ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

EFFECT OF CRYOGENIC CONDITIONS ON THE PROPERTIES OF
SYNTHETIC AND BIOLOGICAL CRYOGELS

M.Sc. THESIS

Gamze DOSER

Department of Chemistry

Chemistry Programme

SEPTEMBER 2022






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

EFFECT OF CRYOGENIC CONDITIONS ON THE PROPERTIES OF
SYNTHETIC AND BIOLOGICAL CRYOGELS

M.Sc. THESIS

Gamze DOSER
(509201212)

Department of Chemistry

Chemistry Programme

Thesis Advisor: Prof. Dr. Oguz OKAY

SEPTEMBER 2022






ISTANBUL TEKNIK UNIiVERSITESI % LISANSUSTU EGIiTiM ENSTITUSU

SENTETIK VE BiYOLOJIK KRiYOJELLERIN OZELLIKLERINE
KRIYOJENIK KOSULLARIN ETKIiSi

YUKSEK LiSANS TEZI

Gamze DOSER
(509201212)

Kimya Anabilim Dah

Kimya Program

Tez Damismani: Prof. Dr. Oguz OKAY

EYLUL 2022






Gamze DOSER, a M.Sc. student of ITU Graduate School of Science Engineering and
Technology student ID 509201212, successfully defended the thesis entitled
“EFFECT OF CRYOGENIC CONDITIONS ON THE PROPERTIES OF
SYNTHETIC AND BIOLOGICAL CRYOGELS”, which she prepared after fulfilling
the requirements specified in the associated legislations, before the jury whose
signatures are below.

Thesis Advisor : Prof. Dr. Name SURNAME e
Istanbul Technical University

Jury Members : Prof. Dr. Name SURNAME
Istanbul Technical University

Prof. Dr. Name SURNAME
............................. University

Prof. Dr. Name SURNAME e
............................. University

Date of Submission :
Date of Defense






To my family,

vii






FOREWORD

I am sincerely thankful to my thesis supervisor Prof. Dr. Oguz OKAY for his guidance,
encouragement, and valuable opinions throughout my thesis at Istanbul Technical
University, Chemistry department. | also thank my all colleagues in Polymer Gel
Research Lab of Prof. Dr. Oguz OKAY for their support and knowledge, especially
Dr. Berkant YETISKIN, Dr. Esra SU, Cigdem Buse ORAL, Yahya BAS, and Biisra
SEKiZKARDES.

I especially appreciate to my lovely parents, Giizin and Sazi DOSER, and my precious
brother, Serdar Atalay DOSER, who always encourage me in all stages of my life and
make their love and presence felt. Besides, | want to thank my dear Segil BILGIN. |
know her for more than a decade, from middle school to adulthood. She is always there
for me and inspires me to be myself bravely with her endless and unconditional love.

Finally, 1 would like to thank National Research Center on Membrane Technologies
(MEM-TEK) for SEM measurements and Istanbul Technical University (ITU).

September 2022 Gamze DOSER






TABLE OF CONTENTS

Page
FOREWORD.....uuctiiintinisinssssansssssssssssesssssssssssssssssasssssasssssssssasssesasssasasssasasssnsssssasses ix
TABLE OF CONTENT S eirtcsssssssssssssssssssssssssssssssssssssssssssssnsssssssssssnse xi
ABBREVIATIONS ...uooieiticeninessnsssssansssssssssssssssssssssssssssssasssssassssssessassasssssasssssasssase xii
LIST OF TABLES ... eentnetssessssssssssssssssssssssssss s ssssssssssssssssssssnsnsssasnes Xiv
LIST OF FIGURES .....ccuviirisvenrviseessnssesssssssssssusssssasssssasssssssssssssssssssssasssssasssnsssssass Xvi
SUMMARY et ssnesintsssssssssssssssssssssssssssssssssssssssesssssssssssassssssssssssnssssssessssnan XX
OZET  eecereeersesessessessasssssesesssssessssssssasssssssssssssssssssssssssssssssssssasssssessassssseses xxii
1. INTRODUCGTION ..ttt tisssnssesssssssssessssssssssssssssssssssssssssassssssssssssnsssasssssssnsnns 1
2. CRYOGELS ...uoiverrrerrisessnsseesasssesssssssssssssssssssssssasssssssssssssssssssssasssssasssssasssssssssass 5

2.1 Cryogelation REACTION...........ccuiiiiiieieiee st 5
2.2 Swelling Behavior of Cry0gels ..........coviieiiiiiiece e 8
2.3 DESIGN OF CrYOQEIS ..ot 9
2.4 Applications OFf CryogelS.........coiiiiiieiiiic st 10
3. DIFFERENTIAL SCANNING CALORIMETRY ....ccciiiiinneecntssscssnsnnnnaes 11
4. EXPERIMENTAL PROCEDURE ......ccceeceiinveniscnssussensnssnssessussassassessassessessonses 14
4.1 CREMICAIS ...ttt et ereesne e aeaneenrees 14
4.2 SYNtNESIS OF CrYOQEIS....cuviiuieiieiece ettt 17
4.3 Preparation of Solutions for DSC Measurements ..........ccoocevevereeneeneeresrennenns 18
5. CHARACTERIZATION METHODS .....oouevirerinvensasseesasssesassssssssssssssasssssasses 19
5.1 DSC MEASUIEIMENTS ... ..eeteiiieietiesiteeieesieeesteesiteebeesseeesteesseeabeessaeenbeesneeaaeesneens 19
5.1.1 Melting teMPEIatUrE ..........ccueeiiieieieeie ettt 19
5.1.2 Unfrozen Water fraCtion ..........ccooviieereiie e 20
5.1.3 Cry0-CONCENIALION.....cuiiieiveeie ettt ettt sreas 20
5.1.4 1C8 VOIUME ...ttt nnees 20

5.2 Characterization of Cry0gelS........c.ccveiiiiiiiieieiie e, 20
5.2.1 GEITrACHION ...eeeveeceie et nneas 21
5.2.2 Equilibrium swelling measuremMents.........c.cccvevveieeieiieeseese e 22
5.2.3 SWOIIEN StAte POTOSITY .....ocveiviiiieiieieieeie st 22
5.2.4 Total POre VOIUME .....couviiieiiee et 23
5.2.5 Texture determination ...........cocvoieiieereiie e 23

6. RESULTS AND DISCUSSION ..uuooiivinrinsenrusssesasssssasssessessassessasssasasssssssssasssssasses 25
6.1 DSC RESUILS ...veeeeeseie ittt ettt ee e ste e nneenne e 25
6.2 Comparison 0f DSC RESUILS .......ccuveiiiiiiiic e 37
6.3 Cry0gel RESUIES ... 39
6.4 Comparison OF RESUILS ........c.ociuiiiiieie e 49
T CONCLUSTON. i srcescnrscsissssssssssssssssssssssssssssssssssssssssssssnsssssssssssnsssssnsssassas 52
REFERENCES .....ucisiristineninnnsessessssseesssssssssssssssssssssasssssassessassssssassasssssasssssassanses 54
APPENDIX ... iriettnisssssssanssssssssessssssssssssssssssssssssssssssssssssssnsssssasssassssssnnsnns 60
CURRICULUM VITAE. ..uuctirerrrsesensesssssssssssasssssasssssassssssassasssssasssasasssssssssasasssasses 70

Xi



ABBREVIATIONS

3D

A

AAC
AAc-Na
AAM

AMPS
AMPS-Na
APS
BAAM
BDDE
Crom
Chrue

d:

d2

Ddry

AH
AHm
dice
DMAA
DNA
dpoor

Ds

DSC
funt
H20
ICTAC
IUPAC
KPS
LiBr

: Three-dimensional

: Angstrom

. Acrylic acid

. Acrylic acid sodium salt, sodium acrylate

: Acrylamide

: Silver iodide

: 2-Acrylamido-2-methylpropane sulfonic acid

: 2-Acrylamido-2-methylpropane sulfonic acid sodium salt
: Ammonium persulfate

: N, N'- methylene bis(acrylamide)

: 1, 4-butanediol diglycidyl ether

. Initial monomer concentration

: Cryo-concentration

: Density of pure water

: Density of polymer

: The diameter of cryogel in freeze-dried state

: The melting enthalpy of sample

: The melting enthalpy of ice

: Density of ice at -18°C

: N, N-dimethyl acrylamide

: Deoxyribonucleic acid

: Density of poor solvent

: The diameter of cryogel in equilibrium swollen state
. Differential scanning calorimetry

: The mass fraction of unfrozen water at -18°C

: Pure water

. International Confederation for Thermal Analysis and Calorimetry
- International Union of Pure and Applied Chemistry
: Potassium persulfate

> Lithium bromide

Xii



Mo : The weight of cryogel of before freeze-dried state
MAACc : Methacrylic acid
MAAc-Na  : Methacrylic acid sodium salt, sodium methacrylate

Mdry : The weight of cryogel of after freeze-dried state

Mpoor : The weight of cryogel in equilibrium state in poor solvent
M : The weight of cryogel in equilibrium swollen state
MWCO : Molecular weight cutoff

Na2COs : Sodium carbonate

NaOH : Sodium hydroxide

P(AAc-Na) : Poly(sodium acrylate) cryogel
P(AAmM) : Poly(acrylamide) cryogel

P(AMPS-Na) : Poly(2-acrylamido-2-methylpropane sulfonic acid sodium salt)
cryogel

P(DMAA) : Poly(N, N-dimethylacrylamide) cryogel
P(MAACc-Na) : Poly(sodium methacrylate) cryogel

Ps : The swollen state porosity

Qv : The equilibrium volume swelling ratio
Qw : The equilibrium weight swelling ratio
SEM : Scanning electron microscopy

SF - Silk fibroin

SMS : Sodium metabisulfite

Tc : The extrapolated peak offset temperature
Te : The extrapolated peak onset temperature
TEMED : N, N, N’, N'-tetramethylethylenediamine
Ti : The initial peak temperature

Tt : The final peak temperature

Tm : The melting temperature

Tp : The peak maximum temperature
UFLMP : Unfrozen liquid microphase

Vice > Ice volume

Vp : The total pore volume

w : The weight fraction of monomer

Wy : The gel fraction

Xiii



LIST OF TABLES

Page

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 ..........cccccevviveeerccieeeeeee. 46

Table 6.2 : The comparison of ice volumes obtained by the simulation in DSC and the

Table A.1 :

Table A.2 :

Table A.3 :

Table A4 :
Table A.5:

Table A.6:

Table A.7

Table A.8 :

Table A.9 :

total pore volumes of cryogels. The standard deviations of the

measurements were given in the parentheses. ..........ccccoeeiiiiiiiiiinnnnen. 50
The results of the frozen aqueous AAm and DMAA solutions (Cpom = 5
w/v %) obtained from the simulation in DSC.............ccoooiiiiiiiinnnn. 60

The results of the frozen aqueous solutions of acidic monomers and their
sodium salts (Crom = 5 W/v %) obtained from the simulation in DSC.... 61
The results of the frozen aqueous SF and DNA solutions (Crom = 5 w/v
%) obtained from the simulation in DSC.............c.ooooiiiiiin, 62
The gel fractions, W, of cryogels formed at various reaction times ..... 62
The equilibrium weight swelling ratios, qw of cryogels formed at various

TEACLION TIIMIES c..eeeeiiieeiieeeiee e et e et e e sneeeeeneeeeneeesaneeesneeessseeeesseeeanneeaannees 63
The equilibrium volume swelling ratios, qv of cryogels formed at various
TEACLION TIIMIES ..ttt ce et e ettt e et e e e e e e naeesn e e e eaeeeeesseeeenseeeanneeeannees 63
: The swollen state porosities, Ps of cryogels formed at various reaction
EITTIES -ttt et e et e et e et e et e et e e e e e nt e e e neeeeneee s 64
The total pore volumes, V; of cryogels formed at various reaction times
................................................................................................................ 64
The average pore diameters calculated from optical microscope images of
cryogels formed at various reaction times. ..........ceevveeeeveeerieeeerieeeeeneenns 65

Xiv






LIST OF FIGURES

Page

Figure 2.1 : The schematic representation of cryogelation. (a) Preparation of
precursor-solvent system, (b) Freezing of the system, (¢) Completing
cryogelation reaction in a semi-frozen state, and (d) Thawing of the system

.................................................................................................................. 6
Figure 2.2 : Free-radical crosslinking copolymerization of acrylamide and N, N’-
methylene(bis) acrylamide, leading to cross-linked polyacrylamide ...... 7
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............ 8
Figure 2.4 : Schematic representation of a swelling of macroporous cryogel ........... 9
Figure 3.1 : An ideal melting peak..........ooeeviviiiiciieeecececee e 12

Figure 3.2 : Melting curves: (a) liquid crystal, (b, ¢) melting with decomposition, (d)
polymer, (e) eutectic mixture and (f) non-polymeric pure substance [66]..

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. ......oooooiiiiiiiiicceeeee 14

Figure 4.2 : The chemical structures of ionic synthetic monomers: (a) Acrylic acid
sodium salt, (b) Methacrylic acid sodium salt and (¢) 2-acrylamido-2-
methylpropane sulfonic acid sodium salt. The structures were drawn by

ChemSketch Freeware of ACD/Labs.. .....cocooiiiiiiiiiiiiiiiiiieeiieeecieeee 15
Figure 4.3 : The pictures of bombyx mori cocoons (left) and deoxyribonucleic acid
sodium salt from salmon testes (right)..........coeeeeviieeiiiiee e 15

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.. ......cccioiiiiiiecceecee e 16
Figure 4.5 : The chemical structure of potassium persulfate. The structure was drawn
by ChemSketch Freeware of ACD/Labs ........cccocoviiiiiiiiiiiiiiiiieiiieeen, 16

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.. .....ocoooiiiiiiiiiiicceeee 17
Figure 5.1 : Perkin-Elmer Diamond DSC 4000.. .........ocoeiiiiiiiiiiieecceeccee 19
Figure 5.2 : Christ Alpha 2-4 LD-plus freeze-dryer... .....ccccovvvevriievieeeceecceeenen. 21
Figure 5.3 : The analytical balance... ..., 21
Figure 5.4 : Mitutoyo brand digimatic caliper.. ......ccoccuevriieiirieicrienceee e 22
Figure 5.5 : Olympus CX-31 MICTOSCOPE... .eocveireiiiiieiiieieieeee et eice et 23
Figure 5.6 : Quanta FEG 250 scanning electron microsCope..........coeveeeeveeeerveernnen. 24
Figure 6.1 : DSC scan of pure water. Scanning rate = 1°C/min ...........coccoeeveieene. 26

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 arate of 1°C/min. ........ococooiviiiiiiiiiiicee 27

XVi



Figure 6.3 : DSC scans of pure water (black line), pure AAm (red line) and 5 w/v%

Figure 6.4

Figure 6.5 :

Figure 6.6

Figure 6.7 :

Figure 6.8

Figure 6.9 :

Figure 6.10

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.

: The melting temperatures of pure water, 5 w/v % DMAA and AAm
solutions without (empty circles) and with cross-linker (filled circles) . 29
(a) The mass fraction fu.r of unfrozen domain of frozen DMAA and AAm
solutions without (empty triangles up) and with cross-linker (filled
triangles up). (b) The true concentration Ciwe (left) of DMAA and AAm
solutions without (empty triangles down) and with cross-linker (filled
triangles down) and the ice volume Vic (right) of DMAA and AAm
solutions without (empty diamonds) and with cross-linker (filled
diamonds). Cnom =S W/V %0 weeveiireiieireeceeee e 30
: 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 arate of 1°C/MIN...cccooiiiiiiiiiiiiiceeeeeeeeee 31
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)................. 32
: (a) The mass fraction fusrof 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 Cine acidic
monomer solutions (stars), their sodium salts without (empty triangles
down) and with cross- linker (filled triangles down). Cpom= 5 w/v
%. (c) The ice volume Vic of acidic monomer solutions (stars), their
sodium salts without (empty diamonds) and with cross-linker (filled
AIAMONAS) ottt 34
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/mMin......ccoeeiiiiiiiiiiiiiiicee 35
: The melting temperatures of pure water, 5 w/v % SF and DNA solutions
without (empty circles) and with cross-linker (filled circles)................. 36

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

solutions without (empty triangles up) and with cross-linker (filled
triangles up). (b) The true concentration Cine (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). Cyom =
S WV 0 et 37

Figure 6.12 : The comparison of the mass fraction fusr of unfrozen domain (triangle)

and ice volume Ve (diamond) of the frozen monomer/biopolymer
solutions with cross-linker.............ccooiiiiiiiii 39

Xvii



Figure 6.13 : The gel fraction, Wy 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) ........... 40
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
ElAtION TIME ..o e e e e e e e e e nnn e e e e nnnaaeas 42
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 : 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) .........cccooviiieiiiieeieeeeceeeee 43
Figure 6.17 : The total pore volume V), 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) .........ccceevevriiiiriiiiniieiieceeee 44
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) ..........cccccceeeveeeeiineeennnnns 45
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 M, TESPECHIVEIY weeiiiiiieee et e e e e e e e e e e e ennneae e 47
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 pm, respectively........ccoocooviiiiiiiinninnnne. 48
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 um, respectively.

Figure 6.22 : The comparison of the ice volume obtained by the simulation in DSC
and the total pore volumes calculated from cryogels ..........ccccoeeiieiiinn. 51

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 pm.......... 66

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 1S 100 [Mi......coooiiieeiieeeeeeeeeee e 67
Figure A.3 : The optical microscope images of SF (up) and DNA (down) cryogels
formed at various reaction times. Scaling bar 1s 100 pm........................ 68

Xviii






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-pbutanediol 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.
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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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SENTETIK VE BiYOLOJIK KRiYOJELLERIN OZELLIKLERINE
KRIYOJENIK KOSULLARIN ETKISi

OZET

Kriyojel basitge kriyojellesme ile sentezlenen, tig-boyutlu, kimyasal veya fiziksel
olarak capraz baglanmis polimer zinciri olarak tanimlanir. Kriyojellesme deniz
suyunun donmasindan ilham alinarak ortaya ¢ikmistir. Deniz suyu tuz, biyolojik
organizmalar gibi birgok tiirde safsizlik icermesine ragmen donmus deniz suyunda saf
buz kristallerinin oldugu kesfedilmistir. Bunun nedeni, tamamen donmus gibi goriinse
de, aslinda mikroskobik 6l¢ekte bazi donmamis alanlar olmasidir. Donma sirasinda,
safsizliklar donmamis alanlarda birikir ve boylece donmus bolgede saf buz kristalleri
olusur. Bu dogal fenomenden esinlenerek, kriyojellesme, ¢oziicliniin donma sicakligi
altinda bir oncli-¢6ziicili sisteminden makro gozenekli, kimyasal veya fiziksel olarak
capraz bagli polimer kriyojelleri sentezlemek i¢in kullanilmaya baglanmistir. Bir 6ncii
monomerik (diisiik molekiiler) veya polimerik (yliksek molekiiler) yapida olabilir.
Kullanilan ¢6ziiciiniin donma sicakliginin altinda olan kriyojellesme sirasinda yari
donmus bir ortam olusur. Yari donmus ortam, goriiniiste donmus bir sistemde
donmamis s1vi bolgelerin varligini ifade eder. Kriyojellesme bu donmamis alanlarda
gerceklesir ve donmus alanlar gozenek olusumundan sorumludur. Bdoylece yari
donmus ortamda kriyojellesme ile capraz bagl makro gozenekli kriyojeller elde edilir.

Kriyojeller, yliksek mekanik mukavemet, viskoelastik davranig, biyouyumluluk,
biyolojik olarak parcalanabilirlik ve yiiksek sisme yetenegi gibi bir¢ok benzersiz
ozellige sahiptir. Bu oOzellikler arasinda, kriyojellerin ana karakteristik ozelligi,
birbirine bagli makro gdzenekli bir yapiya sahip olmalaridir. Makro goézenekli yapilar
nedeniyle kapsiilleme ajanlar olarak ila¢ dagitim sistemlerinde, sorbent materyalleri
olarak ¢evresel uygulamalarinda olmak {izere birgok alanlarda kullanilabilirler. Bu
nedenle, kriyojellerdeki bu makro goézeneklerin hacminin belirlenmesi bir¢ok
uygulama igin hayati énem tasimaktadir. Ozellikle makro gdzenek hacminin kriyojel
sentezinden Once belirlenmesi bir¢ok avantaj ve tasarruf saglayabilir.

Bu calismanin temel amaci, kriyojenik kosullar ile kriyojellerin gozenek hacmi
arasinda bir iligki bulmakti. Bu amagla, sentetik ve biyolojik kriyojeller sentezlenmis
ve bunlarin kriyojenik kosullar1 diferansiyel taramali kalorimetresinde simiile
edilmigtir. Bir iliski bulmak i¢in kriyojellerin toplam goézenek hacimleri ve bu
simiilasyondan hesaplanan buz hacimleri karsilastiriimistir.

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 siilfonik asit sodyum tuzunun (AMPS-Na) sulu ¢ozeltilerinden, ¢apraz
baglayic1 olarak N,N’-metilen bisakrilamid (BAAM) kullanilarak uygun baslatici-
katalizor varliginda -18°C'de serbest radikal ¢apraz baglama kopolimerizasyonu ile
sentezlenmistir. Biyolojik kriyojeller, ipek fibroin (SF) ve deoksiriboniikleik asidin
(DNA) sulu c¢ozeltilerinden, ¢apraz baglayic1 olarak 1,4-biitandiol diglisidil eter
(BDDE) kullanilarak katalizor varliginda -18°C’de ¢apraz baglama reaksiyonu ile
sentezlenmistir. 3 giin boyunca vakum altinda dondurarak kurutulduktan sonra, jellerin
cesitli 6zellikleri belirlenmis ve karsilagtirilmistir.

1 gram monomer veya polimerden elde edilen ¢apraz bagli polimer kesri olan jel kesri,
Wg hesaplandiginda jellerin 0.8-1.4 arasinda jel kesirlerine sahip olduklari
goriilmiistiir. Bu deger 1’e yaklastikca daha ¢ok monomer veya polimer ¢apraz bagh
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zincire katilir ve 1’den yliksek bir deger hesaplanmasi imkansizdir. Buna ragmen
P(AAc-Na) ve P(MAAc-Na) i¢in jel kesri 1’den fazla hesaplanmistir. Bunun nedeni
de saf su ile polimer zincirindeki iyonik gruplari arasindaki giiglii etkilesimlerin neden
oldugu bagli sudur, bagh su dondurarak kurutma islemi ile ayrilamadigi i¢in bu jeller
icin 1°den fazla jel kesri hesaplanmustir.

Kriyojeller, ¢capraz baglh yapilar1 nedeniyle ¢oziiciiler i¢inde ¢oziinmeden siserler. Bu
calismada, tiim kriyojeller kiigiik numuneler halinde kesilmis ve sisme davranislarini
belirlemek i¢in bu jeller i¢in iyi bir ¢dziicli olan saf suya daldirilmistir. Saf suda
dengeye ulastiktan sonra kriyojellerin agirlik¢a, qw ve hacimce, qv sisme oranlari
hesaplanmistir. Jellerin 1.1-3.9 araliginda hacimce sisme ve 8.1-135.8 araliginda
agirlikga sisme degerlerine sahip oldugu hesaplanmistir. Bu degerler detayli
incelendiginde 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
sistigi gdzlemlenmistir. Iyonik kriyojellerin iyonik olmayan kriyojellerden ¢ok daha
fazla sismesinin nedeni, iyonik kriyojellerin polimer zincirindeki yiiklii birimlerdir.
Yiikli birimler kriyojel i¢cindeki ve disindaki karsi iyonlarin konsantrasyon farkina
neden olur ve bu osmotik basing yaratir. Osmotik basing nedeniyle daha fazla su
molekiilii jele girmek ister. Bu nedenle de, osmotik basing yaratan iyonik kriyojeller
daha fazla siserler. Kriyojellerin sismis durumdaki gozenekliligi, Ps% agirlikca ve
hacimce sisme oranlarindan yaklasik olarak hesaplandiginda da tiim kriyojellerin
%90'dan fazla sismis durumda gozeneklilige sahip olduklart goriilmiistiir.

Kriyojellerin toplam gozenek hacimleri, sadece gozenekler tarafindan alinan zayif
¢oziicii hacminden hesaplanmistir. Zayif ¢oziicii, capraz bagli polimer zinciri ile
etkilesime girmez, sadece gozenekleri doldurur. Boylece, toplam gézenek hacmi, zayif
coziiciiniin gozeneklerle doldurulmasindan sonra agirlik degisimi ile belirlenebilir.
Zayif ¢oziicii olarak DNA kriyojeli i¢in metanol, digerleri i¢in aseton kullanilmistir.
Kiiciik kriyojel numuneleri, dengeye ulasana kadar zayif ¢oziiciide bekletildikten
sonra gozenek hacimleri hesaplanmistir. Kriyojellerin 6.6-15.6 mL/g arasinda gdzenek
hacmine sahip olduklar1 hesaplanmistir.

Kriyojellerin i¢ yapilart hem optik mikroskop hem de taramali elektron mikroskobu
ile incelenmistir. Optik mikroskop 6l¢timleri izerinden kriyojellerin ortalama gozenek
caplar1 hesaplanmistir. Kriyojellerin 35.9-207.8 um araliginda gézenek ¢aplarina sahip
olduklar1 bulunmustur. Taramali elektron mikroskobu o6l¢iimleri de yapilmis, bu
Olgtimler iizerinden hesaplanan gbzenek g¢aplarmin optik mikroskop ile hesaplanan
degerlere yakin oldugu goriilmiistiir.

Diger bir yandan, kriyojenik kosullarinin simiilasyonu, diferansiyel taramali
kalorimetresinde gerceklestirilmistir. Baglatic1 ve katalizr icermeyen, sulu monomer
veya polimer ve g¢apraz baglayict igeren cozeltiler hazirlanmis ve bu calismada
jellesme  sicakligt  olan -18°C'de  dondurulmustur. Diferansiyel taramali
kalorimetresinde, bu donmus ¢o6zeltiler, 1°C/dk'lik bir tarama hiziyla -18°C'den
10°C'ye eritilmigtir. Elde edilen erime piklerinden c¢ozeltilerin  erime
sicakliklari, erime piklerinin altindaki alandan ¢6zeltideki donmamis alanlarin
miktari, kriyo-konsantrasyonlart ve buz hacimleri hesaplanmistir.

Oncelikle bu yontem ile -18°C’de dondurulmus saf su simiile edilmistir. Elde edilen
erime pikinden saf suyun erime sicakliginin -0.3°C oldugu ve %92.3’lik bir alanin
dondugu hesaplanmistir. Literatiirde saf suyun erime sicakliginin 0°C oldugu
bilinmesine ragmen, bu ¢alismada -0.3°C olarak hesaplanmasinin nedeni test edilen
ornek hacmi, tarama hiz1 gibi bir¢ok 6l¢iim parametresi olabilir. Saf suyun -18°C’de
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bile %7.7’lik bir kisminin donmamis olmasinin nedeni ise su molekiillerinin
olusturdugu hidrojen baglaridir. Su molekiillerinin proton verici ve alici taraflari
arasinda molekiiller aras1 hidrojen baglar1 olusur ve bu etkilesim donmayi
zorlastirabilir. Diger donmus ¢ozeltilerin erime noktalar1 da (-6.6)-1.2°C araliginda
oldugu hesaplanmistir. Ayrica, akrilamid monomerinin saf su ile otektik karigim
olusturdugu da goriilmiistiir.

Erime piklerinin altindaki alandan, ¢ozeltilerdeki donmamis bolge miktarlart kiitlece
%6.5-38.0% araliginda hesaplanmistir. Kriyo-konsantrasyonlarinin %12.2-44.7 a/h ve
buz hacimlerinin 11.8-17.9 mL/g araliginda oldugu hesaplanmistir. Donmamis alanin
olusmasinin nedeni saf su ile monomer veya polimer arasindaki molekiiller arasi
hidrojen baginin olusumudur. Degerlere yakindan bakildiginda da iyonik olan AAc-
Na, MAAc-Na ve AMPS-Na ve DNA cozeltilerinde daha fazla donmamis bdlge
goriilmiistiir. Bunun nedeni bu iyonik monomerlerin ve polimerin tasidigi negatif
yiiklerin saf su ile daha fazla ve daha gii¢lii hidrojen bagi yapmasidir. Bdylece bu
¢ozeltiler -18°C’de daha fazla donmamis alana, bu yilizden daha az buz olusumuna
sahip olduklar1 hesaplanmaistir.

Diferansiyel taramali kalorimetre ile elde edilen donmus c¢dzeltilerin buz hacmi,
kriyojellerin toplam go6zenek hacmi ile uyumlu olmalidir, ¢iinkii kriyojelasyon
sirasinda buz olusumu kriyojelin gdzeneklerinden sorumludur. Elde edilen sonuglar
karsilastirildiginda donmus ¢ozeltilerin buz hacmi ile kriyojellerin toplam goézenek
hacmi arasinda dogrudan bir iliski oldugu goézlemlenmistir. Dondurulmus AAm,
DMAA, AAc-Na, MAAc-Na, AMPS-Na, SF ve DNA c¢ozeltilerinin buz hacimleri
sirastyla 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 hesaplanmistir. Karsilik gelen kriyojellerin toplam gézenek hacimleri
sirastyla 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 hesaplanmustir.

Tim kriyojellerin tahmin edilen buz hacminden biraz daha az gdézenek hacmi
sergiledigi goriilmiistiir. Bu fark, donmus buzu yiiksek vakum altinda siiblimlestirme
yolu ile kriyojelden uzaklastiran islem olan dondurarak kurutma islemi sirasinda
gozeneklerin biiziilmesinden kaynaklanabilir. Dondurarak kurutma sirasinda yiiksek
vakum nedeniyle gézeneklerde bir biiziilme olsa bile, sonug olarak, kriyojelin sahip
olabilecegi toplam gozenek hacmi kriyojel sentezi yapilmadan, kriyojenik kosullarin
diferansiyel taramali kalorimetrede simiile edilmesi ile yaklasik olarak tahmin
edilmistir. Buna ek olarak, cesitli kriyojenik kosullar, bircok onciil tiirii ve farklh
miktarlarda monomer ve ¢apraz baglayici bu yontem ile simiile edilebilir ve bu farkl
denemelerin nihai kriyojel tizerindeki etkileri hem sentez yapilmaya gerek kalmadan
hem de kimyasallardan, zamandan ve is giiciinden tasarruf ederek bulunabilir.
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1. 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.



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 A), mesoporous (20-500 A) and
macroporous gels (greater than 500 A) 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-



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



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.



2. 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].

2.1 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].



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.
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Figure 2.1 : Schematic representation of cryogelation. (a) Preparation of precursor-
solvent system, (b) Freezing of the system, (¢) Completing cryogelation reaction in a

semi-frozen state, and (d) Thawing of the system.



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.

DNA BDDE [ ]

OH

OH
Cross-linked DNA

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.

2.2 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, gw. 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.

2.3 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



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].

2.4 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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3. 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 (B-, a-, y-, d-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. T; and Ts 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. T¢ 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].
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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, ¢) melting with decomposition, (d)

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

4.1 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.

o (@ o (b
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—CHj CHz “=—CH,

3

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.
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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.

i) 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 Na>COs3 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 1.3x10° g/mole which corresponds to

approximately 2000 base pairs.
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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
(@ (b)
0 0 o
Hzcx)LN/\Nk/CHz A/O\/\/\o/w
| I
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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.

f 0-%-0
0-S-0 o

K’ Il
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.
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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.

(a) (b)
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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 uS/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.

4.2 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.
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A typical procedure for the synthesis of cryogels based on synthetic polymers is given
below for AAmM-BAAM system at Crom=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.

4.3 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.
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5. CHARACTERIZATION METHODS

5.1 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, AH was determined from the area
under the melting peak from DSC. The mass fraction of unfrozen water was calculated
by the equation (5.1):

AH

funf =1 ~ 2, (5.1)

where AHn, 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 Ciwe and calculated

by the equation (5.2):

Corne = Cnom «100 (5.2)

Crnom*+(A—Cnom)funf
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):

(1_60)(1_funf)
V. —_—_—
tee diceCo

(5.3)

where dice is the density of ice at —18°C, 0.995 g mL™.

5.2 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, Wy 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):

W, = Mary (5.4)

mow

where mgry is the weight of the dried cryogel, mo 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, gw and equilibrium volume

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

mg

W= e (5.5)
D;
qQy = (Kry)3 (5.6)

where ms and Ds are the weight and diameter of the swollen samples in pure water,
respectively, and mary and Dary 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):

p=1-—%__ 5.7
$ 1+ (qw-1%/,, )

where d: and d. 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
as1.35[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, V), indicates pore volume in milliliters per gram of the cross-
linked polymer network. For V, 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):

m —mg
Vp — _poor rary (5.8)
dpoorMdry

where mpoor and Mmary 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.
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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.

24



6. 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.

6.1 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
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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 Tr, 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 Tr, 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.

Heat flow / a.u. Endo up
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Figure 6.1 : DSC scan of pure water. Scanning rate = 1°C/min.

26



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/iv% 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.

Heat flow / a.u. Endo up
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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.

J/ 5w/v% AAm

| 2 0

Heat flow / a.u. Endo up

AAM

40 60 80 100
Temperature / °C
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 fun 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 funs 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 Cire (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 %.

lonic synthetic monomer solutions

5w/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 wiv% 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 MA Ac-
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 MAACc 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-
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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 (Agl)
which is insoluble in water was added into MAAc-Na solution to prevent supercooling
and promote ice nucleation. When a few Agl 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 Agl 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 Agl 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 fuss 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/qg, 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 Cire Of acidic monomer solutions (stars),
their sodium salts without (empty triangles down) and with cross-linker (filled
triangles down). Crhom = 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
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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.

Heat flow / a.u. Endo up
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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
Cuwue and the ice volumes Viee 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
wit%, 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.
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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 Cye (left) of SF and DNA solutions without (empty triangles
down) and with cross-linker (filled triangles down) and the ice volume Vic (right) of

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

diamonds). Crom = 5 W/v %.

6.2 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 Vie (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, fuxs 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 funs
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, SOs™ 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 funs of unfrozen domain (triangle)
and ice volume Vice (diamond) of the frozen monomer/biopolymer solutions with

cross-linker.

6.3 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 Wy of the cryogels formed at different
reaction times. Wy is the cross-linked polymer fraction obtained from 1 g of monomer
or polymer. Thereby, Wy 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, Wy 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 Wy 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 Wy 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, Wy 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
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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 gv (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,
gw 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 gqv 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 SOz  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 gy (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
gv (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 gw (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.

42



100

© 10
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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.
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Figure 6.16 : The swollen state porosity Ps% of cryogels plotted against the gelation
time. (a) P(MAACc-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 V, 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/gand 12.9 + 1.8 mL/g, respectively.
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Figure 6.17 : The total pore volume V, 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 pm,
139+11.3 um, 138.5+7.1 um, 74.2 £ 6.0 um and 43.7 + 4.6 um, 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 um and 35.9 + 3.7 um, 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

45



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.

by optical

Cryogel type microdne, i by SEM, pm
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(MAACc-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(AAmM) (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 um,

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 pum, 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 um, respectively.

6.4 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 Vic 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/qg, 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 V, 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+0.1,105+0.2,10.6 +0.4,104+0.4and 124+ 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, mML/g Cryogel type Vp, mL/g
AAmM 16.5 (0.3) P(AAmM) 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, V, 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 V,
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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7. 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.

cr\é\g[-rllionulzer Tm, °C funf, wt% Ctrue, w/v%o Vice, mL/g
AAM 0.35 (0.01) 29.2 (1.8) 15.3 (0.8) 13.6 (0.4)
DMAA 340 (0.07)  26.0(3.2) 16.9 (1.7) 14.1 (0.6)
Wllti}']n(liZ?SS- Tm, °C funf, Wt% Ctrue, w/v% Vice, mL/g
AAM 1.25(0.11)  13.8 (L5) 278 (2.2) 16.5 (0.3)
DMAA  -230(0.30) 65 (L3) 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 (Cnhom = 5 wW/v %) obtained from the

simulation in DSC.

Without cross-

linker Tm, °C funf, wt% Ctrue, w/v%o 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% Cirue, W% 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% Cirue, W% 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 (0.12)
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 Agl addition.
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Table A.3 : The results of the frozen aqueous SF and DNA solutions (Crom = 5 W/v %) obtained from the simulation in DSC.

Without cross-

linker Tm, °C funf, wit% 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)
erihnﬁgﬁss- Tm, °C funf, wit% Ctrue, w/v%o Vice, mL/g
SF 20.6 (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, Wy of cryogels formed at various reaction times.

W, P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF Wy DNA
Dayr 095 1.03 1.14 1.40 0.99 084 g 092
(0.04) (0.10) (0.01) (0.03) (0.06) (0.01) (0.02)
Dayz 108 1.0 1.14 1.47 1.01 089 .y 098
(0.01) (0.02) (0.02) (0.08) (0.01) (0.01) (0.03)
Days 102 1.06 1.15 1.43 1.01 088 .5 10
(0.01) (0.01) (0.01) (0.12) (0.01) (0.01) (0.01)
Days 104 1.04 1.16 1.41 0.98 089 .6 101
(0.01) (0.02) (0.01) (0.13) (0.06) (0.01) (0.05)
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Table A.5 : The equilibrium weight swelling ratios, qw of cryogels formed at various reaction times.

gw P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF  qw  DNA
Dayr 34 317 93.3 124.7 135.8 81 .5 500
(0.9) (1.7) (3.2) (5.8) (5.7) (1.0) (3.0)
Dayz 2 31.1 95.7 122.6 135.0 85  Lays 908
(1.8) (0.1) (1.7) (2.6) (2.6) (1.2) (0.3)
Days 31 325 93.1 124.5 139.7 85 a5 504
(4.8) (1.8) (0.8) (1.8) (9.4) (1.1) (0.5)
Days 320 31.2 94.7 122.2 141.0 83 a5
(0.7) (1.2) (4.4) (1.7) (4.6) (1.7) (1.9)

Table A.6 : The equilibrium volume swelling ratios, qv of cryogels formed at various reaction times.

@ P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF g DNA
payr 134 1.37 3.01 3.07 1.59 L3 g 125
(0.11) (0.22) (0.06) (0.49) (0.12) (0.07) (0.09)
payz 130 1.38 3.46 3.38 1.47 122 o, 114
(0.13) (0.08) (0.22) (0.54) (0.30) (0.09) (0.07)
Days 128 1.36 3.32 3.15 1.42 112 s 125
(0.16) (0.14) (0.91) (0.45) (0.19) (0.09) (0.01)
pays 127 1.37 3.45 3.48 1.47 171 e 110
(0.06) (0.03) (1.34) (0.87) (0.13) (0.07) (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  P% DNA
Day1 97.0 96.3 97.4 98.5 99.0 89.1 Day3 97.3
(0.6) (0.6) 0.1) (0.2) 0.2) (2.3) 0.4)

Day? 97.1 96.0 97.6 98.4 99.3 89.7 Day4 97.9
0.2) 0.2) (0.2) (0.3) (0.3) (0.9) 0.2)

Day3 97.3 96.7 97.5 98.6 99.4 89.7 Day5 97.5
(0.3) (0.5) (0.2 (0.5) 0.2) (2.0) 0.2)

Day4 97.3 96.2 97.6 98.2 99.2 90.0 Day6 97.9
(0.5) (0.5) (0.2) (0.1) (0.5) (2.1) (0.2)

Table A.8 : The total pore volumes, V, of cryogels formed at various reaction times.

mVL'“’/'g P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF m\/LF’)g DNA
Day1 15.6 14.4 6.6 10.4 10.2 10.1 Day3 12.9
(1.6) (0.2) (0.5) 0.2) (1.0) (1.2) (1.8)

Day2 15.9 14.7 6.9 10.5 11.2 10.1 Day4 12.5
(1.9 (2.7 (0.3 (0.8) (0.3) 0.9) .7

Day3 15.2 13.6 6.8 10.7 10.6 10.5 Day5 12.1
(1.5) (1.1) (0.6) 0.7 0.9) (1.3) (1.6)

Day4 15.6 13.7 6.7 10.5 10.6 10.9 Day6 12.1
(1.6) (1.5) (0.6) (1.1) (0.8) (0.5) (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 Pore
dia, P(AAm) P(DMAA) P(AAc-Na) P(MAAc-Na) P(AMPS-Na) SF dia, DNA
nm pm
Dayl 139.0 207.8 43.7 138.5 74.2 35.9 Day3 135.7
(11.3) (11.2) (4.6) (7.2) (6.0) (3.7) (2.9)
Day?2 138.6 205.4 40.2 138.7 73.9 31.8 Day4 133.0
(8.7) (10.4) (2.8) (8.1) (5.0 (2.1) (2.7)
Day3 138.6 207.1 41.8 140.0 74.7 33.8 Day5 134.0
(7.6) (15.5) (5.3) (8.4) (5.4) (3.3) (3.8)
Day4 138.9 207.8 41.8 138.3 75.0 32.4 Dayé 134.8
(5.9) (16.5) (3.0) (7.9) (4.0 (4.0 (5.9)
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Dayl

Dayl Day3 Day4

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 pm.
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Day4

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 um.
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Day5

Figure A.3 : The optical microscope images of SF (up) and DNA (down) cryogels formed at various reaction times. Scaling bar is 100 um.
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