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ABSTRACT

DEVELOPMENT OF KERATIN BASED
HYDROGEL SYSTEMS

In this study, keratin proteins from Merino sheep wool were obtained via
oxidative extraction (Chapter 2), sulfitolysis extraction (Chapter 3) and sulfitolysis with
reductive extraction methods (Chapter 4). Keratin proteins were characterized XRD and
FTIR spectroscopy and thermal analysis. In the SDS-PAGE gel results of the keratins
diffusive protein bands between ~23 kDa and >170 kDa and a discrete band at about 12
kDa were observed confirming highly polydisperse nature of the protein samples. Then,
keratin-based hydrogel systems were obtained via different methodologies. In Chapter
2, oxidized keratins (keratoses) were crosslinked with THPC to form keratose hydrogels.
Effect of the amount of the crosslinking agent on the viscoelastic, swelling, and
morphological properties of hydrogels was investigated. In Chapter 3, the keratin
hydrogels were obtained via reformation of disulfide bridge and self-assembly of the
keratin chains. In Chapter 4, keratins reduced with DTT were crosslinked with 2000 Da
PEG-(C2Hs-mal); and 6000 Da PEG-(C2H4-mal)> to prepare PEG-hydrogels. Storage
moduli of the hydrogels were obtained in the range of 63 + 22 and 2613 + 254 Pa and
were shown to be tuned by the amount and chain length of the crosslinker. The highest
swelling ratios were obtained for the THPC crosslinked hydrogels whereas the highest
pore size was observed in PEG-keratin hydrogels. Cytocompatibility of the keratin based
hydrogel systems was confirmed using L929 mouse fibroblast cells by applying CCK-8
tests. Of these hydrogels, PEG-keratin hydrogels were found to support cell proliferation
with a higher rate than empty TCPS wells up to 4 days. These results demonstrate that
low-cost keratin-based hydrogels can be used in a variety of biomedical applications,
such as drug delivery systems for cancer therapy, and scaffolds in wound healing and soft

tissue engineering.

Keyword and Phrases: Keratin, Keratose, Hydrogels, Self-assembly, Crosslinking,
Rheology



OZET

KERATIN BAZLI
HIDROJELLERIN GELISTIRILMESI

Bu calismada, Merinos koyun yiinlinden oksidatif ekstraksiyon (Bolim 2),
stilfitoliz ekstraksiyon (Boliim 3) ve siilfitoliz ve indirgeyici ekstraksiyon yontemleriyle
(Boliim 4) keratin proteinleri elde edilmistir. Keratin proteinleri, XRD ve FTIR
spektroskopisi ve termal analiz ile karakterize edilmistir. SDS-PAGE jel sonuglarinda,
~23 kDa ile >170 kDa arasindaki keratin yayilimli protein bantlar1 ve yaklagik 12 kDa'da
ayr1 bir bant gdézlenmis ve protein numunelerinin yiiksek oranda polidispers dogasi
dogrulanmistir. Daha sonra farkli metodolojiler ile keratin bazli hidrojel sistemleri elde
edilmistir. Boliim 2'de, oksitlenmis keratinler (keratoz), keratoz hidrojelleri olusturmak
icin THPC ile capraz baglanmistir. Capraz baglayict ajan miktarmin hidrojellerin
viskoelastik, sisme ve morfolojik 6zellikleri lizerindeki etkisi aragtirilmigtir. Boliim 3'te,
keratin hidrojelleri, disiilfid kopriisiiniin reformasyonu ve keratin zincirlerinin
kendiliginden diizenlenmesi ile elde edilmistir. 4. Boliimde, PEG-hidrojelleri hazirlamak
icin DTT ile indirgenen keratinler, 2000 Da PEG-(C2H4-mal), ve 6000 Da PEG-(C,Has-
mal); ile ¢apraz baglanmistir. Hidrojellerin depolama modiilleri 63 + 22 ve 2613 + 254
Pa aralifinda elde edilmis ve ¢apraz baglayicinin miktarina ve zincir uzunluguna gore
ayarlanabildigi gosterilmistir. En yiiksek sisme oranlart THPC ¢apraz bagli hidrojellerde
elde edilirken, en yiliksek gozenek boyutu PEG-keratin hidrojellerinde gdzlenmistir.
Keratin bazli hidrojel sistemlerinin sito-uyumlulugu, CCK-8 testleri uygulanarak 1929
fare fibroblast hiicreleri kullanilarak dogrulanmistir. PEG-keratin hidrojellerinin, 4 giine
kadar bos TCPS kuyularindan daha yiiksek oranda hiicre ¢ogalmasini destekledigi
bulunmustur. Bu sonuglar, diisiik maliyetli keratin bazli hidrojellerin, kanser tedavisi igin
ilag tasiyici sistemleri ve yara iyilesmesi ve yumusak doku miihendisliginde yapi iskelesi

gibi ¢esitli biyomedikal uygulamalarda kullanilabilecegini gostermektedir.

Anahtar Kelimeler ve Deyimler: Keratin, Keratoz, Hidrojel, Kendiliginden

diizenlenme, Capraz baglanma, Reoloji

v



TABLE OF CONTENTS

LIST OF FIGURES ....ciiiiiieieieieeeee ettt nne s vii
LIST OF TABLES ..ottt ettt ettt eneas X
CHAPTER 1. INTRODUCTION .....cocoiiiiiiiitieiesiieiieieteie ettt 1
L1 HYAEOZEIS ettt 1
1.2 KETALM ccuiiteieiece ettt st sttt 3
130 WO0OL ot st 5
1.4, ThesSiS OVETVIEW .....evuviiiiiiiiiiniieieeie sttt sttt s 20

CHAPTER 2. NOVEL BIOPOLYMER-BASED HYDROGELS OBTAINED
THOUGH CROSSLINKING OF KERATOSE PROTEINS USING
TETRAKIS (HYDROXYMETHYL) PHOSPHONIUM CHLORIDE .22

2.1, INErOAUCHION ...t 22
2.2, EXPErIMENtal.......covuiiiiiiiiiiiieiieeitee ettt 24
2.2.1. MAteTIals ....eeuieiieiieieeieeeeete e 24
2.2.2. MEthOAS ..ttt 25
2.2.2.1. Extraction of the keratose proteins............ccceeceeeeveereeneeenneennen. 25
2.2.2.2. Characterization of the wools and the keratose........................ 25

2.2.2.3. Preparation of the chemically crosslinked keratose hydrogels 26

2.2.2.4. Characterization of the hydrogels............ccccoveiriiinieniieeenen. 26
2.3. Results and DiSCUSSIONS ....ccveruierieeniirieniieieeienieeieete et 28
2.4, CONCIUSIONS ..ottt 38
CHAPTER 3. KERATIN BASED HYDROGELS PREPARED BY SELF

ASSEMBLY & REFORMATION OF DISULFIDE LINKAGES........ 39
3.1 INtrodUCHION ..ot 39
3.2, EXPerimental..........ccccuieiiieiiieiieeie ettt ettt 40

3.2. 1 MAteTials ..ottt 40
3.2.2. MEthOdS ..ot 41
3.2.2.1. Cleaning and defatting of the Merino wool...........ccccceceeruennene 41
3.2.2.2. Extraction of the keratin proteins with sodium sulfide ............ 41

3.2.2.3. Extraction of the keratin proteins with sodium sulfide and



3.2.2.4. Extraction of keratin proteins with sodium sulfide, urea and

EDTA oo 41
3.2.2.5. Characterization of the keratin proteins ..........cccccoeeveeveeneenen. 42
3.2.2.6. Preparation of the keratin hydrogels ...........ccccceevviriieniieneennen. 43
3.2.2.7. Characterization of the keratin hydrogels ............ccccceeeuveneenen. 43
3.3. Results and DISCUSSIONS .......cccuerueeuiriiniiienienieeieeeesie et 45
3.4, CONCIUSIONS ..ottt ettt 57
CHAPTER 4. PEG-KERATIN HYDROGELS THROUGH THIOL MALEIMIDE
REACTIONS. ...ttt 58
4.1, INErOAUCHION ...t 58
4.2, EXPErIMENtal....c..coiuiiiiiiiiieiieiie ettt ettt 59
4.2.1. MAtIals ..ouveeuiiiieiieieeiere e e 59
4.2.2. MELhOAS ...onviiieiiiieeieee e 60
4.2.2.1. Pre-extraction of the keratin proteins ...........c.cceeeveerverveenneennen. 60
4.2.2.2. Extraction of the keratin proteins with sodium sulfide ............ 60
4.2.2.3. Reduction of the keratin proteins with DTT ..............ccccueeee. 60
4.2.2 4. Characterization of the keratin proteins ...........c.ccceecveecveeueenen. 61

4.3.3.5. Preparation of the chemically crosslinked keratin hydrogels...61

4.2.2.6. Characterization of the keratin hydrogels ..........c.ccccceeeeeeenee. 62

4.3. Results and DiSCUSSIONS ....coveruierieeriirieniieieeienieeieetesieeie et 63

4.4, CONCIUSIONS ..ottt 72
CHAPTER 5. CONCLUSIONS & FUTURE STUDIES ......cccooctviiieieieierereeeeene 73
REFERENCES ...ttt ettt 74
APPENDICES. ..o, 91
APPENDIX A Lo, 91
APPENDIX B.. ottt 94

Vi



Figure

Figure 1.1.
Figure 1.2.
Figure 1.3.

Figure 1.4.

Figure 1.5.
Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 1.9.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.
Figure 2.8.

LIST OF FIGURES

Page

Schematic representation of chemical and physical hydrogels
preparation (Source: Asifetal., 2019)..........ccooiiiiiiiiiiiiiii, 3
The structure of a merino wool fibre (Source: Caven etal., 2019).........4
Cystine amino acid residue structure. ............coooeviiiiiiiiiiiiiineinnnes 6
The scheme of intermolecular and intramolecular bonding in

wool keratin (Source: Shavandi, Silva, etal., 2017)........................ 6
The amphoteric structure of wool keratin (Source: Rippon, 2013).........7
The wool keratin extraction methods (Source: Shavandi, Silva,

€t al., 2017) . it e e e eeneans ]
The oxidized wool keratin structure (Source: Shavandi, Silva,

€t AL, 2007 ) i e 8
The kerateines structure after the reductive extraction process

(Source: Perta-Crisan et al., 2021).......ccoiviiiiiiiiiiiiciee e, 8

Scheme of the sulfitolysis extraction reaction of the wool
keratin (Source: Shavandi, Silva, etal.,2017)....................ooine 10
SDS-PAGE results of the extracted wool proteins. Lane 1 =

protein molecular weight marker, Lane 2 = extracted wool

0101731 N 29
FTIR of the defatted wool and extracted keratose......................... 30
XRD of the defatted wool and extracted keratose......................... 31
Frequency sweep data of the crosslinked hydrogels....................... 33

Deconvoluted FTIR spectra of (a) uncrosslinked keratose, and

crosslinked keratose hydrogels prepared at (b) 1:1, (c) 1:2, and

(d) 1:4 keratose: THPC reactive groups ratio............ccceevveenvennnn... 34
Cell proliferation results of the crosslinked hydrogels and

empty TCPS Wells. ..o 36
Swelling results of the freeze-dried crosslinked hydrogels............... 37
SEM pictures of the freeze-dried (a) 1:2, and (b) 1:4 gels. Scale

Dars = 50 M. ..ottt 37

vii



Figure
Figure 3.1.

Figure 3.2.
Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.
Figure 3.9.

Figure 3.10.

Figure 3.11.
Figure 3.12.
Figure 3.13.
Figure 3.14.

Figure 4.1.
Figure 4.2.

Figure 4.3.
Figure 4.4.
Figure 4.5.

Dissolution of sodium sulfide in water and formation of

hydrosulfide and hydroxide ion.............ccc.ooooviiiiiiiii..
The reduction of disulfide bonds in cystine by hydrosulfide ion.........

FTIR spectra of the keratin proteins obtained by different

eXtraction MEthodS. ....oooii ittt e e e

XRD patterns of the keratin extracted by different sulfitolysis

100111000 16 KT

TGA and DTG of the keratin obtained by (a) Method NP,

(b) Method P and (c) Method UE...............ooiiiiiiina,

SDS-PAGE results of the extracted keratin proteins; from the
left to right, lane 1 = Method UE, lane 2 = Method NP, lane 3

Method P, and lane 4 = protein molecular weight marker................
Picture of the 15 wt.% keratin hydrogel......................coos
..... 52
..... 52

Frequency sweep data of the keratin hydrogel........................
Strain sweep data of the keratin hydrogel.............................

Cyclic strain time sweep data of the keratin hydrogel, shaded

regions represent high strain (40%) and unshaded regions

corresponds to low strain (0.2%) eXposures..........cccceeevvenrennennnnnn.
Continuous flow curve of the keratin hydrogel.......................
Swelling results of the freeze-dried keratin-based hydrogel........
Cell proliferation results of the keratin-based hydrogel............
SEM Picture of the freeze-dried keratin-based hydrogel...........
Reaction of DTT chemical with disulfide bonds.........................

UV spectrum of keratins obtained from the Method NP and

Method NP+DTT with Ellman’s reagent..........cccceeeveenveecieennnnne
XRD pattern of the keratin proteins reduced by DTT.................
TGA and DTG of the keratins reduced by DTT....................

SDS-PAGE results of the extracted keratin proteins; from the

left to right, lane 1 = protein molecular weight marker, lane 2

Method NP, and lane 3 = Method NP+DTT.........ccceoieeei i

.50
Sl

.66

viil



Figure
Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure A.1.
Figure A.2.

Figure A.3.

Figure A 4.

Figure A.5.

Page

Reaction scheme of the thiols of the reduced keratin and
PEG-(CoHamal)2. .. . cveiiiiiiiieieeesteeeeeee e 67
Pictures of the 10 wt.% PEG-keratin hydrogels; (a) KRT-2000

PEG -(C2Hs-mal); and (b) KRT-6000 PEG-(C2Hs-mal); hydrogels....67
Frequency sweep data of the 10 wt.% keratin hydrogels; (a)
KRT-2000 PEG-(C2Hs-mal); and (b) KRT-6000 PEG-(C2H4

-mal)2 hydrogels.......c.ooviiiiiiiiiiiiee e 68
Strain sweep data of the 10 wt.% keratin hydrogels; (a) KRT-

2000 PEG-(C2H4-mal); and (b) KRT-6000 PEG-(C,Hs-mal)>
hydrogels. ....ouiii e 68
Cyclic strain time sweep data of the KRT-6000 PEG-(C>Ha-

mal), hydrogels, shaded regions were obtained at high strain

values (a) 40%, (b) 60% and (c) 100%, and unshaded regions

were obtained at low strain (0.2%)......ccceeeevveeeviieeeiieeeiee e 68
Continuous flow curve of the 10 wt.% keratin hydrogels; (a)

KRT-2000 PEG-(C2Hs-mal); and (b) KRT-6000 PEG-

(C2Ha-mal)2 hydrogels ........c.cooveeiiieniiiiieiieciieeceee e 69
Swelling results of the freeze-dried KRT-2000 PEG-(C,Hs-

mal), and KRT-6000 PEG-(C>Hs-mal); hydrogels...........cccceeveenneeee. 70
Cell proliferation results of KRT-2000 PEG-(C,Hs-mal)> and
KRT-6000 PEG-(C2Hs-mal); hydrogels.........cccocveeiienieniieniieiienen. 71

SEM pictures of the freeze-dried of the 10 wt.% keratin

hydrogels; (a) KRT-2000 PEG-(C>H4-mal); and (b) KRT-

6000 PEG-(CoHy-mal)z hydrogels..........coooveeiieiiinieeiieieeiceieens 72
SEM of the washed wool and the extracted keratose...........c..ccuee.... 91

Deconvolution of the Amide I region of the FTIR spectrum

OF ThE KETATOSE . .. eeeeeeneae 91
TGA and DTG of the (a) defatted wool and (b) extracted
KETALOSE . . nnennennn 92

Pictures of the hydrogels prepared at different
keratose: THPC reactive groups ratio..........cecueerveerieeneeesieeneesneenneeenne 92

Strain sweep data of the crosslinked hydrogels............cccoeceveiiieninnnn. 93

X



Table

Table 1.1.

Table 1.2.

Table 1.3.

Table 1.4.

Table 1.5.

Table 1.6.

Table 1.7.

Table 1.8.

Table 2.1.

Table 2.2.
Table 3.1.

Table 4.1.

LIST OF TABLES

Amino acid composition (% of total amino acid residues) of

keratin from different sources (Soruce: Sinkiewicz et al., 2018)............. 5
The oxidative extraction methods of the wool keratins and the

feather keratins (Table is modified by Perta-Crisan et al.,

(2021)) ettt st 9
The reductive and sulfitolysis extraction methods of the wool

keratins, the feather, and the human hair keratins (Table is

modified by Perta-Crisan et al., (2021))..c..cccerienieneniiniincnieneeieeen 10
The alkaline extraction methods of the wool keratins (Table is
modified by Perta-Crisan et al., (2021))..cc.cccerieninneniinienienieneeieenen 13
The ionic liquids (ILS) extraction methods of the wool

keratins, the feather, and the human hair keratins (Table is

modified by Perta-Crisan et al., (2021))......ccccceevieriiieiiiniieieeieeeeee 14
The enzymatic and microbial extraction methods of the wool

keratins, the feather, and the human hair keratins (Table is

modified by Perta-Crisan et al., (2021))..cc.cccerieniineniinienienieneeieene, 17
The superheated water and the steam explosion extraction

methods of the wool keratins and the feather keratins (Table is

modified by Perta-Crisan et al., (2021))......ccccceevieriiieiiiniieieeieeeeee 19
The microwave treatment extraction methods of the wool

keratins and the feather keratins (Table is modified by Perta-

Crisan et al., (2021)).ueiecuieiiieiieeie ettt 20
Notations and storage modules values of the crosslinked

NYATOZEIS. ..ottt 32
FTIR deconvolution results and peak assignments of the samples........ 35
The yields and the free thiol amounts obtained in different

keratin extraction methods.........c.cceoerieniiiiniiiniiiineeciecene 46
The yields and the free thiol amounts of the keratins obtained

from the Method NP and the Method NP+DTT reduction methods....64



CHAPTER 1

INTRODUCTION

1.1. Hydrogels

Hydrogels are viscoelastic materials with three-dimensional network structures
constituted by polymeric or oligomeric chains. The hydrogels can be obtained mainly by
physical and chemical crosslinking processes (Peppas et al., 2000). Chemically
crosslinked hydrogels are solid-like and generally exhibit Newtonian behavior with
extremely high viscosity may be higher than 105 Pa.s and more than 2000 Pa with high
elasticity (Y. Chen, 2020). Hydrogels are characterized by high water swelling
characteristics, which can be tuned by the structure and the composition of the
precursor(s). The main application area of the hydrogels include drug delivery, tissue
engineering, wound healing, cell encapsulation, biosensors, and contact lenses (Y. Cao
et al., 2019; Kim et al., 2017; Lloyd et al., 2001; T.-Y. Lu et al., 2020; Varaprasad et al.,
2015; J. Yang et al., 2021).

Hydrogels have many classifications. Firstly, according to their sources,
hydrogels can be divided into two groups, natural and synthetic hydrogels. Natural
hydrogels are obtained from biocompatible and biodegradable natural polymers such as
collagen, gelatin, hyaluronic acid, fibrin, sodium alginate, agarose, and chitosan (Dang
& Leong, 2006; George et al., 2019; Ishihara et al., 2019; Sionkowska, 2011; Swetha et
al., 2010; Xie et al., 2010).

On the other hand, synthetic polymers like polyacrylic acid, polyvinyl alcohol,
and polyethylene glycol are frequently used to prepare synthetic hydrogels. Chemically
crosslinked hydrogels can be obtained by the widely exploited addition or ring-opening
polymerization reactions. Compared to the natural-based hydrogels, the synthetic ones
can be equipped with desired functional groups without post-modification steps and can
be tailored easily to tune their physicochemical properties. However, the biocompatibility
and bioactivity of physical hydrogels are the primary concern of synthetic hydrogels.

Secondly, the hydrogels are classified as physically crosslinked and chemically

crosslinked hydrogels based on the formation mechanism of their three-dimensional



network structures. Common preparation routes of physical and chemical hydrogels are
given in Figure 1.1. Chemically crosslinked hydrogels, thermosetting hydrogels, or
permanent gels can hardly dissolve in many solvents because their chemical hydrogel
network structure is held by covalent bonds. For that reason, once they are formed, the
chemical hydrogels can not be shaped again.

These covalent forces impart high mechanical stability and high order of swelling
properties to the hydrogels’ three-dimensional network structure, and these properties can
be tuned by changing the crosslinking density. The major drawback of the chemically
crosslinked hydrogels is the toxicity of the crosslinking agents and crosslinking reaction
product. Also, unwanted aggregations, called clusters, can be formed because of the
hydrophobic side of the chemical crosslinked agent. So, the homogeneity of chemically
crosslinked hydrogels could not be well-ordered. Furthermore, the swelling would not be
changed equally in the hydrogel network structure because of undesired voids and
macropores.

On the other hand, the three-dimensional network structure of physically
crosslinked hydrogels is constituted by the self-assembly of individual molecules. Since
their network structures are held by secondary forces, like van der Waals, hydrophobic
interactions, and hydrogen bonding, physical hydrogels are reversible or thermoplastic
gels. These hydrogels can be triggered by external stimuli such as temperature, pH, ionic
strength, and irradiation. However, physically crosslinked hydrogels generally exhibit
weaker mechanical properties than chemically crosslinked hydrogels (Pakkaner et al.,
2019).

Hydrogels can also be classified based on their degradation properties. The
intermolecular and intramolecular bonds in the biodegradable polymer network structure
can be broken by enzymes or microorganisms. In the case of hydrolytically degradable
hydrogels, certain functional groups such as unhindered ester bonds are attacked by water
molecules, disrupting the network structure.

Another hydrogel classification is related to their response to the environment.
So-called responsive hydrogels are triggered by external stimuli, for instance, pH,
temperature, and ionic strength. As a result of the change in the environment, the network
structure can swell or shrink. After removing the stimulus, the hydrogel network structure

restores spontaneously.
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Figure 1.1. Schematic representation of chemical and physical hydrogels preparation
(Source: Asif et al., 2019).

1.2. Keratin

Keratin is one of the most abundant proteins in nature, found in epithelial and
epidermal appendage structures of mammals, reptiles, birds, and fishes such as hair, wool,
horns, hooves, and nails (Kadirvelu & Fathima, 2016; McKittrick et al., 2012; Pakkaner
et al., 2019). Keratin has high mechanical strength and stiffness and is insoluble in polar
and nonpolar solvents because of intermolecular and intramolecular disulfide bonds and
hydrogen bonding in its structure and high crystallinity.

Nowadays, keratin-containing biomass is produced annually million tons from the
food industry, especially the wool, slaughterhouse, and meat markets. USA, Brazil, and
China report that 40 million tons of keratin-containing biomass are produced annually
(Sharma et al., 2019). According to the Turkish Statistical Institute data, the number of
sheep and wools is about 48 million, and 76 thousand tons of wool are produced from
these sheep and goats; also, the number of slaughtered poultry has been 1.2 billion last
five years in Turkey (Turkish Statistical Institute, [TUIK], 2022). Additionally, wool
keratin is classified as keratin waste according to European Parliament and Council until

37 October 2002 (Petek & Marinsek Logar, 2021).



The hierarchical structure of a wool fiber is given in Figure 1.2. The cytoskeleton
of the keratins, known as intermediate filaments (IF), is constituted by a-keratins, -
keratins, and y-keratins. B-keratins are found in the outer cuticle part and are not readily
soluble. Unlike B-keratins, a-keratins are abundant in soft tissues with lower cystine
content and characterized by low chemical resistance. The average molecular weight of
low sulfur-containing a-keratins is between 40 kDa and 60 kDa (Duer et al., 2003). a-
keratins are mainly obtained from sheep wool, hair, and skin. On the other hand, y-
keratins with high sulfur content and high tyrosine proteins, rich in glycine and tyrosine
amino acids, are embedded in the microfibrils parts. The average molecular weight of
high sulfur contents is between 11 kDa and 28 kDa, and that of high tyrosine proteins is
between 9 kDa and 12 kDa (Gillespie, 1972; Shavandi, Silva, et al., 2017).
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Figure 1. 2. The structure of a merino wool fiber (Source: Caven et al., 2019).

Table 1.1 shows amino acid compositions of the keratins obtained from various
resources. It implies that glutamic acid, arginine, and cysteine are the primary amino
acids in keratins. Wool, hair, and skin keratins are soft and flexible due to their low
cystine content (between 10 and 14%). On the other hand, feathers, beaks, claws, and
horns in keratins with cystine content of up to 22% are stiff, rigid, inflexible, and

inextensible (Cardamone, 2010).



Table 1. 1. Amino acid composition (% of total amino acid residues) of keratin from
different sources (Source: Sinkiewicz et al., 2018).

Amino acid Buffalo horn and hoof Cow hair Feathers Wool
Alanine 6.3 4.5 3.6 5.8
Arginine 6.8 11.0 5.4 7.8
Aspartic acid 6.7 6.6 4.7 4.1
Cysteine 3.7 nd 7.7 6.1
Glutamic acid 12.6 14.5 7.7 11.4
Glycine 12.3 55 6.2 2.9
Histidine 0.6 1.3 - -
Isoleucine 3.0 4.2 43 3.9
Leucine 8.2 9.8 7.0 11.9
Lysine 2.7 55 0.6 2.9
Methionine 0.6 0.7 1.3 0.2
Phenylalanine 2.9 3.1 4.2 1.9
Proline 6.8 7.7 8.7 4.1
Serine 10.8 8.9 9.3 83
Threonine 5.6 7.5 3.5 5.6
Tyrosine 59 2.4 2.0 2.4
Valine 4.1 6.8 6.9 6.1

nd = not determined.

1.3. Wool

Almost half of the keratins have been extracted from wool (Reddy, 2017). Wool
contains approximately 82% keratinous proteins having a high concentration of cystine,
about 17% nonkeratinous proteins with a low concentration of cystine, and 1% impurities
such as wool grease, dirt, and vegetable matters (Parry & Creamer, 1979; Teasdale, 1988;
Zahn & Kusch, 1981). The high level of high-sulfur proteins imparts mechanical and
chemical stability to the wool by forming the disulfide bonds (Figure 1.3) between
cysteine amino acid residues. The amino acid sequence of wool keratin contains cell
attachment motifs such as LDV (Leu-Asp-Val), EDS (Glu-Asp-Ser), and RGD (Arg-
Gly-Asp) (Hill et al., 2010; Su et al., 2020). RGD constitutes the cell attachment site of
fibronectin, fibrinogen, and osteopontin. On the other hand, LDV and EDS support
cellular adhesion (Rajabi et al., 2020).
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Figure 1. 3. Cystine amino acid residue structure.

Also, hydrogen bonds, hydrophobic interactions, and ionic bonds have an
essential role in the stability and properties of wool (Figure 1.4). The side chains of wool

contain nearly equal numbers of basic amino and carboxyl groups responsible for

amphoteric structure (Rippon, 2013).
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Figure 1. 4. The scheme of intermolecular and intramolecular bonding in wool keratin
(Source: Shavandi, Silva, et al., 2017).

Figure 1.5 shows that wool has no net charge when the amino and the carboxyl
groups are fully ionized. Thus, the ionic bonds between molecules in the wool structure
depend on pH. The highest ionic bonding level is at pH 4.9 when the protein is in the
fully ionized form of the amino and carboxyl groups. The carboxyl groups of keratin are

protonated at low pH, and the amino groups of keratin are deprotonated at high pH. Thus,



the lowest ionic interactions are at extreme acidic or basic conditions (Rippon, 2013;

Shavandi, Silva, et al., 2017).

z )
Fp @ = OH e
HaN— WOOL—COOH === H;N —WOOL—CO(S) == H;N—WOOL—C00

Acidic Isoelectric Basic
(PH <4) (neutral) (pH =8)
(pH 4-8)

Figure 1. 5. The amphoteric structure of wool keratin (Source: Rippon, 2013).

There are many extraction methods to solubilize and isolate wool keratin, such as
reduction, oxidation, microwave irradiation, alkali extraction, steam explosion,
sulfitolysis, enzymatic and microbial, and ionic liquids (Costa et al., 2018; Gaidau et al.,

2021; Perta-Crisan et al., 2021; Shavandi, Silva, et al., 2017; Sinkiewicz et al., 2018).

Thioglycelic acid / thoglycolate salt
Using thiol containing chemicals Yamauchi method : 2-mercaptoethanol (2-MEC)

Reduction Shindai method : addition of thiurea + 2-MEC
Sodium sulphite

Sulfitolysis
Bisulfite

Peracetic acid Disulfite

Oxidation

Performic acid

Hydrolysis I—I Sodium hydroxide I

Tonic liquid

KERATIN
EXTRACTION
METHODS

[Amim|Cl

[Bmim|BF,

Microbial and Enzymatic

Supercritical water and steam explosion

Microwave irradiation

Figure 1. 6. The wool keratin extraction methods (Source: Shavandi, Silva, et al., 2017).

One of the oldest methods of extraction of wool keratin is the oxidative extraction

procedure (Earland & Knight, 1955). The most popular oxidative agents are peracetic

acid, hydrogen peroxide, performic acid, and potassium permanganate. They are mainly



used to extract wool or hair keratin. When the wool keratins are reacted with the oxidative
agents, the disulfide bonds bridges in the protein structure are partially broken and turned
into a sulfonate chemical structure (Figure 1.7). The oxidized keratins are named
keratoses. Different fractions of keratoses such as a-keratose, -keratose, and y-keratose
can be isolated according to their isoelectric points (Buchanan, 1977; Ghosh et al., 2014;
Nakamura et al., 2002; Robbins, 2012; Shavandi, Silva, et al., 2017). Long extraction
reaction times, a vast amount of oxidizing agents, and a low degree of extraction yield
are disadvantages of the oxidative reduction of wool keratin. Examples of the oxidative

extraction methods of the wool and the feather keratins are shown in Table 1.2.
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Figure 1. 7. The oxidized wool keratin structure (Source: Shavandi, Silva, et al., 2017).

On the other hand, the most stable structure of the keratin can be obtained when
the disulfide bonds bridges are reduced with thiol-containing chemicals such as sodium
thioglycolate, thioglycolic acid, and mercaptoethanol. After the reduction extraction
process, thiol anions of the reductive agents in alkaline media form soluble keratin
structures named kerateines (Figure 1.8). Urea and thiourea are the denaturants of the
protein, and they are generally used to increase the water solubility of the kerateines in
the reductive extraction processes. Additionally, sodium dodecyl sulfate (SDS), a
surfactant, increases the rate of the keratin extraction processes and improves the
stabilization of the kerateines. However, some reductive agents, such as mercaptoethanol,

are toxic, harmful to the environment, and have high costs (Shavandi, Carne, et al., 2017).
Ker - SS(S—Ker == Ker-§ +Ker-§
e
Keratin Kerateines

Figure 1. 8. The kerateines structure after the reductive extraction process (Source: Perta-
Crisan et al., 2021).



Table 1. 2. The oxidative extraction methods of the wool keratins and the feather keratins
(Table is modified by Perta-Crisan et al., (2021)).

Keratin Processing Parameters
Reference
Source Ocxidative Agent Conditions
o 37°C; overnight, 150  (Yal¢in &
Wool Peracetic acid 1.8% (w/v)
rpm Top, 2022)
o 37°C; overnight, 150  (Pakkaner
Wool Peracetic acid 2% (w/v)
rpm et al., 2019)
Solid sodium percarbonate
Wool 4.5% mass ratio Room temperature; (Brown et
00
Fiber, liquid ratio 1:35 NaOH 3-4 h stirring al., 2016)
30%
2 days (Shavandi,
Peracetic acid 24%
Wool ) o ) Room temperature Carne, et
Fiber, liquid ratio 1:60 _
Yield 57% al., 2017)
(Rajabineja
Peracetic acid 2%
Wool 25°C; 24 h detal.,
Fiber, liquid ratio 1:50
2020)
Performic acid
(Buchanan,
Human hair (100 volume H>02/98% formic 4°C; 18 h 1977)
acid, 1:39 v/v)
Peracetic acid 2% (de Guzman
Human hair 37°C; 10 h, 150 rpm
Hair mass, liquid ratio 1:20 etal., 2011)
Room temperature; (Agarwal et
Human hair Peracetic acid 2.5%
Overnight al., 2019)
. . o (Agarwal et
Human hair Thioglycolic acid 0.5 M 37°C; 15 h, pH 10.4
al., 2019)

Tris (2-carboxyethyl)phosphine), TCEP, is another reductive agent less toxic than

mercaptoethanol and odorless. Additionally, TCEP provides increased stability due to its

high water solubility. Compared with mercaptoethanol and TCEP, sodium sulfite is an

excellent reductive agent to break down sulfide bonds and obtain keratin structure at the

end of the reductive extraction named sulfitolysis extraction. Sodium sulfite, bisulfite,



and disulfite are the popular chemical agents used in sulfitolysis extraction. Additionally,
sodium sulfide reductive agent is primarily used as a reductive agent in industrial and
laboratory scales to obtain keratin from wool (Shavandi, Silva, et al., 2017). At the end
of the extraction, disulfide bond bridges are broken and transformed into cysteine thiol

and S-sulfonated residues (Figure 1.9).

SH  SSO3-Na+—g

CYsro-CYS Sulfitolysis $S03-Na+ SH

Cys-5-5-Cys SH $SO3-N

Figure 1. 9. Scheme of the sulfitolysis extraction reaction of the wool keratin (Source:
Shavandi, Silva, et al., 2017)

Like mercaptoethanol extraction reaction, urea and SDS are used to improve the
solubilization of the keratins in sulfitolysis extraction. Examples of the reductive and
sulfitolysis extraction methods of the wool keratins, the feather keratins, and the human

hair keratins are shown in Table 1.3.

Table 1. 3. The reductive and sulfitolysis extraction methods of the wool keratins, the
feather, and the human hair keratins (Table is modified by Perta-Crisan et al.,
(2021)).

Keratin Processing Parameters

Reference
Source Reductive Agent Conditions

Extractive liquor: sodium
Wool 40°C; 4 h; 150 rpm  This study
sulfide 125 mM

Cont. on the next page

10



Cont. of Table 1.3

Extractive liquor: sodium

40°C; 4 h, 150 rpm,

Wool This study
sulfide 125 mM, HCl pH 4.0
Extractive liquor: sodium
Wool sulfide 125 mM, urea 8 M, 40°C; 4 h, 150 rpm This study
EDTA 3 mM
Extractive liquor: sodium ]
Wool 40°C;4 h, 150 rpm  This study
sulfide 125 mM, 500 mg DTT
Extractive liquor: thiourea 2.6
50°C; 3 days; pH 8.5, (Brown et
Wool M; urea 5M; 2-
100 rpm al., 2016)
mercaptoethanol 5%
Extractive liquor: urea 8 M;
SDS 0.25%; 2 g soidum (Brown et
Wool 65°C; 5 h, 120 rpm
metabisulfite al., 2016)
Fiber to liquid ratio > 1:70
Extractive liquor: urea 8 M;
(Rajabineja
Tris 0.5 M; DTT, 0.14 M;
Wool 25°C; 2.5 h; pH 8.6 detal.,
EDTA 6 mM
2020)
Fiber to liquid ratio 1:25
Extractive liquor: urea 8 M;
Wool (red SDS 0.26 M; mercaptoethanol 50°C; 12 h, under (Ramya et
sheep hair) 1.66 M shaking al., 2020)
Fiber to liquid ratio 1:20
Extractive liquor: urea 7 M,
. . (Deb-
thiourea 2 M, Tris 50 mM,
Wool 18 h, pH 4.3 Choudhury
TCEP 50 mM
et al., 2016)
Fiber to liquid ratio 10:1
Extractive liquor: urea 8 M, 75 ) (Park et al.,
Wool . ‘ 100°C; 30 min
g SDS, 150 g sodium disulfite. 2015)
Extractive liquor: urea 8M,
' (G. Yang et
Wool SDS 0.2 M, sodium 95°C
al., 2018)

metabisulfite 0.5 M.

Cont. on the next page
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Extractive liquor: sodium

. (Pourjavaheri
Feathers sulfite 0.5 M 40°C; 6 h mixing
et al., 2019)
Fiber to liquid ratio 1:20
Extractive liquor: sodium
(Poole et
Feathers sulfide 10g/L, urea 9 M, SDS 30°C; 130 rpm
al., 2011)
10 g/L
Extractive liquor: sodium
hydroxide 1.78%; sodium 87°C; 111 min (Fagbemi et
Feathers ] )
bisulfite 0.5% Yield 68.2 al., 2020)
Fiber to liquid ratio 1:5
Extractive liquor: urea 5 M,
Tris-HCI 25 mM, - (Lin et al.,
Human hair . 50°C; 72 h
mercaptoethanol 5%, thiourea 2019)
26 M
Extractive liquor: soidum (Yue et al.,
Human hair 40°C;2h
sulfide 0.125 M 2018)
Extractive liquor: Tris-HCI 25
mM pH 8.5, thiourea 2.6 M, (Nakamura
Human hair 50°C; 1-3 day
urea 5 M, 2-mercaptoethanol et al., 2002)
5%
Extractive liquor: Tris-HCI 25
(Nakamura
Human hair mM pH 9.5, urea 8 M, 2- 50°C; 1-3 day
et al., 2002)

mercaptoethanol 5%

The third keratin extraction method is alkaline extraction, in which hot
concentrated alkaline solutions break peptide bonds and cystine disulfide bonds (Bertini
et al., 2013; Blackburn & Lee, 1956). After the bonds rupture, soluble fractions are
formed. However, the strong odor of alkaline sulfide is a problem. Additionally, high
amounts of alkali reagents are required in this extraction method. Neutralization and

precipitation of the solubilized keratin fraction require high amounts of acids (X. Wang
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etal., 2021). Examples of the alkaline extraction methods of the wool keratins are shown

in Table 1.4.

Table 1. 4. The alkaline extraction methods of the wool keratins (Table is modified by
Perta-Crisan et al., (2021)).

Keratin Processing Parameters
Reference

Source Extracting Solution Conditions

(Bhavsar et
Wool KOH; CaO 5% 10% 15% 140°C/170°C/1 h

al., 2017)
Wool (red Extractive liquor: NaOH 0.5 N 60°C: 3 1 (Ramya et
sheep hair) Fiber to liquid ratio 1:20 ’ al., 2020)

The fourth wool keratin extraction method is based on the use of ionic liquids
(ILs). Low melting point (below 100°C) salt groups composed of an organic cation and
some organic or inorganic anions are used in ILs extraction (Fernandez et al., 2008;
Gough et al., 2020; Leitner, 2004). ILs show some unique properties. For example, they
have chemical and thermal stability, low volatility, high solvation, and non-flammability.
They are miscible with other solvents and environmentally friendly. For these reasons
ILs are used in a wide range of areas, such as extraction of biomass or organic synthesis
and electrochemistry and as ion conductive media and catalysts (D. Han & Row, 2010;
Isik et al., 2014; Sowmiah et al., 2009). 1-allyl-3-methylimidazolium chloride
[AMIM]CI, 1-Ethyl-3-methylimidazolium  chloride = [EMIM]CI, 1-butyl-3-
methylimidazolium chloride [BMIM]CI, I-allyl-3-methylimidazoliumdicyanamide
[AMIM][dca], 1-Ethyl-1,5-diazabicyclo-non-5-enium diethyl phosphate [DBNE]DEP,
and 1-methyl-1,5-diazabicyclo[4.3.0]non-5-enium dimethyl phosphate ((DBNM]DMP)
are mostly used as ILs in these kinds of applications (Chaitanya Reddy et al., 2021;
Gough et al., 2020; Ventura et al., 2017). The temperature is the most important
parameter in the ILs extraction. The dissolution process is improved when the
temperature increases by providing higher mobility for ions due to lower viscosity.
However, the high temperature may damage the structure of the keratin. Thus, there

should be a compromise between the extraction yield and temperature to avoid damaging

13



the protein structure (Ghosh et al., 2014). Examples of the ILs extraction methods of the

wool keratins and the feather keratins are shown in Table 1.5.

Table 1. 5. The ionic liquids (ILS) extraction methods of the wool keratins, the feather,
and the human hair keratins (Table is modified by Perta-Crisan et al., (2021)).

Keratin Processing Parameters
Reference
Source Extracting Solution Conditions
[DBNE]|DEP 120°C, 3h (X. Liu et
Wool
Solid, liquid ratio: 8 wt% Yield: 0.447 g/g al., 2017)
[DBNM]DMP 120°C, 3.5 h (X. Liu et
Wool o .
Solid, liquid ratio: 8 wt% Yield: 0.4 g/g al., 2017)
130°C, 10 h (H. Xie et
Wool [Amim]|Cl -
Solubility: 8 wt % al., 2005)
(Li&
. 130°C, 640 min
Wool [Amim]Cl . Wang,
Solubility: 21 wt%
2013)
130°C (Idris et al.,
Wool [Amim]Cl
Solubility: 10 wt% 2014)
_ 130°C (Idris et al.,
Wool [Amim][dca] -
Solubility: 23 wt% 2014)
130°C, 10 h (H. Xie et
Wool [Bmim]Br .
Solubility: 2 wt% al., 2005)
100°C, 10 h (H. Xie et
Wool [Bmim]Cl .
Solubility: 4 wt% al., 2005)
130°C, 10 h (H. Xie et
Wool [Bmim]Cl
Solubility: 11 wt% al., 2005)
(Li&
130°C, 535 min
Wool [Bmim]Cl . Wang,
Solubility: 15 wt%
2013)
[Bmim]Cl 120°C, 30 min (Ghosh et
Wool S )
Solid, liquid ratio: 1:6 Yield: 57% al., 2014)

Cont. on the next page
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Wool [Bmim]Cl 150°C, 30 min (Ghosh et
00
Solid, liquid ratio: 1:6 Yield: 35% al., 2014)
[Bmim]Cl 180°C, 30 min (Ghosh et
Wool
Solid, liquid ratio: 1:6 Yield: 18% al., 2014)
130°C (Idris et al.,
Wool [Bmim]Cl
Solubility: 12 wt% 2014)
130°C, 24 h (H. Xie et
Wool [Bmim]BF4
Insoluble al., 2005)
‘ . 130°C (Idris et al.,
Wool [Choline][thioglycolate] .
Solubility: 11 wt% 2014)
130°C; 10 h
[Amim]Cl (Idris et al.,
Feathers Solubility: 50 wt%
Solid, liquid ratio: 1:2 2014)
Yield: 60%
[Amim]CI + 10% wt Na;SO3 90°C; 1 h (Jietal.,
Feathers
Solid, liquid ratio: 1:20 Solubility: 4.8 wt%  2014)
130°C; 10 h
[Bmim]Cl (Idris et al.,
Feathers Solubility: 50 wt%
Solid, liquid ratio: 1:2 2014)
Yield: 60%
[Bmim]Cl (Azmi et
Feathers . 130°C; 2 h
500mgin20g al., 2018)
_ 100°C; 48 h (P. Sun et
Feathers [Bmim]Cl
Solubility: 23 wt% al., 2009)
[Bmim]Cl + 10% wt Na>SO3 90°C; 1 h (Jietal.,
Feathers
Solid, liquid ratio: 1:20 Solubility: 4.8 wt%  2014)
[Bmim]Cl: dimethylsulfoxide
mixture 35:65 (Azmi et
Feathers . 52 min
500mgin20g al., 2018)
Ultrasonic treatment: 200 W
[Bmim]Cl
(Azmi et
Feathers 500mgin20g 20 min
al., 2018)

Ultrasonic treatment: 200 W

Cont. on the next page
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[Bmim]Br + 10% wt Na;SOs3 90°C; 1 h (Jietal.,
Feathers o .
Solid, liquid ratio: 1:20 Solubility: 4.2 wt%  2014)
[Bmim]NOs + 10% wt Na2SO3 90°C; 1 h (Jietal,
Feathers o
Solid, liquid ratio: 1:20 Solubility: 4.2 wt%  2014)
[Bmim]HSO4 + 10% wt
90°C; 1 h (Jietal.,
Feathers NazS03
S . Solubility: 4.1 wt%  2014)
Solid, liquid ratio: 1:20
[HOEMIm][NTf2] + 1.0 Y.-X.
s 80°C; 4 h (
Feathers NaHSO3 . Wang &
o . Yield: 21.75%
Solid, liquid ratio: 1:45 Cao, 2012)

The fifth group of the extraction method is enzymatic and microbial procedures.
Unfortunately, the wool keratins are not completely bio-degraded by using enzymatic
and microbial treatments because of disulfide bonds and hydrophobic interactions in the
wool keratin protein structure (Feroz et al., 2020). Bacteria, actinomycetes, and fungi are
used in microbial extraction to produce keratinase residues. Enzymes can also hydrolyze
the wool keratin structure and produce soluble wool keratin proteins (Holkar et al., 2018;
Korniltowicz-Kowalska & Bohacz, 2011). Compared with chemical extraction methods,
enzymatic extraction can consume lower energy and have mild treatment conditions
(Brandelli, 2008). Keratinases belong to neutral or alkaline enzyme groups, and their
optimum activities are at pH 6.0 and 9.0 values (de Oliveira Martinez et al., 2020; Gupta
& Ramnani, 2006). The optimum process temperature interval is between 45°C and 60°C
(Purchase, 2016). Thus, enzymatic and microbial extractions are green, environmentally
friendly methods and do not damage the wool keratin protein structure under extraction
conditions (Brandelli, 2008; Gupta & Ramnani, 2006; Onifade et al., 1998). Furthermore,
keratinases are used in many areas such as cleaning and treatment of obstruction in
sewage systems, cleaning of wool, and finishing of textiles (Brandelli et al., 2015;
Chaturvedi et al., 2014; Saleem et al., 2012). Examples of the enzymatic and microbial
extraction methods of the wool keratins, feather keratins, and human hair keratins are

shown in Table 1.6.

16



Table 1. 6. The enzymatic and microbial extraction methods of the wool keratins, the
feather, and the human hair keratins (Table is modified by Perta-Crisan et al.,

(2021)).
Degradation Condition
Microorganism Substrate Reference
pH Temp. (°C)
Bacillaceae
Feathers, (Villa et
Bacillus subtilis 9 50
human hair al., 2013)
(Lo et al.,
Bacillus cereus Wu2 Feathers 7 30
2012)
Chicken 8-12 35 (Rahayu et
Bacillus sp. MTS
feathers (8-10) (40-70) al., 2012)
(Bose et
Bacillus amyloliquefaciens 6B Feathers 8 50
al., 2014)
(Kumar et
Bacillus pumilus Bovine hair 8 35
al., 2007)
(Lateef et
Bacillus safensis LAU 13 Feathers 7.5 40
al., 2015)
Feathers, (Jaouadi et
Brevibacillus brevis US575 8 55
hair al., 2013)
(Vidal et
Kocuria rosea Feathers - 40
al., 2000)
Gram negative bacteria
Feathers, (Kuo et al.,
Meiothermus sp. 140 70
wool, hair 2012)
Stenotrophomonas maltophilia Feathers, 9 4060 (Fang et
BBEI11-1 wool (7-11) al., 2013)
(Hong et
Chryseobacterium sp. P1-3 Feather meal
al., 2015)
(Riffel et
Chryseobacterium sp. Strain kr6 Feathers 8 30
al., 2003)
(Allpress et
Lysobacter NCIMB 9497 Feathers 7.5 50
al., 2002)

Cont. on the next page
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Actinobacteria
8 45 (Syed et al.,
Streptomyces gulbargensi Feathers
7-9) (30-60) 2009)
Aphanoascus fulvescens (Bohacz,
Feathers 7.5 28.7
Chrysosporium articulatum 2017)
Fungi
Feathers,
(Mazotto et
Aspergillus niger human hair, 5 -
al., 2013)
sheep’s wool
A lus fi Feath 9 45 (Santos et
spergillus fumigatus eathers
pers & al., 1996)
6 60 (Cavello et
Purpureocillium lilacinum Hair
(4-9) (20-65) al., 2013)
Chicken (Anbu et
Trichopyton sp. HA-2 8 35
feathers al., 2008)
Trichoderma asperellum, (Calin et
Feathers 7.5 26
Trichoderma atroviridae al., 2019)
(Calin et
Fusarium sp. 14 Horse hair 7.5 27
al., 2017)
(Gradisar et
Doratomyces microsporus Feathers 8-9 50
al., 2000)

Another wool extraction is the superheated water and steam explosion method.

Steam flash explosion (SFE) extraction is a green hydrolysis process to produce bio-

based materials. Temperature, resistance time, particle size, and moisture content of the

wool affect the yield of the SFE extraction process (Sanchez & Cardona, 2008; X. F. Sun

et al., 2005). In the SFE extraction process, high temperature saturated steam (180—

240°C) under pressure (1-3.5 MPa) are used for a short timeframe (Chaitanya Reddy et

al., 2021). The SFE method improves digestibility and solubility of the products with fast

processing time, but cysteine residues are destroyed during the process. This process also

yields low product quality (Miyamoto et al., 1982; Shavandi, Silva, et al., 2017; Tonin et

al., 2006; W. Zhao et al., 2012). For example, an unwanted product, lanthionine, is

formed through crosslinking between cysteine and lysine residues. Additionally, the
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keratin is degraded into oligopeptides by water under high temperature and pressure.
Compared with alkaline hydrolysis, the superheated water extraction method is more
economical and environmentally friendly. The yield of wool keratin obtained using the
superheated water extraction method is similar to those of the oxidative, reductive, and
sulfitolysis technique (Bhavsar et al., 2017). The main disadvantage of the superheated
water extraction method is that proteins with a low molecular mass form at the end of the
process, and some of the amino acids are lost (Rajabinejad et al., 2018). Nevertheless,
the superheated water extraction method can be used on an industrial scale with reduced
processing time and operating cost and environmentally friendly properties without using
any chemicals. Examples of the superheated water and the steam explosion extraction

methods of the wool keratins and the feather keratins are shown in Table 1.7.

Table 1. 7. The superheated water and the steam explosion extraction methods of the
wool keratins and the feather keratins (Table is modified by Perta-Crisan et

al., (2021)).
Processing Parameters
Keratin Source Reference
Temp. (°C) Pressure (MPa) Time (min)
Xu et al,
Wool 164.2 02-0.6 2-8
2006)
(Tonin et al.,
Wool 220 - 10
2006)
(W. Zhao et
Feathers 50 0-2.0 <3
al., 2012)
(Zhang et
Feathers - 0.5-25 1
al., 2014)
(Yin et al,
Feathers 220 2.2 120
2007)
(Zhang et
Feathers Saturated steam 1.6 1
al., 2015)
(Guo et al.,
Feathers Saturated steam 1.8-2 1
2020)

Wool keratin can also be extracted by microwave treatment. In microwave
extraction, the processing time is lowered with fast heating in the reactor (Feroz et al.,

2020). In the microwave treatment extraction process, The maximum yield of the wool
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keratin proteins was reported as 62%. However, extracted keratin proteins have very low
molecular weights (between 3 and 8 kDa), and cysteine residues are significantly lost at
higher temperatures (Zoccola et al., 2012). On the other hand, the microwave treatment
extraction process provides some economic benefits with low energy consumption in
industrial-scale processes compared with the SFE extraction. Examples of the microwave
treatment extraction methods for the wool and the feather keratins are shown in Table

1.8.

Table 1. 8. The microwave treatment extraction methods of the wool keratins and the
feather keratins (Table is modified by Shavandi et al., (2017)).

Processing Parameters
Keratin Source Reference
Temp. (°C) Time (min) Yield (%)

(Zoccola et
al., 2012)
(Bertini et
al., 2013;
Canetti et
al., 2013)
(J. Chen et
al., 2015)

Wool 150 - 180 Up to 60 60

Wool 180 30 31

Feathers 160 —200 20 71.83

1.4. Thesis Overview

The main objective of this MSc thesis is to develop keratin hydrogels from Merino
sheep wool.

The contents of each chapter are described below:

1. In Chapter 2, the keratose proteins were obtained using the peracetic acid
oxidization extraction method. To improve the mechanical properties of the
keratose hydrogels, we used a low-cost, water-soluble, and amine-reactive
crosslinking agent, tetrakis(hydroxymethyl) phosphonium chloride (THPC).
The effect of the crosslinking agent on the viscoelastic and swelling properties

and morphology of the keratose hydrogels was investigated. These chemically
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ii.

iil.

crosslinked hydrogels were shown to support the proliferation of fibroblasts.
Moreover, unlike our previous study (Pakkaner et al., 2019), Merino wool was
used as the biopolymer source, and the previously used peracetic acid
oxidation procedure was slightly modified. Molecular weight distribution,
crystallinity, conformational, and thermal properties of the Merino wool
keratoses were determined.

In Chapter 3, keratin proteins were obtained by using three different
sulfitolysis methods. After the appropriate method was determined, the
hydrogels were prepared at 15 wt.% keratin concentration, and their
viscoelastic, swelling, and morphological properties were investigated.
Additionally, cytotocompatibility of the 15 wt.% keratin hydrogels was tested
on L929 fibroblast cells.

In Chapter 4, keratin proteins were obtained by sulfitolysis method using
sodium sulfide, and the amount of free thiol groups increased by applying
DTT reduction method. Then, these reactive thiol groups in the keratin protein
structure reacted with 6000 Dalton PEG-(C2Hs-mal), and 2000 Dalton PEG-
(C2Hg-mal)> to form crosslinked hydrogel network structure. The effect of
molecular weight of PEG-MAL on the viscoelastic and swelling properties,
and morphology of the chemically crosslinked keratin hydrogels was

investigated.
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CHAPTER 2

NOVEL BIOPOLYMER - BASED HYDROGELS
OBTAINED THROUGH CROSSLINKING OF KERATOSE
PROTEINS USING TETRAKIS (HYDROXYMETHYL)
PHOSPHONIUM CHLORIDE

2.1. Introduction

Keratin is a family of fibrous proteins that constitute bulk of cytoplasmic epithelia
and epidermal appendageal structures of birds, reptiles, and mammalians such as hair,
wool, horns, hooves, and nails (Kadirvelu & Fathima, 2016; Pakkaner et al., 2019; Rouse
& van Dyke, 2010). Inter- and intra-chain disulfide bonds play important role in the
mechanical integrity of the keratins but these crosslinks also lower the solubility of these
proteins (Rajabi et al., 2020; Shavandi, Silva, et al., 2017). Various extraction techniques
such as reduction (Fernandez-d’Arlas, 2018), oxidation (Potter & van Dyke, 2018),
sulfitolysis (Aluigi et al., 2008), alkali hydrolysis (Fagbemi et al., 2020), enzymatic
hydrolysis (Su et al., 2020), ionic liquid treatment (Ji et al., 2014), microwave irradiation
(Rodriguez-Clavel et al., 2019), and steam explosion (Zhang et al., 2015) have been used
to solubilize keratins. Ionic liquid, microwave irradiation and steam explosion assisted
solubilization methods require extreme processing conditions. Alkali hydrolysis and
enzymatic hydrolysis cleave peptide bonds and, hence, degrade keratin structures
whereas much more intact keratin proteins can be obtained via reduction, oxidation, and
sulfitolysis processes (Pourjavaheri et al., 2019; Shavandi, Silva, et al., 2017).

Soluble keratin extracts or its blends with other polymers can be fabricated into
fibers (Edwards et al., 2015), films (Tran & Mututuvari, 2015), sponges (Tachibana et
al., 2006), and hydrogels (S. Wang et al., 2015) and these processed forms find many

applications in the biomedical field. More specifically, there exist many reports

This chapter has been published as:
Yalcin D. & Top A. (2022). Novel biopolymer-based hydrogels obtained through crosslinking of keratose
proteins using tetrakis (hydroxymethyl) phosphonium chloride, Iranian Polymer Journal, 1-11.
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demonstrating the potential of keratin hydrogels in the delivery of therapeutics (Cohen et
al., 2018; Saul et al., 2011; Tomblyn et al., 2016a), wound healing (Park et al., 2015;
Veerasubramanian et al., 2018; J. Wang et al., 2017), nerve regeneration (Pace et al.,
2013; Sierpinski et al., 2008), ossointegration of dental implants (Duncan et al., 2018),
and vascular smooth muscle differentiation (Ledford et al., 2017). Most of the keratin
hydrogels were prepared via oxidation of thiol groups of the reduced keratins to form
disulfide linkages (Y. Cao et al., 2019; M. Chen et al., 2021; Esparza et al., 2018; Ham
et al., 2016; J. Wang et al., 2017). Modification of the parent keratin proteins used in
these hydrogel formulations allowed to tune the release of therapeutic molecules by
controlling the erosion of the hydrogels (S. Han et al., 2015; Nakata et al., 2015). More
stable hydrogels can be obtained by photocrosslinking and using chemical crosslinking
agents. However, these kinds of crosslinked hydrogels were not explored as much as the
keratin hydrogels prepared via the reformation of the disulfide bonds. Keratin hydrogels
prepared by the photochemical reaction between thiol and norbornene groups (Yue et al.,
2018), dityrosine crosslinked keratose (oxidized keratin) hydrogels formed by using
ruthenium based photochemistry (Sando et al., 2010) are a few examples of
photocrosslinked keratinous hydrogels. Additionally, sodium trimetaphosphate was
employed as a crosslinking agent in the preparation of hydrogels composed of konjac
glucomannan and keratin (Veerasubramanian et al., 2018).

We prepared self-assembled hydrogels by using keratose proteins extracted from
Akkaraman sheep wool in our previous study (Pakkaner et al., 2019). In the current study,
in order to improve the mechanical properties of the keratose hydrogels, we used a low
cost, water soluble, and amine reactive crosslinking agent, tetrakis(hydroxymethyl)
phosphonium chloride (THPC), which was introduced by Chung et al. (2012). Effect of
the concentration of the crosslinking agent on the viscoelastic, swelling and morphology
of the keratose hydrogels was investigated. These chemically crosslinked hydrogels were
shown to support proliferation of fibroblasts. Moreover, different from our previous
study, Merino wool was used as the biopolymer source and previously used peracetic
acid oxidation procedure applied to solubilize keratose proteins was slightly modified.
Molecular weight distribution, crystallinity, conformational, and thermal properties of

the Merino wool keratoses were determined.
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2.2. Experimental

2.2.1. Materials

Wool samples obtained from Karacabey Merino sheep breed were kindly
provided by the Ministry of Agriculture and Forestry, Sheep Breeding Research Institute
(Balikesir, Turkey). Chloroform (Sigma-Aldrich) and methanol (Sigma-Aldrich) were
used for the defatting of the wools. Peracetic acid solution (Sigma-Aldrich, 32 w % in
dilute acetic acid), Tris-base (Merck), Tris-HCI (Sigma-Aldrich) and cellulose membrane
dialysis tubing (Sigma-Aldrich, MWCO ~14000) were employed in the extraction and
isolation of the keratoses. FT-IR grade potassium bromide was purchased from Sigma-
Aldrich. Acrylamide (Sigma-Aldrich), bisacrylamide (Amresco), sodium dodecyl sulfate
(Merck), ammonium persulfate (Merck), tetramethylethylenediamine (TEMED, Merck),
bromophenol blue (Amresco), glycerol (Merck), 2-mercaptoethanol, PageRulerTM pre-
stained protein ladder (Thermo Fisher Scientific), glycine (Amresco), coomasie brilliant
blue G-250 (Merck), acetic acid (Sigma-Aldrich), methanol (Sigma-Aldrich), Tris-HCI
(Sigma-Aldrich), Tris-base (ChemCruz) were employed in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. 2,4,6-trinitrobenzene sulfonic
acid solution (TNBSA, 5% w/v in H20) and sodium tetraborate were obtained from
Sigma-Aldrich. Sodium phosphate dibasic (NaxHPO4) and potassium phosphate
monobasic (KH2POs) purchased from Merck, NaCl (Sigma-Aldrich) and KCI (Panreac)
were used in the preparation of phosphate buffer saline. Sodium hydroxide (Sigma-
Aldrich) and hydrochloric acid (Merck) were used to adjust pH of the solutions. Tetrakis
(hydroxy methyl) phosphonium chloride (THPC, Acros) was used as a crosslinking agent
in the preparation of hydrogels. DMEM cell culture medium (high glucose), fetal bovine
serum (FBS, European grade), gentamycin sulfate, 0.25% trypsin-EDTA solution and
trypan blue solution (5 mg/ml) were obtained from Biological Industries. CCK-8 cell

counting kit were purchased from Cayman Chemical Company.
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2.2.2. Methods

2.2.2.1. Extraction of the keratose proteins

Merino sheep wools were cut, cleaned, defatted, and oxidized with peracetic acid
similarly to the procedures described previously (Pakkaner et al., 2019). However, in the
current study, 200 ml 1.8 w/v % peracetic acid solution was used to oxidize 5 g defatted
wool. After the oxidation process, keratose proteins were extracted and isolated by
following the methods used before (Pakkaner et al., 2019). Finally, the keratose samples

were stored at -20°C.

2.2.2.2. Characterization of the wools and the keratose

Scanning electron microscopy (SEM) was performed to monitor the
morphologies of the cleaned wool and lyophilized keratose. The samples were coated
with a thin layer of gold prior to the observations and an FEI Quanta 250 FEG (Oregon,
USA) model instrument was used. Fourier transform infrared (FTIR) spectra of the
defatted wool and the keratose were taken between 400 — 4000 cm™! wavelength range by
applying a scan number of 32 and a resolution of 2 cm!. The samples were prepared by
using KBr pellet technique and the spectra were acquired on a Shimadzu 8400 (Tokyo,
Japan) spectrophotometer. Thermogravimetric analyses (TGA) of the defatted wool and
the keratose were carried out using a Shimadzu TGA-51 (Tokyo, Japan) instrument. The
samples were heated from room temperature to 1000°C with a heating rate of 10°C/min
under nitrogen flow. X-ray diffraction (XRD) experiments were conducted using a
Philips PANalytical X Pert Pro (Almelo, Netherlands) model diffractometer with an
incident CuKa. radiation at 1.54 A. XRD patterns were recorded between 20 range of 5°
and 80° with a scan rate of 0.08 degree/s. SDS-PAGE analysis of the keratose was
performed using a 4% stacking gel and 10% resolving gel on a Mini-Protein Tetra system
(Bio-Rad Lab. Inc., USA). The protein sample with a concentration of 6 pg/uL was
prepared in a buffer solution containing 8 M urea and 50 mM Tris at pH 8.0. The protein
solution was mixed with 4x sample buffer (0.25 M Tris-HCI at pH 6.8, 40% glycerol,
0.28 M SDS, 0.008% bromophenol blue and 20% 2-mercaptoethanol) and the mixture
was incubated at 90°C for 10 min and 10 pL of the mixture was loaded onto the gel. The

separation was performed at 100 V for 80 min and the gel was stained with coomassie
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brilliant blue (R-250) solution (0.05% coomassie brilliant blue, 50% methanol and 10%
acetic acid) for 1 h. Excess stain was removed by washing the gel with 12.5% acetic acid

and 5% methanol solution.

2.2.2.3. Preparation of the chemically crosslinked keratose hydrogels

TNBSA (2,4,6-trinitrobenzene sulfonic acid) assay was used to determine amine
content of the keratose by applying the method proposed by Snyder and Sobocinski
(1975). Known amount of keratose sample was dissolved in 0.01 M sodium tetraborate
solution at pH 9.3. 1 ml protein solution is mixed with 25 pL. 0.03 M TNBSA solution
and the mixture was incubated at room temperature for 30 min. Absorbance of the
mixture at 420 nm was measured using a UV-Vis spectrophotometer (Shimadzu UV-
2450, Tokyo, Japan). Amine concentration was determined using the extinction
coefficient of 11.2 x 103 cm™ M! at 420 nm (Snyder & Sobocinski, 1975). The hydrogels
were prepared by crosslinking keratose containing amine functional groups (7.5 w/v %)
using THCP in PBS (10 mM Na;HPO4, 1.8 mM KH;POs4, 137 mM NaCl and 2.7 mM
KCl) at pH 7.4 or in deionized water at ~ pH 7.5 by simply mixing the keratose and THPC
solutions at room temperature. The ratio of keratose and THPC functional groups were

changed as 1:1, 1:2, and 1:4.

2.2.2.4. Characterization of the hydrogels

Oscillatory rheology tests were performed at 25°C, and by using a Thermo Fisher
Scientific HAAKE MARS (Waltham, MA, USA) model rheometer equipped with a 35
mm diameter of stainless steel parallel plate. The keratose hydrogels crosslinked in PBS
were placed onto the plate and, 0.5 mm gap distance was used. For the strain sweep
experiments, frequency was set to 1 Hz. Frequency sweep tests were performed at 0.05%
strain. Three independent measurements were taken for each set of experiment. FTIR
spectra of the hydrogels recorded on the same instrument used for the wool and freeze
dried keratose. 2 uL of the hydrogels crosslinked in deionized water was spread on a
ZnSe window and dried in a vacuum oven at 37°C. The spectra were collected at 2 cm’!
resolution using 256 scans. Effect of the hydrogels on the proliferation of L929 mouse
fibroblast cells was investigated using CCK-8 assay by applying the procedure reported
earlier (Pakkaner et al., 2019). Absorbance values at 450 nm (A450) correlated to cell
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viability were measured using Thermo Fisher Varioskan Flash microplate reader
(Waltham, MA, USA). Relative proliferation rate was determined using three replicates
of each hydrogel prepared in PBS. Empty tissue culture treated polystyrene (TCPS) wells
were used as the control sample. Thus, relative proliferation rate was calculated by the

following equation:

Relati 1 proliferati te = A5, of the hydrogel 51
elative cell profiferation rate = A,s, of TCPS at the end of Day 1 (2.1)

For swelling tests, keratose hydrogels were prepared inside the wells of a 24-well
flat-bottom plate. Crosslinking reactions of the hydrogels were performed in deionized
water. The hydrogel samples were lyophilized and the mass of each freeze dried sample
(number of replicates = 3) was determined. Dry samples, then, were immersed in excess
deionized water at room temperature and the samples swollen during specified time
periods (3 h, 6 h and 24 h) were weighed after removing excess water. Swelling ratio

values at time t were determined using the following equation (Y. Chen et al., 2020):

Wy — Wy

Swelling ratio at time t =
W

(2.2)

where Wy is the initial weight of the freeze-dried sample, and W is the weight of the
swollen hydrogel measured at time t. Pore structures of the hydrogels crosslinked in
deionized water were observed using the same SEM instrument given in Section 2.2.2.
The hydrogels were prepared in deionized water, frozen in liquid nitrogen, and freeze
dried at -80°C. The samples were coated with gold and cross-sectionally fractured portion
of the samples were investigated.

All the statistical analyses were performed using Minitab software (Minitab Inc.,
PA, US). p <0.05 obtained in the t-test method was considered as statistically significant.
Origin data analysis and graphing software (OriginLab, MA, US) was employed in the
deconvolution of amide I region of FTIR spectra of the samples into optimum number of
Gaussian peaks. Average pore size values of the freeze-dried hydrogels were measured

using ImageJ software.
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2.3. Results and Discussions

In this study, Karacabey Merino wool fibers was used as the biopolymer source.
SEM pictures of the wool fibers and freeze dried extracted keratose are given in Figure
A.1 a and Figure A.1 b, respectively. Figure A.1 a indicates that the fiber diameters are
in the range of 17 pm to 48 um. Average diameter of the fibers was measured to be 28 +
7 um, very close to that of Akkaraman sheep wool fibers (29 = 10 um) used in our
previous study (Pakkaner et al., 2019). The fiber structure, on the other hand, collapsed
after the extraction process as indicated in the SEM picture of the keratose.

Wool contains highly heterogeneous mixture of proteins with different molar
masses and compositions held together by the disulfide bonds, which render wool
insoluble (C Marshall & Gillespie, 1977; Shavandi, Silva, et al., 2017). Karacabey
Merino wool proteins were solubilized by the peracetic acid oxidation of the disulfide
bonds. Molar mass distribution of these water-soluble wool proteins was determined by
SDS-PAGE analysis. Figure 2.1 shows SDS-PAGE gel image of the extracted protein
sample along with the molecular weight marker. Diffusive protein bands between ~23
kDa and >170 kDa and a discrete band at about 12 kDa confirm highly polydisperse
nature of the protein sample. Similar distribution was also observed in the SDS-PAGE
result of another Merino wool keratose protein sample (Sando et al., 2010). Especially, a
quite intense band between ~40 kDa and ~55 kDa is noticeable and this band cluster
corresponds to low-sulfur content a-keratose proteins (Sando et al., 2010; Shavandi,
Silva, et al., 2017). The fractions separated above 55 kDa can be attributed to the highly
stable (undenatured) protein aggregates or the proteins with some uncleaved disulfide
bonds (Sando et al., 2010). The diffusive band between ~20 kDa and ~40 kDa separated
with relatively lower intensity and this band is likely to composed of some high sulfur
content proteins (y-keratoses) with a proposed molecular weight range between 11 and
28 kDa (Sando et al., 2010; Shavandi, Silva, et al., 2017). In our previous study, intensity
of y-keratose proteins’ band cluster was observed to be higher than that of a-keratose
protein band in the SDS-PAGE gel image of the oxidized Akkaraman wool proteins
(Pakkaner et al., 2019). In the current study, we decreased the amount of peracetic acid
in the oxidation process and obtained higher a-keratose protein fraction. Thus, it can be
concluded that the amount of peracetic acid used for oxidation affects the composition of

the proteins extracted. More specifically, our results indicate that increasing the amount
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of peracetic acid can facilitate the extraction of high sulfur content proteins. Finally, the
molecular weight of the proteins identified with the discrete band (~12 kDa) is in the
range of those of the wool protein fractions rich in glycine and high tyrosine content (7.4—
12.3 kDa) (Gillespie, 1972).

FTIR spectra of the defatted wool and the keratose are given in Figure 2.2 a and
Figure 2.2 b, respectively. Both spectra indicate characteristic infrared bands of peptide
bond including amide 1 (1600-1690 cm™), amide II (1480-1575 c¢cm™'), amide III
(1229-1301 cm™!) and amide A (~3300 cm™!) bands (Kong & Yu, 2007). Amide I region
in the FTIR spectrum of the keratose was deconvoluted to a single Gaussian peak with a
maximum at 1658 cm™ indicating that secondary structure of the Merino wool keratose
is rich in a-helical conformation (Figure A.2) (Jackson & Mantsch, 1995; Ko & Yu,
2007) However, in addition to a-helical secondary structure, small amount of B-turn and
-sheet content was also revealed in the deconvoluted FTIR spectrum of the keratose
used in our previous study (Pakkaner et al., 2019). In the sulfoxide region of the FTIR
spectrum of the Merino wool keratose, a sharp band at 1041 cm!, a shoulder at 1075
cm! and another small shoulder at 1130 cm™ were observed indicating the presence of
mostly cysteic acid, small but detectable amount of cystine monoxide and cystine
dioxide, respectively in the composition of the keratose (Cardamone et al., 2009;

Hilterhaus-Bong & Zahn, 1987).

Figure 2.1. SDS-PAGE results of the extracted wool proteins. Lane 1 = protein molecular
weight marker, Lane 2 = extracted wool proteins.
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XRD patterns of the defatted wool and the keratose are given in Figure 2.3 a and
Figure 2.3 b, respectively and were used to compare the crystallinity of these samples.
Defatted wool has two broad peaks at 2@ values of 9° and 20° in its XRD spectrum
whereas these peaks disappear in that of the keratose indicating loss of crystallinity during
the extraction process. The diffraction peak at 20 = 9° (0.98 nm) is attributed to both a-
helix and B-sheet structures. Additionally, a-helix and B-sheet structures can also
manifest at 20 = 17.8° (0.51 nm) and 20 = 19° (0.47 nm), respectively. Crystallinity of
the regenerated wool keratins obtained from deep eutectic solvents and ionic liquids also
was also reported to decrease compared to the parent wools (Idris et al., 2014; Nuutinen
etal., 2019). However, intensity of the diffraction peak at 20 = 20° increased in the XRD
spectra of the keratose used in our previous study and the regenerated wool obtained by
using L-cysteine, which can be explained by the increase in the -sheet content of these
samples (Pakkaner et al., 2019; K. Wang et al., 2016). Thus, decrease in the crystallinity
of the Merino wool keratose sample investigated in the current study can be attributed to
the absence of B-sheet conformation as revealed by the its deconvoluted FTIR spectrum.
It is also likely that the contribution of the B-sheet structures to the intensity of the XRD

peaks at 20 values of 9° and 20° is much higher than that of the a-helices.
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Figure 2.2. FTIR of the defatted wool and extracted keratose.
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TGA and DTGA curves of the defatted wool and the keratose given in Figure A.3.
The curves are similar to each other and follow the same trend as our previously
investigated Akkaraman wool and keratose samples (Pakkaner et al., 2019). The first
endotherm observed at ~ 82 + 1 °C represent the desorption of volatile components,
mostly moisture. The second and the third endotherms can be due to the degradation of
the side chains of the proteins and pyrolytic decomposition reactions, respectively

(Kakkar et al., 2014; Rama Rao & Gupta, 1992).
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Figure 2.3. XRD of the defatted wool and extracted keratose.

Keratose samples at 7.5 w/w % concentrations were crosslinked using
tetrafunctional THPC to form hydrogels. Suggested overall hydrogel formation reaction
between the keratose and THPC is given in Scheme 2.1. The mechanism of the reaction
between the THPC and the primary amine groups was studied by Chung et al. (2012).
They proposed that first step of the reaction is the generation of formaldehyde by a
hydroxymethyl arm of THPC. In the second step, amine and formaldehyde undergo a
Mannich-type reaction to form immonium ion. Finally, amine coupling occurs by the
reaction between phosphorous and immonium ion. Other unreacted hydroxymethyl arms
follow the same reaction mechanism to crosslink different polymer chains to promote

gelation (Chung et al., 2012).
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Scheme 2.1. Proposed reaction mechanism of the crosslinked hydrogel formation (Chung
et al., 2012)

In the crosslinking reactions, keratose to THPC reactive group ratios were
changed as 1:1, 1:2, and 1:4. Self-standing hydrogels were obtained at all three
stoichiometric ratios used (Figure A.4). Mechanical properties of the hydrogels were
investigated by oscillatory rheology tests. First, linear viscoelastic regions of the
hydrogels were determined using strain sweep tests and the plots are given in Figure A.S5.
All frequency sweep experiments were performed at 0.05% strain constant value, which
is within the linear viscoelastic limit (constant G’ as strain is varied) (Zuidema et al.,

2014).

Table 2.1. Notations and storage modules values of the crosslinked hydrogels

keratose: THPC Storage Modulus
Notation
reactive groups ratio (Pa)
1:1 gel 1:1 63 £22
1:2 gel 1:2 291 +21
1:4 gel 1:4 804 £ 53
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Figure 2.4 indicates frequency sweep data of the crosslinked hydrogels. For all
three samples, storage modulus (G’) values are independent of frequency between 0.1
and 10 rad/s. Additionally, G’ values are greater than loss modulus (G’) values verifying
rigid, cross-linked viscoelastic network characteristics of the hydrogels obtained (Ham et
al., 2016; Ozbas et al., 2004). Table 2.1 summarizes the G’ values as a function of
keratose to THPC reactive group ratio. G’ values range between ~60 Pa and ~800 Pa and
increase as the amount of the crosslinker increases confirming THPC joins different
keratose chains together effectively rather than capping single polymer chains in this

crosslinker concentration range (Chung et al., 2012).
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Figure 2.4. Frequency sweep data of the crosslinked hydrogels.
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In our previous study, a self-assembled keratose hydrogel was prepared at
physiological temperature and at 10 w9% keratose concentration. Its storage modulus was
measured as ~170 Pa (Pakkaner et al., 2019). Thus, in the current study, we demonstrated
that it is possible to obtain keratose hydrogels with a higher mechanical strength but at a

lower keratose concentration (7.5 w %) via simple chemical crosslinking procedure.
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Figure 2.5. Deconvoluted FTIR spectra of (a) uncrosslinked keratose, and crosslinked
keratose hydrogels prepared at (b) 1:1, (c) 1:2, and (d) 1:4 keratose:THPC

reactive groups ratio.

Figure 2.5 shows the deconvoluted amide I region of FTIR spectra of the dried
films of uncrosslinked keratose and the chemically crosslinked keratose hydrogels
deposited on ZnSe plates. The deconvolution results and peak assignments of the samples

are given in Table 2.2. Unlike the freeze-dried keratose sample, which has predominantly
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a-helix structure (Figure A.2), uncrosslinked and crosslinked keratose films have some
degree of B-sheet conformation as well suggesting the formation of B-sheet structures in
concentrated keratose solutions (7.5 w%). Similarly, alanine-rich polypeptides also
exhibited a-helix to B-sheet transformation at high concentrations (400 uM = ~ 0.3-0.6
w%) (Farmer et al., 2006; Farmer & Kiick, n.d.). However, it was also reported that
secondary structure of bovine hoof derived keratin is similar both in lyophilized powder
and film states and it is composed of mixture of helix and B-sheet structures (Kakkar et
al., 2014). Keratose films exhibit different conformations as the crosslinking degree is
changed. For example, uncrosslinked keratose film and the keratose film obtained with
the highest amount of crosslinker have a-helix, -sheet, and B-turn secondary structures.
1:2 gel film adopts appreciable amount of 310 helix structure rather than a-helix structures
and 1:4 gel film has the highest a-helix content. Thus, it is likely that most of the native

conformation of the keratose can be preserved if crosslinking density of the keratose films

is high.

Table 2.2. FTIR deconvolution results and peak assignments of the samples.

uncg;);il;lléked 1:1 gel 1:2 gel 1:4 gel
position (nm) 1626 1640 1630 1620
peak 1 % area 23.3 50.1 333 8.9
assignment B-sheet [B-sheet [-sheet B-sheet
position (nm) 1648 1649 1646 1653
peak 2 % area 0.9 33 0.9 70.5
assignment random coil random coil  random coil o-helix
position (nm) 1654 1662 1663 1688
peak 3 % area 473 2.9 41.5 20.6
assignment o-helix 310-helix 310-helix B-turn/B-sheet
position (nm) 1681 1680 1689
peak 4 % area 28.4 43.1 23.6 NA
assignment B-turn B-turn [B-sheet
position (nm) 1695 1695 1694
peak 5 % area 0.2 0.7 0.7 NA
assignment B-sheet [B-sheet [-sheet

Figure 2.6 presents cell proliferation results of the crosslinked hydrogels and

empty tissue culture polystyrene (TCPS) wells. All the hydrogel samples and TCPS wells

promote cell proliferation as indicated by the statistically significant differences between
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relative cell proliferation rates obtained at the end of the first and the third day. Thus,
these results reveal that the crosslinker (THPC) is not cytotoxic at the concentration range
applied.

Chemical crosslinking is used to prepare stable and mechanically strong
hydrogels, but the toxicity of the crosslinking agent and by-products of the crosslinking
reaction is the primary concern. In the current study, formaldehyde evolved in the first
step of the crosslinking reaction is cytotoxic at high concentrations. However, our results
indicate that using THPC at low concentrations (<~ 6 mM) renders the formaldehyde
concentration below its toxicity level. Chung et al. (2012) showed that the use of
millimolar concentration of THPC (~2.3 — 9.2 mM) did not cause significant cell death,

consistent with our study (Chung et al., 2012).
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Figure 2.6. Cell proliferation results of the crosslinked hydrogels and empty TCPS wells.

Swelling ratio values of the freeze dried 1:2 and 1:4 gels swollen in deionized
water are given in Figure 2.7 1:1 gel samples lost their integrity within less than 6 h. At
the end of 24 h, the swelling ratios of 1:2 and 1:4 gels were determined as 69 + 4 and 23
+ 3, respectively. Decrease in the swelling ratio with increasing crosslinking density of
the network was observed in many network systems. Low solvent imbibition capacity of

the highly crosslinked networks can be explained by the narrow gaps located between
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crosslinking points and restricted mobility of the polymer chains (Y. Chen et al., 2020;
McBath & Shipp, 2010; Suvarnapathaki et al., 2019; J. Zhao et al., 2017).
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Figure 2.7. Swelling results of the freeze-dried crosslinked hydrogels.
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Figure 2.8. SEM pictures of the freeze-dried (a) 1:2, and (b) 1:4 gels. Scale bars = 50 um

Figure 2.8 indicates SEM images of the freeze-dried crosslinked keratose
hydrogels. Porous structures are revealed in both 1:2 and 1:4 gels. However, denser
network with more irregular and occasional closed pore structure resulted from its higher
crosslinking density is apparent in the morphology of the 1:4 gel. Average pore size
values were measured as 12 +3 um and 10 + 3 pum for the 1:2 and 1:4 gels, respectively.

These values are close to those of the self-assembled keratose hydrogels investigated in
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our previous study (Pakkaner et al., 2019). However, the hydrogels obtained from the
mixtures of hair derived kerateine (reduced keratin) and keratose exhibited higher pore
size (~20 pm) at higher biopolymer concentration (15 w%) indicating the source of
biopolymer and the nature of crosslinking can alter the network characteristics of these

kind of hydrogels (Ham et al., 2016).

2.4. Conclusions

Chemically crosslinked keratose hydrogels were prepared using THPC as a
crosslinker. Viscoelastic properties, swelling properties and morphology of these
hydrogels were shown to be tuned by changing the crosslinker amount. THPC
crosslinking afforded stronger hydrogels at lower keratose concentration compared to its
self-assembled counterpart prepared in our previous study. All the THPC crosslinked
hydrogels supported the growth of L929 mouse fibroblasts cells with cell proliferation
rates higher than those of the empty TCPS wells confirming cytocompatibility of these
hydrogels. Consequently, our results suggest that THPC crosslinked keratose hydrogels
can serve as low cost and efficient scaffolds in the biomedical applications as an

alternative to other polymer/biopolymer-based materials.
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CHAPTER 33

KERATIN BASED HYDROGELS PREPARED BY SELF

ASSEMBLY & REFORMATION OF DISULFIDE

LINKAGES

3.1. Introduction

Keratin is one of the most abundant proteins found in epithelial and epidermal
appendage structures of mammals, reptiles, birds, and fishes such as hair, wool, horns,
hooves, and nails (Kadirvelu & Fathima, 2016; McKittrick et al., 2012; Pakkaner et al.,
2019). Keratin-containing biomass has been produced in the food industry, wool industry,
slaughterhouse, and meat market. USA, Brazil, and China report that 40 million tons of
keratin-containing biomass have been produced annually (Sharma et al., 2019).
According to the Turkish Statistical Institute released data, the number of sheep and goats
are about 48 million, and 76 thousand tons of wool are produced from these sheep and
goats. The number of slaughtered poultry was 1.2 billion in the last five years in Turkey
(Turkish Statistical Institute, [TUIK], 2022).

Almost half of the keratins can be extracted from wool (Reddy, 2017). Not
surprisingly, wool keratin has been classified as keratin waste according to European
Parliament and Council since 3rd October 2002 (Petek & MarinSek Logar, 2021). The
high content of high-sulfur proteins imparts high strength and chemical resistance to the
wool by forming the disulfide chemical crosslinked bond between cysteine residues.
Thus, wool has high strength, stiffness, and it is insoluble in both polar and nonpolar
solvents. There are many extraction methods to solubilize and isolate wool keratin such
as reduction, oxidation, microwave irradiation, alkali extraction, steam explosion,
sulfitolysis, enzymatic and microbial, and ionic liquids (Costa et al., 2018; Gaidau et al.,
2021; Perta-Crisan et al., 2021; Shavandi, Silva, et al., 2017; Sinkiewicz et al., 2018).
The solubilized keratins have ability to form hydrogels by self-assembly or through

various crosslinking reactions.
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In our previous study, keratose proteins were obtained by the oxidative extraction
method, and self-assembled keratose hydrogels were prepared (Pakkaner et al., 2019). In
another study, oxidized keratin (keratose) proteins and reduced keratin proteins extracted
from hair were blended to form hydrogels via self assembly and reformation of disulfide
bonds (Ham et al., 2016).

In the current study, keratin proteins were obtained Merino wool by using three
different sulfitolysis methods. Keratins solubilized by sodium sulfide were prepared at
15 wt.% concentration and were shown to form hydrogels upon incubating at 37°C. Their
viscoelastic, swelling, and morphological properties were investigated. Additionally,

cytocompatibility of the hydrogels were tested on L929 fibroblast cells.

3.2. Experimental

3.2.1. Materials

Wool samples obtained from Karacabey Merino sheep breed were kindly
provided by the Ministry of Agriculture and Forestry, Sheep Breeding Research Institute
(Balikesir, Turkey). Chloroform (Sigma-Aldrich) and methanol (Sigma-Aldrich) were
used for defatting of the Merinos wools. Sodium sulfite (Sigma-Aldrich), hydrochloric
acid (HCl) (Sigma-Aldrich), urea (Sigma-Aldrich), ethylenediaminetetraacetic acid
(EDTA) (Sigma-Aldrich) and cellulose membrane dialysis tubing (Sigma-Aldrich,
MWCO ~14000) were employed in the extraction and isolation of the keratoses. FT-IR
grade potassium bromide was purchased from Sigma-Aldrich. Sodium hydroxide
(NaOH) (Sigma-Aldrich) and hydrochloric acid (HCl) (Merck) were used for adjusting
pH value of the solutions. Also NaH,PO4.H>O (Merck) was used in the preparation of
phosphate buffer saline. Acrylamide (Sigma-Aldrich), bisacrylamide (Amresco), sodium
dodecyl sulfate (Merck), ammonium persulfate (Merck), tetramethylethylenediamine
(TEMED, Merck), bromophenol blue (Amresco), glycerol (Merck), 2-mercaptoethanol,
PageRulerTM pre-stained protein ladder (Thermo Fisher Scientific), glycine (Amresco),
coomasie brilliant blue G-250 (Merck), acetic acid (Sigma-Aldrich), methanol (Sigma-
Aldrich), Tris-HCI (Sigma-Aldrich), Tris-base (ChemCruz) were employed in sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. DMEM cell
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culture medium (high glucose), fetal bovine serum (FBS, European grade), gentamycin
sulfate, 0.25% trypsin-EDTA solution and trypan blue solution (5 mg/ml) were obtained
from Biological Industries. CCK-8 cell counting kit were purchased from Cayman

Chemical Company.

3.2.2. Methods

3.2.2.1. Cleaning and defatting of the Merino wool

In this study, keratin proteins were obtained from Merino sheep wool provided by
Forestry Sheep Breeding Research Institute (Balikesir, Turkey). The Merino sheep wool
was cleaned and defatted according to the previously reported methods (Pakkaner et al.,

2019; Yalgin & Top, 2022).

3.2.2.2. Extraction of the keratin proteins with sodium sulfide

1 gram defatted wools was treated with 125 mM sodium sulfide in 50 ml solution
at 40°C by shaking at 150 rpm for 4 h by avoiding exposure to the light. Extracted keratins
were separated from the undissolved solid by using a ceramic filter. The solution was
dialyzed against deionized water using a pretreated dialysis membrane tubing. Dialysis
medium was changed thrice a day, and the dialysis process was carried out for 3 days.

Lastly, the dialyzed keratin proteins were lyophilized and stored at -20 °C.

3.2.2.3. Extraction of the keratin proteins with sodium sulfide and HCI

1 M HCI solution was added to the keratins extracted with sodium sulfide as
described above was treated until pH of solution was adjusted ~4.0. Precipitated keratins
were isolated by centrifugation, then, they were dissolved in deionized water at pH 8.0.
Lastly, the keratin protein solution was dialyzed against deionized water, lyophilized and

stored at -20 °C.
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3.2.2.4. Extraction of keratin proteins with sodium sulfide, urea and

EDTA

1 gram cleaned, and defatted wool was treated with 8 M urea, 3 mM EDTA and
125 mM sodium sulfide in 50 ml solution at 40°C by shaking at 150 rpm for 4 h by
avoiding exposure to the light. Solubilized keratin proteins were filtered, and pH of the
keratin solution was adjusted to 8.0 with 1 M NaOH. Then, the keratin solution was
dialyzed against deionized water using a pretreated dialysis membrane tubing. Dialysis
medium was changed thrice a day, and the dialysis process was performed for 3 days.

Lastly, the dialyzed keratin proteins were lyophilized and stored at -20 °C.

3.2.2.5. Characterization of the keratin proteins

The yield of keratin proteins from the different extraction methods was calculated

using the following equation:

Amount of obtained keratin proteins

Yield % = ( ) £ 100% G.1)

Amount of initial Merino sheep wool

DTNB (Ellman’s Reagent) (5,5-dithio-bis-(2-nitrobenzoic acid)) assay was used
to determine the free thiol groups of the keratin protein structures by applying the method
proposed by Aitken and Learmonth (1996). Keratin proteins were dissolved in the
phosphate buffer solution (0.1 M NaH>PO4 and 1 mM EDTA at pH 8.0) at a concentration
of 1 mg/ml. Then, the keratin solution was diluted five times with 10 mM DTNB in the
phosphate buffer and incubated at room temperature for 15 minutes. Absorbance of the
solution was measured at 412 nm using a UV-Vis spectrophotometer (Shimadzu UV-
2450, Tokyo, Japan). Free thiol content concentration was determined using the
extinction coefficient of 14150 M-'cm™! at 412 nm (Riddles et al., 1983).

Fourier transform infrared (FTIR) spectra of the secondary structure of the
extracted keratin proteins with different methods were taken between 400 — 4000 cm’!
wavelength range by applying a scan number 32 and a resolution of 2 cm!. The samples
were prepared by using KBr pellet technique and the spectra were performed by

Shimadzu 8400 (Tokyo, Japan) model spectrophotometer.
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Thermogravimetric analyses (TGA) of the extracted keratin proteins were carried
out using a Shimadzu TGA-51 (Tokyo, Japan) type instrument. The samples were heated
from room temperature to 1000 °C with a heating rate of 10 °C/min under nitrogen flow.

X-ray diffraction (XRD) experiments were conducted using a Philips PANalytical
X’Pert Pro (Almelo, Netherlands) model diffractometer with an incident CuKa radiation
at 1.54 A. XRD patterns were recorded between 20 range of 5° and 80° with a scan rate
of 0.08 degree/s.

SDS-PAGE gel analysis of the keratin proteins was performed using a 4%
stacking gel and 10% resolving gel on a Mini-Protein Tetra system (Bio-Rad Lab. Inc.,
USA). The keratin samples with a concentration of 15 pg/ul. was prepared in a buffer
solution containing 8 M urea and 50 mM Tris at pH 8.0. The protein solution was mixed
with 4x sample buffer (0.25 M Tris-HCl at pH 6.8, 40% glycerol, 0.28 M SDS, 0.008%
bromophenol blue and 20% 2-mercaptoethanol). The mixture was incubated at 90°C for
10 min and 10 pL of the mixture was loaded into the gel. The separation was performed
at 100 V for 80 min and the gel was stained with coomassie brilliant blue (R-250) solution
(0.05% coomassie brilliant blue, 50% methanol and 10% acetic acid) for 1 h. Excess stain

was removed by washing the gel with 12.5% acetic acid and 5% methanol solution.

3.2.2.6. Preparation of the keratin hydrogels

To prepare hydrogels, aqueous solutions (PBS at pH 7.4 or deionized water) of
the keratin proteins extracted with only sodium sulfide (Method NP) were prepared at 15
wt. % concentration. Then, the keratin solution was incubated at 37°C for overnight to

obtain the hydrogel.

3.2.2.7. Characterization of the keratin hydrogels

Oscillatory rheology tests were performed at room temperature, and by using a
Thermo Fisher Scientific HAAKE MARS (Waltham, MA, USA) model rheometer
equipped with a 35 mm diameter of stainless-steel parallel plate. The protocol of
rheological experiment was followed as like Chen et al. study (2017). The keratin
hydrogels in PBS were placed onto the plate and, 0.5 mm gap distance was used. The
time sweep experiments were performed at 0.2% strain and 1 Hz for 2 minutes to

condition or recondition the hydrogels. For the frequency sweep tests, strain was set to
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0.2%. After the frequency tests, the time sweep experiments were done again. Then the
strain sweep experiments were performed constant frequency value at 1 Hz. After that,
low strain (LVE region) and high strain (not LVE region) cyclic strain time sweep tests
were conducted for 2 min and 1 min, respectively. The cyclic strain time sweep tests were
repeated as 5 times. Lastly, the continuous flow test was performed using a different
hydrogel sample to analyze shear-thinning behavior.

Scanning electron microscopy (SEM) was performed to monitor the pore
structures of the keratin hydrogels. The hydrogels were prepared in pH 7.4 deionized
water and freeze dried at -80°C. The samples were coated with a thin layer of gold prior
to the observations and an FEI Quanta 250 FEG (Oregon, USA) model instrument was
used. Average pore size values of the freeze-dried hydrogels were measured using ImageJ
software.

Effect of the 15 wt.% keratin hydrogels on the proliferation of L929 mouse
fibroblast cells was investigated using CCK-8 assay by applying the procedure reported
earlier (Pakkaner et al., 2019; Yal¢in & Top, 2022). Absorbance values at 450 nm (A450)
correlated to cell viability were measured using Thermo Fisher Varioskan Flash
microplate reader (Waltham, MA, USA). Relative proliferation rate was determined
using three replicates of 15 wt.% keratin hydrogel prepared in PBS. Empty tissue culture
treated polystyrene (TCPS) wells were used as the control sample. Thus, relative

proliferation rate was calculated by the following equation:

A5, of the hydrogel
A,s, of TCPS at the end of Day 1

Relative cell proliferation rate = 3.2)

For swelling test, the keratin hydrogels were prepared inside the wells of a 24-
well flat-bottom plate. 15 wt.% keratin hydrogel was performed in deionized water. The
hydrogel sample was lyophilized, and the mass of each freeze-dried sample (number of
replicates = 3) was determined. Then dry samples were immersed in excess filtered PBS
and weight of the swollen hydrogel was measured at different time intervals. Swelling

ratio values at time t were determined using the following equation (Y. Chenetal., 2020):

. . . Wy — Wy
Swelling ratio at time t = ———— (3.3)
Wa
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where Wy is the initial weight of the freeze-dried sample, and W is the weight of the

swollen hydrogel measured at time t.

3.3. Results and Discussions

Wool contains approximately 82% keratinous proteins with high concentration of
cysteine amino acids these proteins are crosslinked by disulfide bonds between cysteine
residues. During the sulfitolysis process, first sodium sulfide was reacted with water to
form hydrosulfide (inorganic thiol) and hydroxide ions are formed as shown in Figure
3.1. Formation of hydrosulfide and hydroxide ions increases pH of extraction solution.
(D. K. Liu & Chang, 1987). Then, the disulfide bonds are broken by hydrosulfide ion, as
given in Figure 3.2. After the cleavage of disulfide bonds, cysteine and perthiocysteine
are formed as highly reactive protonated and deprotonated amino acid residues,

respectively.

-0 :0-0-0

Figure 3.1. Dissolution of sodium sulfide in water and formation of hydrosulfide and
hydroxide ion.

Keratin proteins were obtained from Merino sheep wool with three different
sulfitolysis methods, sodium sulfide extraction method (Method NP), sodium sulfide
extraction followed by HCl precipitation (Method P) and sodium sulfide, urea & EDTA
extraction (Method UE).
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SH SH SH

Figure 3.2. The reduction of disulfide bonds in cystine by hydrosulfide ion.

Table 3.1. The yields and the free thiol amounts obtained in different keratin extraction

methods
Final Reduction Extraction Yield Free Thiol Amounts
Method g Method (%) [mmol/g keratin]
NP 11.0 Sodium sulfide 44 +£2 0.07 £0.02
P 11.0 Sodium sulfide + HC1 27+1 0.06 £0.01
UE 8.0 Sodium sulfide + Urea + 42+ 0.05 +0.01
EDTA

The yield and free thiol amounts obtained in the different keratin extraction
methods are shown in Table 3.1. The yields of Method NP and Method UE are similar
and higher than that of Method P. Urea was used as a denaturant to access the disulfide
bonds in the intra-molecular structure of the keratin proteins during the extraction
process. Thus, it was expected that using urea in the extraction would increase the yield
and the amount of the free thiol amounts of Method UE. The initial pH value of Method
UE was 8.0, and it was less than Method NP pH value (11.0). Thus, it is likely that high
pH value of Method NP facilitates the extraction without using a denaturant. In method
P, Method NP is followed by a precipitation. The isoelectronic point of a.-keratin proteins
is at pH 4.0. Thus, at this pH value only keratins with isoelectric point of 4 precipitated

and the yield of Method P is the lowest. Similar to our study, keratin proteins from red
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sheep hair were treated with extraction solution 0.125 M sodium sulfide at 40°C for 4
hours and extraction yield was calculated as 54.98 + 0.7 % (Ramya et al., 2020).
Additionally, it was also shown that as the amount of sodium sulfide increases keratin
extraction yield increases (Poole et al., 2011).

The average value of the free thiol amounts was calculated as 0.06 + 0.01 mmol
SH/g keratin for all extraction methods. The free thiol amount of keratin obtained from
human hair by extracted nearly similar method was determined as <0.01 mmol/g keratin.
The reason for the low free thiol content could be reformation of disulfide bonds due to
the oxidization of free thiols during dialysis step (Yue et al., 2018).

Fourier transform infrared (FTIR) spectra of the extracted keratin proteins from
NP, P and UE methods are given in Figure 3.3. All spectra indicated characteristic
infrared bands of the peptide bond, including amide I (1600-1690 cm™'), amide II (1480-
1575 cm), amide III (1229-1301 cm™), and amide A (~3300 cm™') bands (Jackson &
Mantsch, 1995; Kong & Yu, 2007).

Absorbance

—UE

0
4000 3000 2000 1000

Wavenumber (cm™)

Figure 3.3. FTIR spectra of the keratin proteins obtained by different extraction
methods.
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X-ray diffraction (XRD) patterns of the extracted keratin proteins from NP, P and
UE methods are given in Figure 3.4, and were used to compare the crystallinity of these
samples. The keratins obtained by different extraction methods exhibit similar diffraction
peak at 20 =20° which corresponds to a-helix and B-sheet structures. However, the
intensity of this peak is somewhat lower for the keratin obtained in Method P. In our
previous study, defatted wool had two broad peaks at 20 values of 9° and 20° in its XRD
spectrum whereas these peaks disappear in that of the keratose indicating loss of
crystallinity during the extraction process (Yal¢cin & Top, 2022). Similarly, the
crystallinity of the regenerated wool keratin proteins obtained from deep eutectic solvents
and ionic liquids also was reported to decrease compared to that of the parent wools (Idris

et al., 2014; Nuutinen et al., 2019).
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Figure 3.4. XRD patterns of the keratin extracted by different sulfitolysis methods.

Thermal behavior of the NP, P and UE methods was investigated using

thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTGA)
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methods. Figure 3.5 indicates that the keratins obtained from different methods follow
different degradation profiles attributed to the differences in the compositions of the
keratins. However, the TG and DTG curves of Method UE are similar to the previously
investigated Akkaraman wool, Merino wool and the keratose samples (Pakkaner et al.,
2019; Yalgin & Top, 2022). All keratins extracted by using sulfitolysis processes
exhibited three major thermal transitions by giving less than 3% residue at the end of
1000 °C. First endotherms were observed at ~95 °C, ~71 °C and ~79°C for the keratins
obtained in Method NP, Method P and Method UE, respectively. The first endotherm
corresponded to removal of moisture and volatile materials which constitutes ~3.61 % of
the total weight of all extracted keratin proteins. The second endotherm was obtained
between 310°C and 350 °C mainly indicating the degradation of the side chains of the
keratin proteins (Kakkar et al., 2014; Rama Rao & Gupta, 1992). In this region, the
corresponding weight losses were 33%, 25%, and 43% for the keratins extracted by
Method NP, Method P, and Method UE, respectively. Similarly, ~45% weight loss
associated with the second endotherm was reported for keratin proteins from a bovine
hoof (Kakkar et al., 2014). However, there was a shoulder in the Method UE curve at
~300 °C which was probably due to the elimination of sulfur containing gases or other
small molecules more cooperative manner. Additionally, the weight loss at this shoulder
was 23.5%. The last endotherm was observed at ~944 °C for Method NP, appeared as
two shoulders at ~736 °C and ~973 °C for Method P and resolved as two peaks at ~515
°C and ~575 °C for Method UE. The third endotherm can be attributed to pyrolytic
decomposition reactions (Rama Rao & Gupta, 1992).

Sodium dodecyl sulfate-polyacrylamide gel -electrophoresis (SDS-PAGE)
analysis results of the extracted keratin proteins with the molecular weight marker are
given in Figure 3.6. Molar mass of extracted keratin proteins were populated between
>170 kDa and ~17 kDa as diffusive bands, and ~10 kDa as a discrete band. The SDS-
PAGE results proved the highly polydisperse nature of the extracted keratin protein
samples. In the SDS-PAGE analysis of the keratin extracted from another Merino wool
sample similar distribution was observed (Aluigi et al., 2014). Especially, for the keratin
extracted by Method P diffusive band between ~72 kDa and ~40 kDa which corresponds
to low-sulfur content a-keratin proteins was quite intense compared to those of the other
keratins (Sando et al., 2010; Shavandi, Silva, et al., 2017). Bands above ~55 kDa
represent highly stable undenatured protein aggregates or the proteins with some

uncleaved disulfide bonds (Sando et al., 2010). Second diffusive band between ~26 kDa
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and ~17 kDa indicate high sulfur content proteins of y-keratoses (Sando et al., 2010;
Shavandi, Silva, et al., 2017). A discrete band at ~10 kDa is due to the wool protein
fractions rich in glycine and high tyrosine content (between 7.4 kDa and 12.3 kDa)

(Gillespie, 1972).
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Figure 3.5. TGA and DTG of the keratins obtained by (a) Method NP, (b) Method P and
(c) Method UE.

Figure 3.6. SDS-PAGE results of the extracted keratin proteins; from the left to right,
lane 1 = Method UE, lane 2 = Method NP, lane 3 = Method P, and lane 4 =
protein molecular weight marker.
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Keratin solution prepared at 15 wt. % concentrations in PBS incubated at 37 °C
for overnight formed hydrogel as given in Figure 3.7. The hydrogel formation is triggered
by both self-assembly and the reformation of disulfide linkages because of the oxidation
of thiols. Viscoelastic properties of the hydrogel were determined by using an oscillatory

rheometer.

Figure 3.7. Picture of the 15 wt.% keratin hydrogel.

The frequency sweep tests were done between 0.1 Hz and 15 Hz at constant 0.2%
strain, and the resultant curves are given in Figure 3.8. The purpose of the frequency
sweep test is to determine elastic and viscous properties under constant strain. G’ (storage
modulus) and G” (loss modulus) give the information about the elastic and viscous
response behaviors of the hydrogels. Plateau values of storage and loss moduli were
obtained as 1343 + 196 Pa, and 81 + 8 Pa respectively. Thus, G’ (storage modulus) value
was obtained to be higher than G’ (loss modulus) value confirming gel-like behavior of

the keratin hydrogel.
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Figure 3.8. Frequency sweep data of the keratin hydrogel
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Figure 3.9. Strain sweep data of the keratin hydrogel.

Next, the strain sweep experiments were performed between 0.1% and 50% strain
at a constant frequency value of 1 Hz, and the data obtained are presented in Figure 3.9.
The linear viscoelastic region (LVE) was observed between 0.1% and 10%. Similar to

the frequency test results, the plateau value of G” was obtained as 1218 + 76 Pa, and 70
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+ 7 Pa for G’ at the LVE region. These values are much higher than the storage and loss
moduli values of the self-assembled 10 wt.% keratose-based hydrogels prepared at 37 °C
(Pakkaner et al., 2019). Additionally, G’ and G’ values of the crosslinked keratose-based
hydrogel with THPC were less than those of the 15 wt.% keratin-based hydrogels’ values
(Yal¢in & Top, 2022). Because concentration of the keratin-based hydrogel is higher than
those of the self-assembled and crosslinked keratose hydrogels. Secondly, there are small
amount of thiol groups in the reduced keratins forming disulfide bonds, resulted in stiffer

and stronger gel structure.
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Figure 3.10. Cyclic strain time sweep data of the keratin hydrogel, shaded regions
represent high strain (40%) and unshaded regions corresponds to low strain
(0.2%) exposures.

The hydrogels showing shear-thinning behavior properties can be injected into the
application area. In the shear-thinning behavior, viscosity decreased with increasing
shear strain. Thus, shear-thinning hydrogels can be formed in the syringes, extruded from
the syringe under increased shear strain thereby transforming from solid to liquid phase,
and then rapidly re-form (or gel) in the injected area. The re-formation of hydrogel upon
removing strain is known as self-healing. The self-healing behavior is mostly observed
in the physically crosslinked hydrogels rather than in the chemically crosslinked
hydrogels with some exceptions (H. D. Lu et al., 2013; Rodell et al., 2015). The self-
healing nature of the keratin-based hydrogels was analyzed with the cyclic strain time

sweep test.
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According to the strain sweep experiment results, 40% strain (in the non-linear
viscoelastic region) (1 min) and 0.2% strain value (in the for LVE region) (2 min) were
selected for the liquefaction and restoration of the gel, respectively in this test. The cyclic
strain time sweep test was repeated five times. The hydrogel structure was observed to
restore itself up to four cycles. However, in the fifth cycle of the high strain exposure, no
data was obtained due to the irreversible deformation in the hydrogel as shown in Figure
3.10. Thus, this test indicates that the 15 wt.% keratin-based hydrogel has limited self-
healed nature and cannot withstand the repeated deformations in its non-linear
viscoelastic region.

Due to the deformation of the hydrogel in the cyclic strain time sweep experiments,
another hydrogel sample was used in the continuous flow tests. The resultant flow curve
is shown in Figure 3.11. The data indicate that viscosity values increase to a certain point
(shear thickening behavior) and then viscosity starts to decrease with increasing shear
rate indicating a shear-thinning behavior. Thus, the 15 wt.% keratin-based hydrogel was
shown to have a shear-thinning behavior if high shear rate is applied and exposure of the

hydrogel to small shear rates is resulted in the stiffening of the gel.

n (Pas)

1000 -

0.1 v (1/s) 1

Figure 3.11. Continuous flow curve of the keratin hydrogel

For swelling test, the keratin-based hydrogels were prepared in deionized water

at pH 7.4 and lyophilized. The dried hydrogel samples were immersed in excess filtered
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PBS (10 mM NaHzPO4 and 150 mM NacCl) at pH 7.4 at room temperature and the
samples swollen during specified time periods (15 min, 30 min, 45 min, 1h, 2h, 3h, 6h,
12 h, 24h, 48h, 72h, 99 h) were weighed after removing excess PBS solution. Using
Equation 3.2, swelling ratios were calculated, and swelling ratio curve is shown in Figure
3.12. The keratin-based hydrogels had been maintained their integrity up to 4 days (99 h)
with an average swelling ratio of 6.41 + 0.36, which was lower than the THPC crosslinked
hydrogels with lower storage moduli. Generally, swelling ratio decreases if a hydrogel
has large number of crosslinking points or it is stiff corroborating with our observation

(Muratoglu et al., 1999; Phillips & Lambert, 1990; Ryu et al., 2018; Yal¢in & Top, 2022).
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Figure 3.12. Swelling results of the freeze-dried keratin-based hydrogel.

Cytocompatibility of 15 wt.% keratin-based hydrogel cell was tested using CCK-
8 assay. 2.5 x 10° L929 fibroblast cells were seeded onto the keratin-based hydrogels and
empty tissue culture polystyrene (TCPS) was used as a control system. Cell proliferation
results are given in Figure 3.13. Cell proliferation rates obtained at the end of Day 1, Day

4, and Day 7 indicate that the keratin-based hydrogel supports proliferation of the cells
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but with a lower rate compared to the control system which provides more space for the
cells to grow. After Day 4, cell proliferation in the hydrogel accelerated, which can be

attributed to the dissolution of the hydrogel as observed in the swelling results.
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Figure 3. 13. Cell proliferation results of the keratin-based hydrogel.
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Figure 3.14. SEM picture of the freeze-dried keratin-based hydrogel.



Figure 3.14 indicates SEM images of freeze-dried keratin-based hydrogel. Highly
irregular pore structure with an average pore size of 81.7 £ 19 um was observed in the
SEM picture of the hydrogel. Surprisingly, the pore size of keratin-based hydrogel is
higher than those of the self-assembled keratose hydrogels and the chemically crosslinked
keratose hydrogels prepared at lower protein concentrations (Pakkaner et al., 2019;
Yal¢in & Top, 2022). This can be attributed to highly heterogeneous pore structure of the
keratin hydrogel.

3.4. Conclusions

The keratin proteins were obtained from Merino sheep wool with three different
sulfitolysis extraction methods. Method NP with lower reaction time and high keratin
protein yield was used to extract keratin to form hydrogels. Highly stiff and self-
supported hydrogel was obtained by incubating 15 wt.% keratin at 37°C overnight. The
hydrogel formation is triggered by self-assembly and reformation of disulfide bridges.
The hydrogel was shown to have limited self-healing properties and exhibited shear
thinning behavior at high shear strains. Swelling ratio of the hydrogel was obtained to be
lower than those of the keratose hydrogels prepared at lower protein concentrations. Cell
proliferation results confirm the cytocompatibility of the hydrogel. This low-cost and

biocompatible hydrogel will be tested for wound healing applications.
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CHAPTER 4

PEG-KERATIN HYDROGELS THROUGH THIOL

MALEIMIDE REACTIONS

4.1. Introduction

Keratin hydrogels have been received increased attention due to their inherent
biocompatibility, sustainability and low cost and ease of modification due to the reactive
side chain functional groups. Additionally, the wool keratin also has bioactive sites such
as LDV (Leu-Asp-Val), EDS (Glu-Asp-Ser), RGD (Arg-Gly-Asp), and glutamic acid-
serine (EDS) cell attachment motifs, which trigger cell proliferation and migration (Hill
etal., 2010; Su et al., 2020).

Chemical crosslinking offers strong mechanical properties but the toxicity of the
crosslinking agent and the byproducts is a concern. For this reason, non-toxic
crosslinking agents and addition reactions are preferred in the crosslinking reactions. The
thiol-engaged crosslinking methods consist of two sub-groups that undergo addition
reactions and substitution reactions. In the substitution reactions, low molecular weight
by-products are generated. In the addition reactions, on the other hand, no by-product is
formed.

Michael-type addition reaction and photoinitiated thiol-ene addition reaction are
categorized as the addition reactions and frequently used as bioconjugation methods. The
Michael-type addition reaction is involved in the reaction between free thiol groups and
acrylates, maleimide and vinyl sulfones. The reaction between free thiol groups and
maleimide has been widely used as it requires no catalyst, releases no by-product and
provides rapid gelation with high crosslinking (Stenzel, 2013). In the study of Fu et al.
(2011), PEG-dithiol reacted with 2000 Da PEG bismaleimide to form hydrogel network
structure. This PEG based hydrogel was shown to be non-toxic and, therefore, it was
proposed for drug delivery applications. In another study, 4 arm PEG maleimide was
modified with thiol containing adhesive peptide GRGDSPC and crosslinked with dithiol
protease-cleavable peptide crosslinker GCRDVPMSMRGGDRCG (Phelps et al., 2012).
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PEG-4MAL hydrogels formed quite quickly and can be utilized in the applications where
in situ gelation is required.

In this study, we aim to prepare chemically crosslinked hydrogels via thiol-
maleimide reaction. Keratin proteins were obtained using a sulfitolysis method (Method
NP) and the number of free thiol groups increased by applying DTT reduction method.
Then, these thiol groups in the keratin structure reacted with 6000 Da or 2000 Da PEG-
(C2Hs-mal)s to form crosslinked hydrogel network structures. Effect of molecular weight
of PEG-MAL on the viscoelastic, swelling, morphological properties of the chemically
crosslinked keratin hydrogels were be investigated. Cytocompatibility of these hydrogels

was confirmed.

4.2. Experimental

4.2.1. Materials

Karacabey Merino sheep wool was kindly provided by the Sheep Breeding
Research Institute (Balikesir, Turkey). Chloroform (Sigma-Aldrich) and methanol
(Sigma-Aldrich) were used for defatting of the Merinos wools. Sodium sulfite (Sigma-
Aldrich), hydrochloric acid (HCl) (Sigma-Aldrich), urea (Sigma-Aldrich),
ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) and cellulose membrane
dialysis tubing (Sigma-Aldrich, MWCO ~14000) were employed in the extraction and
isolation of the keratoses. DL-Dithiothreitol (DTT) (Sigma-Aldrich) was used for
reducing keratin proteins. 6000 Da PEG-(C;Hs-mal), and 2000 Da PEG-(C;Hs-mal),
(RAPP Polymere) was used as the chemically crosslinking agents to form chemically
crosslinked keratin-based hydrogels. FT-IR grade potassium bromide was purchased
from Sigma-Aldrich. Sodium hydroxide (NaOH) (Sigma-Aldrich) and hydrochloric acid
(HCl) (Merck) were used for adjusting pH value of the solutions. 5,5’-dithio-bis-(2-
nitrobenzoic acid) (DTNB = Ellman’s reagent), was purchased from Sigma-Aldrich.
NaH>PO4.H,O (Merck) was used in the preparation of phosphate buffer saline.
Acrylamide (Sigma-Aldrich), bisacrylamide (Amresco), sodium dodecyl sulfate (Merck),
ammonium persulfate (Merck), tetramethylethylenediamine (TEMED, Merck),
bromophenol blue (Amresco), glycerol (Merck), 2-mercaptoethanol, PageRulerTM pre-
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stained protein ladder (Thermo Fisher Scientific), glycine (Amresco), coomasie brilliant
blue G-250 (Merck), acetic acid (Sigma-Aldrich), methanol (Sigma-Aldrich), Tris-HCI
(Sigma-Aldrich), Tris-base (ChemCruz) were employed in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. DMEM cell culture medium
(high glucose), fetal bovine serum (FBS, European grade), gentamycin sulfate, 0.25%
trypsin-EDTA solution and trypan blue solution (5 mg/ml) were obtained from Biological

Industries. CCK-8 cell counting kit was purchased from Cayman Chemical Company.

4.2.2. Methods

4.2.2.1. Pre-extraction of the keratin proteins

In this study, the keratin proteins were extracted from Merino sheep wool. The
wools were cleaned and defatted using previous methods (Pakkaner et al., 2019; Yal¢in

& Top, 2022).

4.2.2.2. Extraction of the keratin proteins with sodium sulfide

1 gram cleaned, and defatted wools were extracted with 125 mM sodium sulfide
in 50 ml solution at 40°C by shaking at 150 rpm for 4 h. The keratin extraction solution
was filtered and dialyzed against deionized water using a pretreated dialysis membrane
tubing. Dialysis medium was changed thrice a day, and the dialysis process was carried

out for 3 days. Lastly, the dialyzed keratin proteins were lyophilized and stored at -20 °C.

4.2.2.3. Reduction of the keratin proteins with DTT

500 mg lyophilized keratin was dissolved in 10 ml deionized water at pH 7.4, and
at room temperature. Then, 200 mg 1.4-dithiothreitol (DTT) was added to the keratin
solution to break the disulfide bonds and the solution is stirred at room temperature
overnight. Then, the reduced keratins were purified using centrifugal filter units (Amicon
Ultra-15 with Ultracel-3k membrane, MWCO 3000) by spinning 4500 rpm for 30
minutes. The concentrated protein solution in the filter was diluted to 15 ml with degassed

deionized water, and then spined for another 30 minutes at 4500 rpm. The purification
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steps were repeated for ten cycles to remove the excess DTT. Lastly, the purified keratin

proteins were lyophilized and stored at -20 °C.

4.2.2.4. Characterization of the keratin proteins

The yield of DTT reduction extraction method was calculated by using the

following equation:

Amount of obtained keratin proteins

Yield % = ( ) «100% @.1)

Amount of initial Merino sheep wool

DTNB (Ellman’s Reagent) (5,5-dithio-bis-(2-nitrobenzoic acid)) assay was used
to determine the free thiol groups of the keratin protein structures by applying the method
proposed by Aitken and Learmonth (1996) as given in Chapter 3. Free thiol content
concentration was determined using the extinction coefficient of 14150 M-lcm! at 412
nm (Riddles et al., 1983).

Thermogravimetric analyses (TGA) of the keratin reduced with DTT was carried
out using a Shimadzu TGA-51 (Tokyo, Japan) model instrument. The sample was heated
from room temperature to 600 °C with a heating rate of 10 °C/min under nitrogen flow.

X-ray diffraction (XRD) experiment was conducted using a Philips PANalytical
X’Pert Pro (Almelo, Netherlands) model diffractometer with an incident CuKa radiation
at 1.54 A. XRD pattern of the sample was recorded between 20 range of 5° and 80° with
a scan rate of 0.08 degree/s.

Lastly, SDS-PAGE gel analysis of the extracted keratin proteins was performed
using the method described in Chapter 3.

4.3.3.5. Preparation of the chemically crosslinked keratin hydrogels

After determined free thiol amount, 10 w/v % chemically crosslinked PEG-
keratin hydrogels were prepared by reacting the reduced keratin with 6000 Da or 2000
Da PEG-(C>H4-mal); in filtered PBS (10 mM NaH>PO4 and 150 mM NaCl) at pH 7.4 or
in deionized water at pH 7.4 followed by incubating the immediately formed viscous
solution at 37°C overnight. In the crosslinking reaction, thiol to maleimide molar ratio

was set as 1:0.5.
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4.2.2.6. Characterization of the keratin hydrogels

Oscillatory rheology tests were performed at 25°C, by using a Thermo Fisher
Scientific HAAKE MARS (Waltham, MA, USA) model rheometer equipped with a 35
mm diameter of stainless-steel parallel plate. The tests were performed by following the
protocol of Chen et al. (2017) as described in Chapter 3.

Cytocompatibility of the PEG-keratin hydrogels was investigated using CCK-8
assay by applying the procedure reported earlier (Pakkaner et al., 2019; Yal¢in & Top,
2022). Absorbance values at 450 nm (A450) correlated to cell viability were measured
using Thermo Fisher Varioskan Flash microplate reader (Waltham, MA, USA). Relative
proliferation rate was determined using three replicates of keratin hydrogels 6000 Dalton
PEG-(C2H4-mal); and 2000 Dalton PEG-(C>Hs-mal), prepared in PBS. Empty tissue
culture treated polystyrene (TCPS) wells were used as the control sample. Relative

proliferation rate was calculated by the following equation:

A5, of the hydrogel

i iferati te = 4.1
Relative cell proliferation rate A, of TCPS at the end of Day 1 4.1)

For swelling test, the keratin hydrogels were prepared in the wells of a 24-well
flat-bottom plate. Crosslinking reactions of the PEG-keratin hydrogels were performed
in deionized water. Hydrogel samples were lyophilized, and the mass of each freeze-dried
sample (number of replicates = 3) was determined. Then, dry samples were immersed in
excess filtered PBS (10 mM NaH>PO4 and 150 mM NacCl) at pH 7.4 at room temperature
and the samples swollen during specified time periods (15 min, 30 min, 45 min, 1h, 2h,
3h, 6h, 12 h, 24h, 48h, 72h, 148 h) were weighed after removing excess PBS solution.
Swelling ratio values at time t were determined using the following equation (Y. Chen

et al., 2020):

. . : Wi — Wy
Swelling ratio at time t = ————— (4.2)
Wa

where Wy is the initial weight of the freeze-dried sample, and W; is the weight of the

swollen hydrogel measured at time t.
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Pore structure of the hydrogels were observed using scanning electron microscopy
(SEM) FEI Quanta 250 FEG (Oregon, USA) model. PEG-keratin hydrogels were
prepared in deionized water, freeze-dried at -80 °C, and then frozen in liquid nitrogen
prior to fracture. The samples were coated with gold and cross-sectionally fractured
portion of the samples were investigated. Average pore size values of the freeze-dried

hydrogels were measured using ImageJ software.

4.3. Results and Discussions

The keratin proteins were extracted from Merino sheep wool with Method NP that
was mentioned in Section 3.2.2.2. After the sulfitolysis reaction, disulfide bonds are
cleaved and free thiols form. Free thiol amount obtained in Method NP is quite low due
to the reformation of disulfide bonds during dialysis (Table 3.1). For this reason, the
keratin was reduced using dithiothreitol (DTT) and purified very quickly with a
centrifugal filter. Dithiothreitol (DTT) is very strong reducing agent which breaks to form

free thiols as given in Figure 4.1.
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Figure 4.1. Reaction of DTT chemical with disulfide bonds.

The yield of DTT reduction was obtained as 88% and the overall yield of the
combined sulfitolysis and DTT reduction was calculated as 39% as given in Table 4.1.

Figure 4.2 shows the UV spectra of the keratins obtained from Method NP and Method
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NP+DTT after reacting with Ellman’s reagent. Maximum absorbance value of DTT
reduced keratin was observed as ~1.75 at 412 nm. On the other hand, maximum
absorbance of the keratin from Method NP is ~0.25 at 412 nm. These results indicate that
upon DTT reduction, free thiol amount increased more than nine times (Table 4.1).
Similar to other study, keratin proteins were extracted from human hair using
sodium sulfide, and the free thiol amount of the keratin proteins was calculated as less
than 0.01 mmol/g keratin. However, after sodium sulfide extraction step, the human
keratin proteins were treated with DTT reducing agent and purified with a centrifugal
filter system. After the reduction process, amount of free thiols in the hair keratin

increased to 0.55 mmol/g keratin (Yue et al., 2018).

Table 4.1. The yields and the free thiol amounts of the keratins obtained from the Method
NP and the Method NP+DTT reduction methods.

Reduction Extraction Yield Free Thiol Amounts
Method Method (%) [mmol/g keratin]
NP Sodium sulfide 44+ 2 0.07 £0.02
NP+DTT Sodium sulfide + DTT 88+3 0.62+0.07
e Method NP + DTT
m—— \[cthod NP
2 -
g '
S
,\
0 -
400 ' 4;0 ' 5(I)0 ' 5;0 ' 6(I)O

Wavelength (nm)

Figure 4.2. UV spectrum of keratins obtained from the Method NP and Method
NP+DTT with Ellman’s reagent.
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The crystallinity structure of the keratin proteins from NP+DTT was analyzed
using X-ray diffraction (XRD) spectroscopy. The diffraction pattern of the DTT reduced
keratin exhibit two peaks at 20 =9° and 20 =20° similar to the parent keratin obtained
by Method NP as shown in Figure 4.3. different extraction method. This result indicates
that DTT reduction method did not disrupt the crystal structure of the keratin.

7000 —— NP-DTT -
6000 - i
50004 | *8 i
4000 - -

%20
3000 -+ -

Intensity

2000 - b

1000 -

20

Figure 4.3. XRD pattern of the keratin proteins reduced by DTT.

Thermal behavior of DTT reduced keratin was investigated using
thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTGA)
methods. The resultant curves are shown in Figure 4.4. Likewise, the other samples three
endotherms were observed. The first endotherm is at ~89 °C and corresponds to the
removal of volatiles and moisture with a ~4.38 % weight loss. The second endotherm
was observed at ~337 °C mainly indicating the degradation of the side chains of the
keratin proteins (Kakkar et al., 2014; Rama Rao & Gupta, 1992). Lastly, there is one
more endotherm at ~523 °C, which can be attributed to pyrolytic decomposition reactions

(Rama Rao & Gupta, 1992).
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Figure 4.4. TGA and DTG of the keratins reduced by DTT.

Figure 4.5. SDS-PAGE results of the extracted keratin proteins; from the left to right,
lane 1 = protein molecular weight marker, lane 2 = Method NP, and lane 3 =

Method NP+DTT.
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Sodium dodecyl sulfate-polyacrylamide gel -electrophoresis (SDS-PAGE)
analysis results of the keratin extracted sulfitolysis and DTT reduced keratin with the
molecular weight marker were given in Figure 4.5. According to SDS-PAGE results,
diffusive bands were populated between >170 kDa and ~17 kDa indicating highly
polydisperse nature of the keratins. The results obtained in lane 2 and lane 3 are quite
similar confirming that DTT reduction did not change the composition and molecular

weight distribution of the keratin.
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Figure 4. 6. Reaction scheme of the thiols of the reduced keratin and PEG-(C,Hs-mal)..

W

PEG-keratin hydrogels were prepared using Michael addition reaction at 1:0.5
thiol to maleimide ratio. The reaction scheme is given in Figure 4.6. After mixing
reduced keratin with 2000 Da or 6000 Da PEG-(C;Hs-mal), at pH 7.4 and incubating at
37 °C, self-standing hydrogels were obtained as given in Figure 4.7.

(b)

Figure 4.7. Pictures of the 10 wt.% PEG-keratin hydrogels; (a) KRT-2000 PEG-(C2Has-
mal), and (b) KRT-6000 PEG-(C;Hs-mal), hydrogels.
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Figure 4.8. Frequency sweep data of the 10 wt.% keratin hydrogels; (a) KRT-2000 PEG-
(C2Hs-mal)> and (b) KRT-6000 PEG-(C>2Hs-mal), hydrogels.
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Figure 4.9. Strain sweep data of the 10 wt.% keratin hydrogels; (a) KRT-2000 PEG-
(C2Hs-mal)> and (b) KRT-6000 PEG-(C>2Hs-mal), hydrogels.
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Figure 4.10. Cyclic strain time sweep data of the KRT-6000 PEG-(C2H4-mal): hydrogels,
shaded regions were obtained at high strain values (a) 40%, (b) 60% and (c)
100%, and unshaded regions were obtained at low strain (0.2%).
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Viscoelastic behavior of the PEG-keratin hydrogels was investigated using
frequency sweep, strain sweep, cyclic strain time sweep experiments and flow curves.
Firstly, the frequency sweep tests were done from 0.1 Hz to 15 Hz at constant 0.2% strain,
and the results are shown in Figure 4.8. Likewise, the other hydrogels investigated, G’
values of the PEG-keratin hydrogels were obtained to be higher than those of the G’
values confirming solid like structures. Plateau values of storage moduli were determined
as 2613 + 254 and 1313 + 345 Pa for KRT-2000 PEG-(C,H4-mal); and KRT-6000 PEG-
(C2Hg-mal)2 hydrogels, respectively. Higher stiffness of the KRT-2000 PEG-(C2H4-mal)>
hydrogel can be attributed to its higher number of crosslinking points. G’ values of the
PEG-keratin hydrogels are much higher than those of the THPC crosslinked hydrogels
but comparable to the keratin hydrogel at 15 w/v % concentration. On the other hand,
KRT-6000 PEG-(C2Hs-mal); hydrogel has a broader range of LVE up to 40% strain,
whereas LVE range of KRT-2000 PEG-(C,Hs-mal), was observed to ne less than 10%
strain (Figure 4.9). These results indicate that KRT-6000 PEG-(C2H4-mal); hydrogel is
more elastic compared to KRT-2000 PEG-(C2Hs-mal), hydrogel. Self-healing behavior
of the PEG-hydrogels were determined using cyclic strain time sweep experiments. For
KRT-2000 PEG-(C;Hs-mal), hydrogel self-healing behavior could not be observed due
to much higher number of crosslinking points and stiffness of the hydrogel. However,
more elastic KRT-6000 PEG-(C2Hs-mal), hydrogel exhibited self-healing behavior at
40%, 60% and 100% strains which are outside of its LVE region of the hydrogel as given
in Figure 4.10.
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Figure 4.11. Continuous flow curve of the 10 wt.% keratin hydrogels; (a) KRT-2000
PEG-(C;Hs-mal), and (b) KRT-6000 PEG-(C,Hs-mal), hydrogels.
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Flow curves of KRT-2000 PEG-(C2Hs-mal), and KRT-6000 PEG-(C,Hs-mal),
hydrogels are shown in Figure 4.11. Likewise, the keratin hydrogel prepared in Chapter
3, up to a certain shear rate viscosity of the hydrogels increased. Above shear rate of 0.1-
0.15 s7!, shear-thinning behavior was observed.

Swelling kinetic curves of the PEG-hydrogels are shown in Figure 4.12. KRT-
2000 PEG-(C;Hs-mal), and KRT-6000 PEG-(C;Hs-mal), hydrogels maintained their
structures up to 6 days (148 h). After 148 h, the samples started to dissolve in the PBS.
Average swelling ratios of the KRT-2000 PEG-(C,Hs-mal) and KRT-6000 PEG-(C2Hy-
mal), hydrogels were determined as 13.7 £ 1.0 % and 17.6 + 0.5 %, respectively. The
higher swelling ratio of KRT-2000 PEG-(C2H4-mal), hydrogel can be explained by its
stiffness which restrict water penetration into the structure (Muratoglu et al., 1999;

Phillips & Lambert, 1990; Ryu et al., 2018; Yal¢in & Top, 2022).
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Figure 4.12. Swelling results of the freeze-dried KRT-2000 PEG-(C;H4-mal) and
KRT-6000 PEG-(C2Hs-mal), hydrogels.
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Figure 4.13. Cell proliferation results of KRT-2000 PEG-(C2Hs-mal); and KRT-6000
PEG-(C;Hs-mal), hydrogels.

Cell proliferation tests were performed to examine the interactions between KRT-
2000 PEG-(C>;Hg4-mal); and KRT-6000 PEG-(C>H4-mal), hydrogels with 1929 fibroblast
cell line using CCK-8 assay. Relative cell proliferation rate results are presented on
Figure 4.13. For Day 1 and Day 4, both hydrogels promoted cell proliferation with a rate
higher than TCPS. However, at the end of the seventh day, similar proliferation rates
were obtained. These results indicate that PEG-keratin hydrogels are not toxic and can
find biomedical applications such as soft tissue engineering and drug delivery.
Especially, KRT-6000 PEG-(C2Hs-mal), hydrogel can be evaluated as an injectable
biomaterial.

Figure 4.14 shows SEM images of freeze-dried KRT-2000 PEG-(C;H4-mal); and
KRT-6000 PEG-(C2Hs-mal); hydrogels. Highly irregular pore structure with open and
closed pores was obtained for both hydrogels. Average pore sizes of KRT-2000 PEG-
(C2Hs-mal), and KRT-6000 PEG-(C2Hs-mal), hydrogels were measured as 113 +£26 pm
and 154 + 38 um, respectively. The higher pore size of KRT-6000 PEG-(C2H4-mal)>
hydrogel can be attributed to higher molar mass of PEG and lower number of crosslinking

points of this hydrogel compared to that of KRT-2000 PEG-(C2Hs-mal); hydrogel.
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Figure 4.14. SEM pictures of the freeze-dried of the 10 wt.% keratin hydrogels; (a) KRT-
2000 PEG-(C2H4-mal); and (b) KRT-6000 PEG-(C,Hs-mal), hydrogels.

4.4. Conclusions

The keratin proteins obtained via sulfitolysis extraction method was reduced using
DTT to increase the number of free thiols. Reduced keratin proteins reacted with 2000
Da PEG-(C;Hs-mal), or 6000 Da PEG-(C;Hs-mal), to form 10 wt.% chemically
crosslinked PEG-keratin based hydrogels. Frequency sweep experiments indicate KRT-
2000 PEG-(C;Hs-mal)> hydrogel is stiffer than KRT-6000 PEG-(C2H4-mal), hydrogel
due to the higher number of crosslinking points of KRT-2000 PEG-(C;Hs-mal),
hydrogel. However, KRT-6000 PEG-(C>Hs-mal), hydrogel exhibited self-healing
behavior as indicated by cyclic strain time sweep experiment. Swelling ratio of KRT-
6000 PEG-(C>H4-mal), hydrogel was found to be higher than that of KRT-2000 PEG-
(C2Hg-mal)2 hydrogel which can be attributed to higher flexibility of KRT-6000 PEG-
(C2Hs-mal)> hydrogel. Average pore size of KRT-6000 PEG-(C;Hs-mal), hydrogel was
also higher compared to the hydrogel crosslinked with shorter PEG chain. Thus,
molecular weight of the PEG macro-crosslinker affected viscoelastic, swelling, and
morphological properties of the hydrogels. Up to 4 days, both hydrogels were shown to
promote cell proliferation with a higher rate than empty TCPS wells indicating

cytocompatibility of these hydrogels.
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CHAPTER S

CONCLUSIONS & FUTURE STUDIES

Wool keratins were extracted by oxidation, sulfitolysis, and reduction methods.
Keratins were characterized using XRD and FTIR spectroscopy and thermal analysis
methods. Molar mass distributions of the keratins were determined by SDS-PAGE gel
analysis. Keratin based hydrogel systems were prepared via different strategies. In
Chapter 2, oxidized keratins (keratoses) reacted with a small molecular weight
crosslinker THPC to form chemically crosslinked keratose hydrogels. In Chapter 3,
keratins obtained from sulfitolysis reaction formed hydrogels at physiological
temperature upon oxidation of the free thiols and self-assembly of the keratin chains. In
Chapter 4, the keratin proteins obtained by sulfitolysis and DTT reduction were reacted
with macromolecular crosslinkers, 2000 Da PEG-(C>H4-mal), and 6000 Da PEG-(C>Hy-
mal); to prepare PEG-keratin hydrogels. Viscoelastic, swelling, and morphological
properties of the hydrogels were investigated and were shown to be tuned by the amount
and molar mass of the crosslinkers and dictated by the hydrogel preparation methods.
Finally, cytocompatibility of the hydrogels was confirmed by CCK-8 assay. Thus, these
hydrogels can serve as low cost and efficient scaffolds in the biomedical applications as
an alternative to other polymer/biopolymer-based materials.

As a future work, we will investigate wound healing properties of curcumin
loaded keratin hydrogels. Additionally, doxorubicin loaded KRT - 6000 Da PEG-(C,Ha-

mal), will be tested as an injectable hydrogel in cancer therapy.
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APPENDIX A
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Figure A.1. SEM of the washed wool and the extracted keratose.
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Figure A.2. Deconvolution of the Amide I region of the FTIR spectrum of the keratose.
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Figure A.3. TGA and DTG of the (a) defatted wool and (b) extracted keratose.

Figure A 4. Pictures of the hydrogels prepared at different keratose: THPC reactive groups
ratio
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Figure A.5. Strain sweep data of the crosslinked hydrogels.
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