain, cryo-concentrations, 

and ice volumes of the frozen solutions were calculated.  

The ice volume of the frozen solutions obtained by DSC should be compatible with 

the total pore volume of cryogels since the formation of ice during cryogelation is 

responsible for the pores of cryogel after completing reaction and thawing of the frozen 

system. It is observed that a direct correlation between the ice volume of frozen 

solutions calculated from DSC and the total pore volume of cryogels. The ice volume 
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of the frozen AAm, DMAA, AAc-Na, MAAc-Na, AMPS-Na, SF and DNA solutions 

were calculated as 16.5 ± 0.3, 17.9 ± 0.2, 12.0 ± 0.1, 11.8 ± 0.1, 13.1 ± 0.3, 14.4 ± 0.2 

and 13.0 ± 0.2 mL/g, respectively, while the total pore volume of the corresponding 

cryogels were 15.6 ± 0.3, 14.1 ± 0.5, 6.8 ± 0.1, 10.5 ± 0.2, 10.6 ± 0.4, 10.4 ± 0.4 and 

12.4 ± 0.4, mL/g, respectively. This difference was attributed to the shrinkage of the 

pores in the cryogels during freeze-drying. As a result, the total pore volume of 

cryogels can be approximately predicted by the simulation of their cryogenic 

conditions in DSC instrument before the cryogel synthesis. Moreover, the possible 

differences between cryogels can be found before synthesis when different types of 

precursors and cross-linker, or other cryogenic conditions are used. Therefore, the 

simulation method in DSC can significantly reduce chemical consumption and save 

time and labor force for the various cryogenic conditions. 
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APPENDIX 

 

 

*The standard deviations of the measurements were given in the parentheses. 

 

Table A.1 : The results of the frozen aqueous AAm and DMAA solutions (Cnom = 5 w/v %) obtained from the simulation in DSC. 

Without 

cross-linker 
Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

AAm 0.35 (0.01) 29.2 (1.8) 15.3 (0.8) 13.6 (0.4) 

DMAA -3.40 (0.07) 26.0 (3.2) 16.9 (1.7) 14.1 (0.6) 

 

With cross-

linker 
Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

AAm 1.25 (0.11) 13.8 (1.5) 27.8 (2.2) 16.5 (0.3) 

DMAA -2.30 (0.30) 6.5 (1.3) 44.7 (4.7) 17.9 (0.2) 
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Table A.2 : The results of the frozen aqueous solutions of acidic monomers and their sodium salts (Cnom = 5 w/v %) obtained from the 

simulation in DSC. 

Without cross-

linker 
Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

MAAc -2.3 (0.01) 6.5 (1.3) 45.6 (5.1) 17.9 (0.3) 

AMPS -3.3 (0.11) 24.4 (0.1) 17.8 (0.1) 14.4 (0.1) 

AAc -4.4 (0.02) 16.9 (1.9) 24.2 (2.2) 15.9 (0.4) 

 

Without cross-linker Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

MAAc-Na -0.3 (0.04) 99.5 (0.2) 5.0 (0) 0.1 (0) 

MAAc-Na* -4.9 (0.09) 30.6 (1.2) 14.7 (0.5) 13.3 (0.2) 

AAc-Na -6.4 (0.24) 34.7 (0.2) 13.2 (0.1) 12.5 (0.1) 

AMPS-Na -3.2 (0.15) 19.5 (0.7) 22.3 (0.4) 15.4 (0.1) 

With cross-linker Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

MAAc-Na -6.5 (0.07) 38.0 (0.7) 12.2 (0.2) 11.8 (0.1) 

AAc-Na -6.6 (0.08) 37.2 (0.3) 12.5 (0.1) 12.0 (0.1) 

AMPS-Na -3.4 (0.01) 31.5 (1.6) 14.3 (0.6) 13.1 (0.3) 

MAAc-Na*: 5 w/v% MAAc-Na solution with AgI addition. 
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Table A.3 : The results of the frozen aqueous SF and DNA solutions (Cnom = 5 w/v %) obtained from the simulation in DSC. 

Without cross-

linker 
Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

SF 2.5 (0.07) 11.8 (0.1) 30.9 (0.1) 16.8 (0.01) 

DNA 2.0 (0.01) 17.5 (0.3) 32.2 (0.3) 15.8 (0.04) 

 

With cross-

linker 
Tm, °C funf, wt% Ctrue, w/v% Vice, mL/g 

SF -0.6 (0.12) 24.8 (0.9) 17.5 (0.6) 14.4 (0.2) 

DNA 0.9 (0.01) 32.1 (1.1) 14.1 (0.4) 13.0 (0.2) 

 

Table A.4 : The gel fractions, Wg of cryogels formed at various reaction times. 

Wg P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF Wg DNA 

Day1 
0.95 

(0.04) 

1.03 

(0.10) 

1.14 

(0.01) 

1.40 

(0.03) 

0.99 

(0.06) 

0.84 

(0.01) 
Day3 

0.92 

(0.02) 

Day2 
1.08 

(0.01) 

1.0 

(0.02) 

1.14 

(0.02) 

1.47 

(0.08) 

1.01 

(0.01) 

0.89 

(0.01) 
Day4 

0.96 

(0.03) 

Day3 
1.02 

(0.01) 

1.06 

(0.01) 

1.15 

(0.01) 

1.43 

(0.12) 

1.01 

(0.01) 

0.88 

(0.01) 
Day5 

1.0 

(0.01) 

Day4 
1.04 

(0.01) 

1.04 

(0.02) 

1.16 

(0.01) 

1.41 

(0.13) 

0.98 

(0.06) 

0.89 

(0.01) 
Day6 

1.01 

(0.05) 

 

 



63 

Table A.5 : The equilibrium weight swelling ratios, qw of cryogels formed at various reaction times. 

qw P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF qw DNA 

Day1 
31.4 

(0.9) 

31.7 

(1.7) 

93.3 

(3.2) 

124.7 

(5.8) 

135.8 

(5.7) 

8.1 

(1.0) 
Day3 

50.0 

(3.0) 

Day2 
32.2 

(1.8) 

31.1 

(0.1) 

95.7 

(1.7) 

122.6 

(2.6) 

135.0 

(2.6) 

8.5 

(1.2) 
Day4 

50.6 

(0.3) 

Day3 
31.1 

(4.8) 

32.5 

(1.8) 

93.1 

(0.8) 

124.5 

(1.8) 

139.7 

(9.4) 

8.5 

(1.1) 
Day5 

50.4 

(0.5) 

Day4 
32.0 

(0.7) 

31.2 

(1.2) 

94.7 

(4.4) 

122.2 

(1.7) 

141.0 

(4.6) 

8.3 

(1.7) 
Day6 

51.4 

(1.9) 

 

Table A.6 : The equilibrium volume swelling ratios, qv of cryogels formed at various reaction times. 

qv P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF qv DNA 

Day1 
1.34 

(0.11) 

1.37 

(0.22) 

3.91 

(0.06) 

3.07 

(0.49) 

1.59 

(0.12) 

1.13 

(0.07) 
Day3 

1.25 

(0.09) 

Day2 
1.30 

(0.13) 

1.38 

(0.08) 

3.46 

(0.22) 

3.38 

(0.54) 

1.47 

(0.30) 

1.22 

(0.09) 
Day4 

1.14 

(0.07) 

Day3 
1.28 

(0.16) 

1.36 

(0.14) 

3.32 

(0.91) 

3.15 

(0.45) 

1.42 

(0.19) 

1.12 

(0.09) 
Day5 

1.25 

(0.01) 

Day4 
1.27 

(0.06) 

1.37 

(0.03) 

3.45 

(1.34) 

3.48 

(0.87) 

1.47 

(0.13) 

1.71 

(0.07) 
Day6 

1.10 

(0.02) 
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Table A.7 : The swollen state porosities, Ps of cryogels formed at various reaction times. 

Ps% P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF Ps% DNA 

Day1 
97.0 

(0.6) 

96.3 

(0.6) 

97.4 

(0.1) 

98.5 

(0.2) 

99.0 

(0.2) 

89.1 

(2.3) 
Day3 

97.3 

(0.4) 

Day2 
97.1 

(0.2) 

96.0 

(0.2) 

97.6 

(0.2) 

98.4 

(0.3) 

99.3 

(0.3) 

89.7 

(0.9) 
Day4 

97.9 

(0.2) 

Day3 
97.3 

(0.3) 

96.7 

(0.5) 

97.5 

(0.2) 

98.6 

(0.5) 

99.4 

(0.2) 

89.7 

(2.0) 
Day5 

97.5 

(0.2) 

Day4 
97.3 

(0.5) 

96.2 

(0.5) 

97.6 

(0.2) 

98.2 

(0.1) 

99.2 

(0.5) 

90.0 

(2.1) 
Day6 

97.9 

(0.2) 

 

Table A.8 : The total pore volumes, Vp of cryogels formed at various reaction times. 

Vp, 

mL/g 
P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF 

Vp, 

mL/g 
DNA 

Day1 
15.6 

(1.6) 

14.4 

(0.1) 

6.6 

(0.5) 

10.4 

(0.1) 

10.2 

(1.0) 

10.1 

(1.2) 
Day3 

12.9 

(1.8) 

Day2 
15.9 

(1.9) 

14.7 

(2.7) 

6.9 

(0.3) 

10.5 

(0.8) 

11.2 

(0.3) 

10.1 

(0.9) 
Day4 

12.5 

(1.7) 

Day3 
15.2 

(1.5) 

13.6 

(1.1) 

6.8 

(0.6) 

10.7 

(0.7) 

10.6 

(0.9) 

10.5 

(1.3) 
Day5 

12.1 

(1.6) 

Day4 
15.6 

(1.6) 

13.7 

(1.5) 

6.7 

(0.6) 

10.5 

(1.1) 

10.6 

(0.8) 

10.9 

(0.5) 
Day6 

12.1 

(1.1) 
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Table A.9 : The average pore diameters calculated from optical microscope images of cryogels formed at various reaction times. 

Pore 

dia, 

µm 

P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF 

Pore 

dia, 

µm 

DNA 

Day1 
139.0 

(11.3) 

207.8 

(11.2) 

43.7 

(4.6) 

138.5 

(7.1) 

74.2 

(6.0) 

35.9 

(3.7) 
Day3 

135.7 

(2.9) 

Day2 
138.6 

(8.7) 

205.4 

(10.4) 

40.2 

(2.8) 

138.7 

(8.1) 

73.9 

(5.0) 

31.8 

(2.1) 
Day4 

133.0 

(2.7) 

Day3 
138.6 

(7.6) 

207.1 

(15.5) 

41.8 

(5.3) 

140.0 

(8.4) 

74.7 

(5.4) 

33.8 

(3.3) 
Day5 

134.0 

(3.8) 

Day4 
138.9 

(5.9) 

207.8 

(16.5) 

41.8 

(3.0) 

138.3 

(7.9) 

75.0 

(4.0) 

32.4 

(4.0) 
Day6 

134.8 

(5.9) 
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Figure A.1 : The optical microscope images of P(AAm) (up) and P(DMAA) (down) cryogels formed at various reaction times. Scaling bar is 

100 µm. 
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Figure A.2 : The optical microscope images of P(AAc-Na) (up), P(MAAc-Na) (middle) and P(AMPS-Na) (down) cryogels formed at various 

reaction times. Scaling bar is 100 µm. 
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Figure A.3 : The optical microscope images of SF (up) and DNA (down) cryogels formed at various reaction times. Scaling bar is 100 µm. 
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