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ABSTRACT

HYDROGELS AND SELF-ASSEMBLED NANOSTRUCTURES
BASED ON WOOL KERATOSE

In this study, water soluble keratose proteins were extracted from “Ovis aries”
wool using peracetic acid oxidation with a yield of 35 + 5 %. Wool samples and the
extracted keratose proteins were characterized by using FT-IR, XRD, SEM and TGA
techniques. a-keratose fractions (MW = 43-53 kDa) along with cleaved fragments of a-
keratoses with molecular weights between 23 and 33 kDa were identified in the extracted
protein mixture using SDS-PAGE analysis. DLS and AFM experiments indicated self-
assembled globular nanoparticles with diameters of ~20-40 nm formed at 5 and 10 mg/ml
keratose concentrations. On the other hand, at 10 % w/v keratose concentration
interconnected keratose hydrogels with pore sizes of 6 + 4 and 7 +£ 4 um were obtained
upon incubation at 37 and 50 °C, respectively. Storage moduli (G”) of these physical
hydrogels were increased from ~100 to ~1000 Pa, as gelation temperature was increased
from 37 to 50 °C. Hydrogels were also obtained at 7.5 % w/v keratose concentration by
the addition of a crosslinker, THPC. Amine group:crosslinker ratio was used as 1:1, 1:2
and 1:4. As the amount of crosslinker increased, network transformed from fibrous to
more planar structures exhibiting a significant decrease in average pore size from 24 to
11 um. G’ values of the crosslinked hydrogels were obtained between ~1 and ~5 kPa
tuned by the crosslinking amount. Cell interaction properties of a select physical hydrogel
prepared at 37 °C was tested using CCK-8 assay. It was observed that the keratose
hydrogel supported L929 mouse fibroblast cell proliferation as much as collagen, which
suggests that these keratose hydrogels can be promising candidates in soft tissue

engineering applications.

Keywords and Phrases: Self-assembly, keratose, hydrogels, biomaterials,
nanostructures, wool keratin based materials



OZET

YUN KERATOZU BAZLI HIDROJELLER VE KENDILIGINDEN
DUZENLENEBILEN NANOYAPILAR

Bu calismada, keratoz proteinleri, “Ovis aries” ad1 verilen evcil koyun tiiriiniin
yiinlinden, perasetik asit oksidasyonu kullanilarak yaklasik 35% verim ile ¢ikartilmistir.
Yiinler ve elde edilen keratoz proteinleri, FT-IR, XRD, SEM ve TGA teknikleri ile
karakterize edilmistir. SDS-PAGE analizi ile bu protein karigiminin 43-53 kDa molekiil
agirligina sahip olan a-keratoz proteinlerinden ve 23-33 kDa araliginda bu proteinlerin
pargalarindan olustugu saptanmistir. DLS ve AFM testleri, 5 ve 10 mg/ml derisime sahip
keratoz c¢ozeltilerinin 20-40 nm hidrodinamik c¢apa sahip kiiresel nanotaneciklere
kendiliginden diizenlendigini gdstermistir. Ote yandan, keratoz konsantrasyonu 100
mg/ml seviyesine ¢ikarildiginda ve sirasiyla 37 ve 50 °C sicakliklar altinda inkiibe
edildiginde, ortalama gozenek boyutlar1 sirasiyla 6 £ 4 and 7 £ 4 pm olan hidrojel
aglarmin elde edildigi goriilmistiir. Bu fiziksel hidrojellerin inkiibasyon sicakliklarinin
37 °C’den 50 °C ye ¢ikarilmastyla, saklanan modiil (G”) degerinin 100 Pa’dan 1000 Pa
degerine c¢iktigi goézlemlenmistir. Hidrojeller ayrica kiitlece % 7.5 keratoz
konsantrasyonuna sahip olan protein ¢ozeltilerine THPC kimyasal capraz baglama
ajanlart eklenerek de olusturulmustur. 1:1, 1:2 ve 1:4 amin grubu:capraz baglayici
oranlarinda 3 farkl tipte kimyasal hidrojel hazirlanmistir. Bu oran arttikga, jel aginin igsi
yapidan diizlemsel yapiya dogru degistigi ve ortalama gozenek ¢apinin 24 um’den 11
pm’ye diistiigii gozlemlenmistir. 1 kPa ve 5 kPa arasinda elde edilen G’ degerlerinin
THPC miktarinin degisimi ile kontrol edilebildigi saptanmistir. 37 °C’de hazirlanmis
sec¢ilmis fiziksel hidrojelin hiicre etkilesim 6zellikleri CCK-8 yontemi ile test edilmistir.
Bu hidrojelin L929 fare fibroblast hiicrelerinin biiytimesini kollajen kadar destekledigi
goriilmiis ve keratoz bazli hidrojellerin yumusak doku miihendisliginde gelecek vaat eden

adaylar olabilecegi Ongdriilmiistiir.

Anahtar Kelimeler ve Deyimler: Kendiliginden diizenlenme, keratoz, hidrojeller,
biyomalzemeler, nano yapilar, ylin keratini bazli malzemeler
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CHAPTER 1

INTRODUCTION

Self-assembly of molecules from biological origin to form nano-complex
structures has been a popular research trend throughout the years due to successful
adaptations of this ‘bottom-up’ approach to innovative biological and medical
applications and other various technologies [1,2]. Briefly, spontaneous association of
these molecules creates supramolecular architectures that are thermodynamically and
mechanically stable at desired conditions with the possibility of precise control of
construction via changing the physical parameters, including temperature, pH, ionic
strength, light intensity, electric and magnetic fields [1,3,4]. Driven by non-covalent
forces such as hydrogen bonding, hydrophobic attractions, van der Waals and
electrostatic interactions, self-assembly of proteins and peptides facilitated the formation
of a variety of nanostructures including nanofibers, nanorods, nanotubes and
nanoparticles [2,5-13]. Although numerous synthetic and natural polymers can undergo
self-assembly process, polymers from natural origin have gained a wider attraction as
biomaterials due to their high bio-compatibility and significantly low cytotoxicity, as well
as bio-inertness and bio-molecular recognition abilities [14,15].

Keratin can be extracted from various body parts of birds, reptiles and mammalian
species, including hair, wool, nails, horns, hooves and feathers. Thus, being the major by-
product of the well-grown industries such as breeding, textile, wool and butchery, keratin
is one of the most abundant biopolymers [16,17]. Different from the other proteins, it
contains quite high cysteine content (7-20%) that promotes its mechanical, chemical and
thermal stability properties by the aid of the disulfide bonds present in their structures
[18,19]. Like the other biopolymers from biological origins such as collagen, elastin and
chitosan, keratin alone and mixed with other polymers have been tested in various
biomedical applications such as delivery of bioactive agents [20-22], wound healing
[16,23-25], and bone tissue engineering [26-28]. It has been almost genuinely proven that
keratins are promising candidates as sustainable biomaterials due to their abundance, easy

handling, affordability and biocompatibility.



Among the available sources of keratin, wool keratins have received more interest
than the keratins from the other body parts such as horn and hoof due to their abundance,
higher extraction yields and structural advantages such as hygroscopicity. Additionally,
it was reported that wool keratin has cell attachment units such as arginine-glycine-
aspartic acid (RGD) and leucine-aspartic acid-valine (LDV) groups in its aminoacid
sequence, which can be found in many extracellular matrix proteins like fibronectin
[29,30]. Unsurprisingly, wool keratin film provided better attachment platform for
fibroblasts compared to collagen film [31], and wool keratin derived sponges have been
demonstrated to be suitable for long-term cell cultivation [29].

Although biomaterials based on keratins have been shown to be quite promising,
one major concern that limits their application spectrum can be their poor solubility in
aqueous medium due to the disulfide bridges that form easily by simple air oxidation of
extracted keratin proteins. One of the methods to obtain soluble proteins from keratins is
oxidative extraction which gives keratoses via breaking of disulfide bonds and converting
thiol groups of cysteines to sulfonic acid. Recently, keratoses from human hair [32], and
Merino wool [30] have been reported to form hydrogels at high concentrations. In this
study, wool from Akkaraman sheep breed was used as a keratose source. Structural and
thermal characterization of wool and keratose were performed. Size, morphology and
conformation of self-assembled nanostructures of keratose obtained at low concentration
regime were investigated. Physically and chemically crosslinked hydrogels were prepared
at high keratose concentration and conformational, morphological, rheological and in
vitro cell proliferation properties of the hydrogels were evaluated.

In the following literature review section (Chapter 2), hydrogels and self-
assembled nanostructures based on biopolymers were briefly explained. Keratin structure
and extraction procedures were explained and select studies related to the use of keratin
in various biomedical applications, such as tissue engineering, drug delivery and/or
wound healing were provided.

Chapter 3 includes experimental methods used in this study. Details of extraction
procedure of keratose, preparation of nanostructures, self-assembled and crosslinked
hydrogels along with the characterization techniques used were given.

In Chapter 4, structural, thermal, and morphological characterization results of
wool samples were discussed. Conformational and morphological properties of keratose
at different concentrations were presented. Rheological properties of the physical

hydrogels prepared at different temperatures and chemical hydrogels prepared at different
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crosslinker amounts were investigated. Finally, as a preliminary study, interactions of a

select hydrogel system were evaluated using cell proliferation and live/dead assay.
Finally, in Chapter 5, conclusions of the study were presented along with the

proposed continuation experiments. Future prospects of the keratose based nanostructures

and hydrogels were discussed.



CHAPTER 2

LITERATURE SURVEY

This chapter presents a brief literature survey about hydrogels, keratin based
materials; the recovery methods of soluble keratins and their effects on the properties of
the resulting biomaterials, the studies that focus on the compatibility of keratin based
materials on different cell lines and/or tissues as well as with the studies that are based on
comparable properties of hydrogels including mechanical strength, crosslink density and

self-assembly behaviors.

2.1. Hydrogels

Hydrogels are consisted of 3-D complex hydrophilic network structures and can
retain large amounts of water or biological fluids [33]. They can be produced using a wide
range of natural and/or synthetic materials including natural and/or synthetic polymers,
carbohydrates, natural gums, polyacrylates, polysaccharides, peptides and proteins [34].
In addition to that remarkably wide selection of base materials, their structural integrities
could easily be conducted by crosslinking reactions, that could be associated by both
physical and chemical treatment. Moreover, they are often stated as excellent sub-groups
of biomaterials, due to their tissue mimicking abilities, tunable properties,
biocompatibility and biodegradability functions. Also, the formulation of hydrogels can
be achieved at various forms and structural shapes including nanoparticles, coatings and
films, which consequently makes them favorable and superior to use in many biomedical

applications with ease [35,36].

Their high potential of swelling is a huge plus on their side, however their
hydrophilic abilities are often specified with the presence of some specific side groups,

including -COOH, —OH, -CONH», -CONH—, and —SOsH as their network side chains.

Hydrogels can be classified with respect to several sub-groups, as seen below [37].
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In terms of the way they are fabricated, the type of crosslinking has distinctive
influence on the resulting hydrogel and its chemical properties. If a hydrogel is
crosslinked with the help of an external chemical agent, it is called a chemically
crosslinked (or a “permanent’) hydrogel. The three-dimensional complex network is held
together by covalent forces, and unless those covalent bonds are broken, they do not
dissolve in solvents. That primary covalent bonding in the structure gives the hydrogels
mechanical stability and high order of swelling and these properties can be tuned with the
degree of crosslinking. As a negative aspect, chemically crosslinked hydrogels may
release highly toxic chemicals whilst forming, and prior to using as a biomaterial, an
effective discharge of these toxic materials must be done [37]. Also, the homogeneity of
the chemical hydrogels would not be well established, since the hydrophobicity of the
crosslinking agent can yield to unwanted aggregations, often called as the “clusters”.
Moreover, the structural integrity of the material could not be controlled easily when tried
to be injected, and the equilibrium swelling -which depends on the crosslinking density-
could change spatially, because of the presence of undesired voids or macropores [38].
Physical hydrogels on the other hand, (also called as “reversible” hydrogels) do not need
an external crosslinking agent to be produced. They are formed and stabilized by highly

ordered molecular aggregates which have been associated by secondary forces such as



van der Waals forces, hydrophobic interactions and hydrogen bonding that are formed
within the structure that are mostly consisted of reversible interception domains. Different
from the chemical gels, their equilibrium swelling behaviors can be influenced by
external parameters called as “physical stimuli” (e.g. temperature, pH, ionic strength,
irradiation, etc.). However, the point they are inferior to the chemical hydrogels is that,
they will dissolve in water or another solvent, and they may show lower heat resistance

when compared to chemical hydrogels.

hydrolysis, oxidation,
sulfonation, etc.

hydrophobic ]

polymer
crosslink hydrophobic
interactions
0

polar groups

Chemical Hydrogel Physical Hydrogel

Figure 2.1. Schematic Representation of physical and chemical hydrogel preparation
(Source: [38])

As their advantages are globally well-documented, hydrogels are popular
biomaterials offered in a wide range of biomedical and pharmaceutical applications,
including tissue engineering, drug and gene delivery, bio-sensing, wound healing,
sutures, bio-adhesives, bio-sealants [39]. As the context of the current chapter, recent
studies that are focused on the latest advancements happening in those mentioned

applications were given.



2.2. Biomaterial Applications and Self-Assembly of Biopolymers

Among the wide-range of materials that could be used for producing hydrogels,
biopolymers are rather preferable, especially to be used in biomedical and pharmaceutical
applications due to their decent biocompatibility and biodegradability properties [40].
Numerous studies that were conducted that focus on natural and synthetic polymers, from
a biomaterial and nanotechnology perspective. Sionkowska has prepared an extensive
review about both natural polymers and their blends with synthetic polymers to be used
as biomaterials, as well as with the recent technologies used in their development stages
[40]. She has discussed the biomaterial properties of various natural polymers including
chitosan, collagen, elastin and keratin. She further expanded the review by pointing out
the studies that focus on the blends of these natural and synthetic polymers including
PVA, PEO, along with their possible uses in biomedical applications. Although she has
obtained the promising results which support that natural polymers can be used as
biomaterials, she has noted that there should still be some long way to go for them to be
commercialized. As another biopolymer based study, Silva and his colleagues have
explained the process of developing protein-based biomaterials, and stating the possible
advantages of using proteins in biomaterial development, predicating some benefits
including their outstanding biocompatibility and biodegradability [41]. They have
specified various types of proteins, by expressing their chemical compositions, molecular
conformations and how they can be extracted and/or produced from natural sources such
as silk and keratin. Additionally, they have presented numerous examples from recent
applications and variations from studies on how protein based materials show remarkable
cell and tissue interaction. To give just a few examples, they have stated that keratin
nanofibers could be strong candidates for biomaterials such as scaffolds, sponges and
fibrous membranes to be used in cell and tissue engineering applications when blended
with both natural and synthetic polymers. There is a vast number of studies that have been
carried out by blending biopolymers, and the cell interactions were monitored. Wang et
al. have prepared keratin based nanofibers that are supported with PVA, and their results
have shown a decent biocompatibility and cytotoxicity on dorsal tissues of a specific rat
species [25]. Moreover, Li et al. have developed mats that are blends of poly-caprolactone
and keratin fibers, in order to be used as scaffolds for vascular tissue engineering [42].

They have claimed that, the scaffolds which were supported with synthetic polymers had



better cytotoxicities when compared with the ones that only contain e-caprolactone with
mouse fibroblast cells, and they could find a large portion of usage area to be used as
scaffolds.

Self-assembly of nanomaterials into more complex hierarchical structures have
always been an attractive area of interest, especially for biomaterials since materials that
assembled from biopolymers have some powerful advantages, including less chemical
agent influence and homogeneity on the overall architecture. To support that hypothesis,
Devine and Higginbotham have pointed out the main differences of chemically and
physically prepared PVA polymeric gels in terms of mechanical strength and
constructional homogeneity. They have implemented that physically prepared gels have
possessed better mechanical properties in the short term, because of the crystalline
architecture that can provide a more distributed load bearing [43]. As a common way to
prepare biomaterials, the self-assembly behavior has been tested many times with
biopolymers. When assembling, it is really important to note that secondary conformation
of the structures (especially on peptide & protein based biomaterials) has a huge influence
on the process. On one hand for peptides, a comprehensive review has been written by
Pugliese and Gelain, that comprises self-assembly mechanisms and resulting biomaterial
products [2]. On proteins on the other hand, Vu and her co-workers have prepared silk
and wool keratin based biomaterials in different concentrations that are able to self-
assemble into hydrogels. They have stated the importance of secondary conformation of
the proteins on the action of self-assembling; as B-sheet crystals had been highly decisive

on the formation of resulting hydrogel structure [33].

b SELF-ASSEMBLY

Phase separation Initial stage
@ @
@ @
.1#”
'

)

100% Silk = 90% Silk
Fibroinchain ™/ Keratin chain GG Hy

mperfect gelation
@
.

2 1

linkers, with -sheet crystals
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2.3. Keratin

Being the major by-product of the well-grown industries such as breeding, textile,
wool and butchery; keratin possesses a tremendous amount of potential of recovery in
order to be used as nano-fibrous biomaterials, considering the vast amount of waste
produced all around the world [33,44]. They are one of the most abundant biopolymers
known in nature, and together with collagen, are thought to be the most important
biopolymers in animal species [45]. Among the 19 natural amino acid residues that it is
composed of, what makes keratin differ from the other siblings of the protein family is
the plethora of the cysteine residues present in its form (around 7-20% in total) [ 18], that
gives the material mechanical, chemical and thermal stability features by the aid of the
disulfide bonds present in their structures [ 19]. There exist numerous potential body parts
for the extraction process from various species such as birds, reptiles and mammalians;
including hair, wool, nails, horns, hooves, feathers and many more. Although there is a
wide range of selection for the sake of potential sources, the properties of the extracted
keratins vary from species to species, also from body part to part. There are three types
of keratins discovered a,  and y keratins [41,45]. The first group, a-keratins, are located
in the center of the fiber cortex of the body part that they belong to, typically having an
average molecular mass of 40 to 68 kDa. They can self-assemble into long and strong
fibers that are called Keratin Intermediate Filaments (KIF), with a secondary structure of
a-helix [46]. They are mostly poor in cysteine residues (different from the B-keratins) and
majority of this type of keratins are found in mammal species (Table 2.1.). B-keratins on
the other hand, are rather difficult to extract because of the B-sheet crystalline structures
they possess, supported by the intermolecular hydrogen bonds, and their primary
objective is to cover the cortical filaments and exhibit a protection from physical and
chemical impacts. Their average molecular weights are measured to be 10-22 kDa, which
is considerably lower than the o-keratin filaments [41]. Finally, y-keratins that are
considered as a sub-group of the a-keratins, and they are thought to have adhesive
properties that holds the o-keratin filaments together, and consisted of globular
compounds, with an average molecular weight of 15 kDa. Among the sources mentioned,
wool has been extensively studied as an exemplary structure of a-keratins, along with

feathers which are considered as the representatives of B-keratins.
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In the case of a-keratins (Figure 2.3), which are known to be rich in a-helical
content, that gives them the ability to form long and strong filaments [46], there are
several interesting studies where it is claimed that the helical compositions of the proteins
could be predicted via mathematical models [47,48]. Moreover, the change in the
secondary structure on the characteristics of the keratin based biomaterials have been
reported several times; as in the work of Rouse and van Dyke it was revealed that the
change in the secondary structure of keratin films from coiled coil to B-sheet has boosted
its antithrombogenicity and cytocompatibility properties, with the addition of several
more exemplary cases that have been given in the same work [49].
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Figure 2.4. Schematic representation of a a-keratin fiber (Source: [46])
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Table 2.1. Classification of the keratin types and the corresponding body parts they are
found in (Source: [45])

Type of keratin Body Parts
_ Wool, hair, quills, fingernails, horns,
a-Keratin
hooves; stratum corneum
) Feathers, avian beaks and claws, reptilian
B-Keratin
claws and scales
a- and B-Keratin together Reptilian epidermis, pangolin scales

Wool is a fiber structure which can be obtained from various mammalians such
as sheep and certain other animals as was stated earlier. Composed of nearly 82% of
keratinous protein substances [45,50], and the rest portion is called as the ‘“non-
keratinous” material, which is located in the Cell Membrane Complex (CMC). A single
wool fiber is composed of main three parts; cuticle, cortex and medulla. A cross sectional

representation of a wool fiber can be seen in Figure 2.5.
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Figure 2.5. Cross-sectional representation of a merino wool fiber (Source: [51])

It has been well-documented that wool-derived keratins are biodegradable in the
presence of trypsin, and its strong cell interaction and attachment abilities have been

exhibited in numerous studies; including peripheral nerve cells [32], hepatocytes [52],
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mesenchymal stem cells [53], fibroblasts and osteoblasts [18], where the attachment and
the growth of the specific cell lines are supported by keratin mediated platforms.
Moreover, keratin based biomaterials have been tested in various biomedical
applications; such as drug delivery [22], wound healing [16,24], and tissue engineering
as scaffolds [42,54], where it is almost genuinely proven that keratins are bright
candidates to be used for biomedical purposes, thanks to their abundance, easy handling,
affordability, biocompatibility and biodegradability, along with the presence of cell-
binding peptide domains such as LDV (leucine-aspartic acid-valine) and RGD (arginine-
glycine-aspartic acid) in their amino-acid sequences. Among the other sources of keratin,
due to their higher extraction yields and structural advantages such as hygroscopicity,
wool keratins step up further than the other body parts such as horn and hoof, the use of
wool keratins seem more advantageous, yet the researchers have set their focuses on using

regenerated keratins in order to prepare biomaterials.

Although the use of keratins for the manufacturing of biomaterials seems quite
reasonable, due to the obvious advantages that have been mentioned above; one major
obstacle to overcome is their poor solubility in the aqueous medium. For this purpose,
several different approaches are present in the literature, which ends up with varying
products that have different chemical and structural properties. While B-keratins can also
be used to obtain solubilized keratin derived materials, use of a-keratins will be explained
here, by explaining the chemical procedures and materials used for the corresponding
processes. For a-keratins, solubility can be achieved by two major procedures; oxidation
and reduction [55]. Among these two strategies, reduction yields a transformation of
disulfide bonds into thiol groups (-SH), which have the potential of re-oxidizing to form
the disulfide bonds and should be blocked (Figure 2.6). The resulting material is called
as “kerateine” which is a less soluble and less hygroscopic fraction of a keratin, that still
has the potential to form disulfide bonds in the presence of suitable conditions [56].
However, the oxidative process requires a chemical treatment is proposed to break the
disulfide bonds and oxidizing the sulfur in the cysteine residues to sulfonic acids, which
does not have the ability to form disulfide cross-links [57]. This derived material is often
called as “keratose”, that is known as the soluble, oxidized form of keratins which is a

hygroscopic protein and tend to degrade faster.
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Moreover, recent studies have revealed that, these solubilized forms of keratins,
or often referred as the Keratin Associated Proteins (or KAPs) [52] have shown to have
a potential to self-associate or, in other words, self-assembly to more hierarchically

complex structures such as gels [30].

Q
H #(')*C terminus
C
.

N terminus—y
H )
CH
S/ ' H,0. . H>\*O*C terminus
| + 2772 ———=  Nterminus—-y_ ¢ (a)
S or H "
o CH,CO00H CH,
o O=F=0
N terminus ™ §f . . o
?—0--(.. ferminus o
O

0
. H>\ 0—C terminus
N terminus—y ¢

0]
. Hy'o -C terminus
! + HSCH,COOH ——= Nleminus—y_ ¢
5, H
CH,
Fatis]

(b)

CH,

zZm

S
|

N terminus ™ _ﬁ\ H

Va 0—C terminus
[}

Figure 2.6. Formation of keratin derived materials via a) oxidation, b) reduction
(Source: [58])

2.4. Keratin Based Biomaterials

The microstructural differences between keratoses and kerateines have major
influence on how and when they could be used; since the hydrogels that are produced
from keratoses are known to undergo a faster erosion process due to the lack of covalent
bonding present in their structures -unless they are covalently crosslinked-. On the other
hand, gels produced from kerateines have exhibited slower erosion characteristics, due to
their ability to re-associate disulfide linkages. Giving that information, Ham et al., have
attempted to get the best of two worlds; by preparing tunable hydrogels that could be used
for the release of a specific growth factor. They have produced kerateine and keratose
hydrogels individually, also blended them in different concentrations to get different
hydrogel properties by self-assembly that was triggered thermally (by incubating at 37 °C
overnight) [55]. As the kerateine concentration of the hydrogel mixture was increased, G’
(strorage modulus) of the hydrogels increased as well. However, as keratose hydrogels
were known to erode faster than the kerateine rich ones; the percent growth factor
releasing amounts of keratose hydrogels have seemed to be larger than the other samples,

reaching up to 70% release by the end of a 7-day period. The authors have also claimed
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that by altering the hydrogel compositions, the nature of erosion could be tuned, as
supported by the growth kinetics. Other than self-assembly, Sando et al., have prepared
keratose hydrogels by crosslinking them with di-Tyrosine bonds, with the irradiation
exposure, by the aid of a metal complex that is vulnerable to blue light and the presence
of an electron receptor in the medium [30]. Keratose solutions were prepared in different
buffers such as PBS (Phosphate Buffer Saline) and Tris-HCI. As an additive, glycerol
was added onto specified solutions in order to stabilize the gel structure after crosslinking.
As the cell culture tests made on NIH 3T3 mouse fibroblast cells have shown that,
although the proliferation of the cells seeded on the hydrogels has been a little slower
than the ones which have been seeded on blank tissue culture coated plates, at the end of
hour 7, the majority of the hydrogels -especially the ones that have been prepared with
PBS- have shown the same attachment percentages; which indicates that the prepared
keratose hydrogels could be promising candidates to be used in tissue engineering
applications. Finally, chemically crosslinked keratin materials can be discussed as a
biomaterial preparation method. In a study that has been conducted by Tanabe et al.,
keratin derived materials were crosslinked with chemical agents, called as EDGE and
GDE, in order to be cast as keratin film surfaces [59]. Several different keratin films were
prepared with respect to different determined concentrations of cross linkers as well as
with the addition of chitosan, to be able to compare the mechanical and cell
adhesion/proliferation properties of different resulting biomaterials. The results have
revealed that; all samples have shown similar mechanical strength. However, the
chemically crosslinked films have had the ability to be stretched out a little bit further
compared to the others. Also, since the cell cultures are known to grow well on slightly
hydrophobic surfaces than the hydrophilic ones [60]; the hydrophilic medium that has
been created in the presence of cross linkers may have negatively affected the fibroblast
growth, as the attachment on the crosslinked films was seen to be lower than the keratin
and/or chitosan films alone. Nevertheless, the cells which managed to attach did
proliferate on the crosslinked films, proving that rather than cytotoxicity, the over-
hydrophilicity could be responsible of the lower cell attachment levels.

Keratin based materials have a wide range of usage, from biomedical applications,
to purification systems that possess fibrous components, to pharmaceuticals and even to
adsorption systems. For tissue engineering, Silva et al., have compiled a table that
includes the recent studies that is based on tissue engineering using keratin derived

materials, on different cell cultures such as L.929 mouse fibroblasts, Schwann cells,
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vascular smooth muscles and hepatocytes [41]. Moreover, Reichl has conducted a
detailed work, by using keratins as substrates for 12 different cell cultures, as well as
testing different keratin coating methods [61]. Besides tissue engineering, keratins are
mostly used in wound healing processes, and several studies that have focused on the
topic can be found here [16,24,62]. Although the scope of the following study cannot
directly be related with wound healing, Cruz et al., have conducted a work on peptide
interaction of keratins, to understand the interaction characteristics of peptides that are
present in hair-care products, in order to prevent or lessen the possible damages that can
be done on human hair and/or scalp [63]. Drug and bioactive compound delivery can also
be considered as a promising platform for the use of keratins, as several studies on this
area of research are exhibited hereby [64,65]. At last but not least, apart from the
discussed areas of research that have been mentioned up to know; Ki et al., have utilized
silk reinforced keratin fibers to fabricate a membrane that is desired to be used in heavy
metal adsorption, and stated that the applicability of these membranes were excellent as

heavy metal adsorbents [66].
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CHAPTER 3

MATERIALS AND METHODS

In this chapter, materials and experimental procedures used in this study were
outlined. Firstly, materials needed for the syntheses along with their suppliers were
described. Then, in the methods sub section, experimental protocols for keratose
extraction, hydrogel preparation procedures and characterization techniques were given

briefly, with their instrumental settings and details.

3.1. Materials

Wool samples from Akkaraman sheep breed (Ovis aries Linnaeus, 1758) localized
in the Central Anatolian region of Turkey were kindly provided by Lalahan Livestock
Central Research Institute (Ankara, Turkey) [67]. Chloroform, Tris-base and
hydrochloric acid (HCI), ethanol (absolute grade), acetic acid, deuterium oxide, 2-(N-
morpholino) ethanesulfonic acid (MES), sodium dodecyl sulfate (SDS), dimethyl
sulfoxide (DMSO) and L-glutamine were purchased from Merck (Darmstadt, Germany).
Methanol, Tris-HCI, sodium sulfide nonahydrate, sodium chloride, sodium phosphate
monobasic, sodium hydroxide, FT-IR grade potassium bromide, peracetic acid solution
(32 w% 1n dilute acetic acid), picrylsulfonic acid solution (5 w% in water), TTuPAGE®
precast gels (10x8 cm with 4-12% gradient), cellulose membrane dialysis tubing (43x27
mm, MWCO ~14000 Da), CCK-8 cell counting kit, tyrpsin-EDTA 0.25% solution,
penicillin & streptomycin antibiotics solution, were obtained from Sigma-Aldrich
(Sigma-Aldrich Co., St. Louis, MO, USA). fetal bovine serum (FBS), bovine serum
albumin (BSA) and RPMI 1640 cell medium were gathered from Biological Industries
(Cromwell, CT, USA). Cell Viability/Toxicity Live/Dead Assay kit were acquired from
Biotium (Fremont, CA, USA). Sulfuric acid (96 %) and tetrakis (hydroxy methyl)
phosphonium chloride (THPC) was provided by Panreac Quimica (Barcelona, Spain) and

Acros Organics (Geel, Belgium), respectively.
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Coomassie brilliant blue R-250 and PageRuler™ Pre-Stained Protein Ladder
products were purchased from and Thermo Fisher Scientific (Waltham, MA, USA). All

solutions were prepared using deionized water if not stated otherwise.

3.2. Methods

3.2.1. Extraction of Keratose

Soluble fractions of wool proteins were extracted using peracetic acid oxidation,
by following the reaction given in the Figure 2.6.a. Schematic diagram of keratose
extraction procedure is given in Figure 3.1. Briefly, wool samples were intensively
washed with deionized water in order to remove natural dirt and contaminants. 5 g of
sample was placed in 500 ml of water at 50°C and was shaken at 150 rpm for a few hours.
The procedure was repeated until a clean solution is obtained. Cleaned wools were
defatted using Soxhlet extraction with a solvent mixture containing chloroform and
methanol (79:21 % vol/vol) at its azeotropic temperature. For a 5 g sample, 250 ml of
solvent was used and the extraction process was proceeded at least 6 h, maintaining a
syphon rate of 6 hr'. Residual solvent in the defatted samples was removed by
evaporating at room temperature in a fume hood followed by using a vacuum oven at
40 °C. Oxidation of the cysteines of the wool was performed by shaking 5 grams of dried
fibers and 400 ml of peracetic acid solution (2% w/v) at 37 °C and 150 rpm overnight
avoiding exposure to the light. The solution was filtered with a ceramic filter. To extract
soluble proteins, the fibers were contacted with 200 ml 100 mM tris-base solution at pH
10.5 in an incubator at 37 °C with a shaking rate of 150 rpm for 3 h and the solution was
filtered. This step was repeated two more times. Saved solutions were combined and pH
of the resultant solution was adjusted to 4, using 1 N HCI solution. Precipitated proteins
were isolated by centrifugation, washed three times with 100 ml 100 mM tris-HCI buffer
at pH 4.2 and dissolved in 30 ml tris-base solution at pH 10.5. The protein solution was
dialyzed against 4 L deionized water using a pre-treated dialysis membrane tubing with
a MWCO of 14 kDa. Dialysis medium was changed thrice a day, and the dialysis process
was carried out for 3 days. Finally, the dialyzed keratoses were frozen at -80 °C,

lyophilized and stored at -20 °C.
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Figure 3.1. The flow diagram of keratose extraction process

3.2.2. Characterization of Wools and Extracted Keratose

X-ray Diffraction (XRD) analyses were carried out using a Philips PANalytical
X’Pert Pro (Almelo, Netherlands) model diffractometer with an incident CuK, radiation
at 1.54 A and scan rate of 0.139 °/min. The Bragg angle (20) values were changed
between 5 and 80°.

Fourier Transform Infrared Spectroscopy (FT-IR) of the samples was performed
on a Shimadzu 84008 (Tokyo, Japan) spectrophotometer using KBr pellet technique. The
spectra were taken between 400 and 4000 cm™ wavenumber range with a scan number of
32 and resolution of 2 cm™.

Scanning Electron Microscopy (SEM) images of the raw and processed wools
were observed using a FEI Quanta 250 FEG (Oregon, USA) model instrument. The
samples were prepared by cutting into fragments of several millimeters and vacuum

drying at 40°C, followed by a sputter-coating of a gold layer in rarefied argon.

The surface of the samples was scanned at 3 kV. Mean diameter of the raw wool
fibers was determined using ImagelJ software [68] (NIH, US) by averaging the data from
30 different spots.
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Thermal Gravimetric Analyses (TGA) of raw wool and keratose were conducted
on a Shimadzu TGA-50 (Tokyo, Japan) model instrument between room temperature and
1000 °C at a 10 °C/min heating rate using N> atmosphere with a flowrate of 40 ml/min.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
carried out using a TruPage™ precast gel with a gradient of 4-12%. Keratose solution at
10 mg/ml concentration in deionized water was incubated at 90°C for 5 min. A total
volume of 10 ul sample was prepared by mixing 2 pul of protein solution with 8 ul sample
buffer and the mixture was loaded and run through the gel using a buffer (with a
composition of 1.2 M Tris-Base, 0.6 M MES and 2.0% w/v SDS) by applying a voltage
of 180 V for 30 min. For visualizing the scale of the molecular weight on the gel,
PageRuler™ Pre-Stained Protein Ladder was used (Thermo Scientific, Waltham, MA,
USA). The gel was, then, stained with Coomassie Brilliant Blue R-250 solution for 2 h
and was destained with a solution containing 20% ethanol and 5% acetic acid for 3 h with

successive washes.

3.2.3. Preparation and Characterization of Keratose Structures and

Hydrogels

Amine content of keratose proteins was determined by TNBSA (2.4,6-
trinitrobenzene sulfonic acid) assay. A TNBSA solution of 5% w/v was diluted 500-fold
in 0.1 M sodium bicarbonate (NaHCO3) solution and final pH was set to 8.5 via sodium
hydroxide (NaOH). Then, 500 puL of keratose solutions with varying concentrations were
prepared in Milli-Q water and 250 pL of diluted TNBSA solutions were added to each of
them. The final solutions were incubated for 2 hours at 37 °C to provide the complete
reaction of TNBS with the primary amines of the proteins. To stop reactions, 250 uL of
10% sodium dodecyl sulfate (SDS) in Milli-Q water and 1N HCI solutions were added to
each sample. Finally, the absorbance was measured at 420 nm, and the corresponding
amine group content was calculated as 1 x 102 mmol amine/g keratose using the

extinction coefficient of L-glycine (22750 M!.cm™) [60].

Structures formed at low concentrations were investigated using dynamic light
scattering (DLS) and atomic force microscopy (AFM) techniques. Keratose solutions

were prepared at 5, and 10 mg/ml concentration using phosphate buffer saline (PBS; 10
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mM phosphate containing 150 mM NaCl at pH 7.4) and filtered. The solutions were
equilibrated at 25°C for at least 15 min prior to measurements. Diffusion coefficients of
the samples were determined using CONTIN method and converted to corresponding
hydrodynamic diameter values using Stokes-Einstein equation. DLS measurements were
recorded using a Micromeritics NanoPlus model instrument with three measurements for
each sample. 5 mg/ml keratose solution in DI water was used in AFM characterization. 3
ul of filtered solution was applied to freshly cleaved mica evenly and diluted with 10 pl
of Milli-Q grade water. AFM imaging was performed at room temperature, using tapping
mode with a Bruker silicon cantilever tip having a string constant around 0.1 N/m
(Camarillo, CA, USA). AFM image of the sample was taken using a Digital Instruments-
MMSPM Nanoscope IV model instrument and the images were analyzed using
NanoScope Analysis software (Bruker, US).

Keratose hydrogels were prepared by dissolving keratose in an appropriate solvent
(PBS at pH 7.4 or deionized water) at 10% w/v concentration (100 mg/ml) and 7.5% w/v
concentration (75 mg/ml) for physical and chemical hydrogels, respectively. To get
physical hydrogels, resultant solutions were incubated at 37 °C or 50 °C for 4 h to promote
gelation. For crosslinked gels on the other hand, three sets of hydrogels were prepared,
at amine group:crosslinker ratios of 1:1, 1:2 and 1:4. Proposed reactions of THPC
crosslinking process are given in Figure 3.2. After gels were formed, the tube inversion

tests were made to ensure that the resulting hydrogels were stable and solid-like.
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Figure 3.2. Proposed reactions of amine crosslinking by THPC; a) formaldehyde
formation, amine fromaldehyde Mannich-type reaction, c) amine coupling
completion (Source: [85])
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Pore size and interconnectivity of the hydrogel networks were evaluated using FEI
Quanta 250 FEG SEM (Oregon, USA) model instrument. Both sets of hydrogels that were
prepared in deionized water were soaked into liquid N> and freeze-dried at -89°C in order
to remove all the aqueous content. Images of top view and cross-sectionally fractured
portion of the samples were observed in E-SEM mode. Average pore size of the hydrogels
was determined, by measuring 30 pores from different spots using ImagelJ software.

Secondary structures of the keratose powder, solutions and hydrogels were
assessed using attenuated total reflection Fourier transformed infrared (ATR-FTIR)
spectroscopy. Keratose solutions and hydrogels were prepared in D>O, and hydrogels
were freeze-dried before being analyzed. The experiments were conducted using a Perkin
Elmer Spectrum Two instrument (Waltham, MA, USA). The data were acquired between
400-4000 cm™! wavenumber range with a resolution rate of 4 cm™ and scan number of 32.
Amide I region was deconvoluted into optimum number of Gaussian peaks according to
R? and y? values using Origin data analysis and graphing software (OriginLab,
Northampton, MA).

Oscillatory rheology experiments of the hydrogels were carried out on a Thermo
Fisher Scientific HAAKE MARS Rheometer (Waltham, MA, USA) instrument equipped
with a stainless steel parallel plate with a diameter of 250 mm. 700 pl of viscous keratose
solution prepared in PBS buffer at pH 7.4 was applied to the plate. For physical hydrogels,
the gap distance between the plates was adjusted to 200 pm and light mineral oil was used
to block the sides of the plates to suppress the possible evaporation of the material during
the hydrogelation and rheological tests. The temperature of the instrument was set as
37 °C or 50 °C and samples were allowed to undergo sol-gel transition inside the plates
for 4 h. For physical hydrogels, the gap distance between the plates was adjusted to 200
pum and light mineral oil was used to block the sides of the plates to suppress the possible
evaporation of the material during the hydrogelation and rheological tests. For the
chemical hydrogels, after the keratose solutions were pipetted onto the plate, the
temperature was decreased to 5 °C right before the cross linker was added in order to
prevent a rapid sol-gel transition. Frequency sweep tests were performed between a
frequency range of 0.1 and 100 Hz at a constant strain of 5% at 37 °C.

Cell proliferation and live/dead assays were performed using [L929 mouse
fibroblast cell line using three independent samples. The cells were cultivated in RPMI
1640 cell medium containing 200 mM glutamine, %10 fetal bovine serum (FBS), and

penicillin and streptomycin antibiotics (50 unit/ml). The cells were sub-cultured every
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other day and any of the fourth subcultures was used in the assays. Known weight of
lyophilized keratose was sterilized by UV light for 1 h and 10 w/v % keratose solutions
were prepared in sterile PBS buffer at pH 7.4. For cell proliferation tests, 100 ul keratose
solution was pipetted into each well of a 96-well microplate and incubated at 37 °C to
produce hydrogels. Collagen I and tissue culture treated empty wells were used for
control. 30 ul of collagen I solution (40 pg/ml) prepared in sterile PBS was used to coat
each well at 4 °C for 12 h. 100 ul L929 cell solution with a cell concentration of 1x10°
cell/well was added to each well and the microplates were incubated at 37 °C in 5% CO
atmosphere for 1, and 5 days. Cell medium of the wells were changed in every 2 days.
To determine cell proliferation, 10 pul of stock CCK-8 solution at 37 °C was added
to each well and the microplates were incubated for 4 h. Absorbance values were
measured at 450 nm using a Thermo Fisher Varioskan Flash microplate reader (Waltham,
MA, USA). For live/dead assay, 100 ul of hydrogel prepared in the microplates using the
same procedure as cell proliferation assay. Collagen I and blank tissue culture plastic
wells were used as controls, and the cells were seeded on the hydrogels and control
surfaces with an initial cell density of 1x10° cells/well and incubated at 37 °C in 5% CO;
atmosphere for 1, and 5 days. The cells were washed with serum free-medium and freshly
prepared 1 uM calcein AM in anhydrous dimethyl sulfoxide (DMSO) and 2 uM ethidium
homodimer III in DMSO/H;O, prepared in sterile PBS solution were added into the wells.
The microplates were incubated for 45 minutes. Excitation wavelengths were used as 493
nm and 592 nm for calcein AM and ethidium homodimer II1, respectively. Labeled cells
were monitored and cell images were taken using a Zeiss Axiovert 200M model
fluorescence microscope (Oberkochen, Germany). Statistical analyses were carried out
using independent two-sample t-test method on Minitab software. p-value<0.05 obtained
from pairwise comparison of the samples was considered as statistically significant

difference.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the experimental results are given. Firstly, the characterizations of
wool and keratose proteins were reported. Characterization results of nanostructures
formed at low keratose concentrations were presented. Rheological, morphological and
conformational behavior of physical and chemical hydrogels were determined. Finally,
as a preliminary study, cell adhesion and cytotoxicity properties of a select hydrogel are
evaluated, by the aid of OD measurements and fluorescence microscopy images taken to

visualize the cell viability and proliferation of the given cell line, L929 mouse fibroblasts.

4.1. Characterization of Wool samples and Extracted Keratose

4.1.1. Fourier Transform Infrared Spectroscopy (FT-IR)

Functional groups and structural changes that occurred during the extraction of
keratoses were determined using FTIR spectroscopy and the spectra of defatted raw wool,
oxidized wool and keratose are presented in Figure 4.1. Fingerprints of proteinaceous
structure were revealed by amide I (1600-1690 cm™), amide II (1480-1575 cm™), and
amide A (~3300 cm™') bands were observed for all wool samples and keratose [69].
Additionally, a new band observed for oxidized wool and keratose at around 1040 cm’!
corresponds to asymmetric vibrations of S-O groups of the sulfonate in cysteic acid
confirmed the peracetic acid assisted oxidation of cysteines to cysteic acids [70,71].
However, in these spectra symmetric vibrations of S-O groups of the cysteic acid about
1075 cm™ manifested as a weak band [70]. The sharp band observed around 1657 cm™ in
the spectrum of keratose indicated the extracted protein is rich in a-helical secondary

structure as the other a-keratin family of proteins [17,72,73].
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Figure 4.1. FT-IR spectra of a) defatted Ovis aries wool, b) oxidized wool and c)
keratose protein, drawn in wavenumbers between 400-4000 cm™.

4.1.2. X-ray Diffraction (XRD)

XRD technique was used to detect crystallinity of the samples and fate of the
ordered structures of the proteins during extraction process. XRD diffractograms of
defatted wool, oxidized wool and extracted keratose are given in Figure 4.2. The patterns
indicated that all the samples are semi-crystalline with a background representing
amorphous fractions associated with broad peaks and matched to the patterns observed
for a-keratins, as expected [74]. The peaks are more apparent for oxidized and extracted
samples suggesting higher content of ordered structures. Similarly, intensities of the XRD
peaks are higher for the keratin extracted using L-cysteine at basic pH compared to the
parent wool sample [75]. However, the study of Zhang and colleagues implied that acid
hydrolysis of wool using 4 N HCI at high temperature yielded amorphous structure [19].
The peak at 20° corresponds to -sheet structure whereas the other peak at 9° represents

both a-helical and B-sheet conformations of the proteins [75,76].
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Figure 4.2. X-Ray diffractograms of a) defatted Ovis aries wool, b) oxidized wool and
c) keratose proteins

No significant changes were observed between relative intensities of these two
peaks for the oxidized wool and keratose indicating no detectable conformational changes
during the extraction of keratoses from the oxidized wool. Thus, it is likely that the
oxidation procedure applied in this study, did not give irreversible damages to the ordered

structures of keratinous proteins.

4.1.3. Thermal Analyses

Thermal behavior of defatted wool and keratose were investigated using TGA
method and the resultant TG and DTG curves are given in Figure 4.3. All three samples

exhibited three major thermal transitions by giving less than 2% residue at the end of
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1000 °C. The first endotherm observed around ~75 + 3 °C corresponds to removal of
moisture and volatile materials which constitutes ~6.5-7 % of the total mass of the
samples. The second endotherm were obtained between 200 and 400 °C mainly indicating
the degradation of side chains of the proteins [73,75,76]. In this region, the corresponding
mass losses are; 36, 37, and 45 % for defatted wool, oxidized wool and keratose,
respectively. Similarly, ~45 % mass loss associated with the second endotherm was
reported for keratin from bovine hoof [75]. For keratose there exists a shoulder about 246
°C quite apparent within this endotherm which is probably due to the elimination of sulfur
containing gases or other small molecules in a more cooperative manner compared to the
wools. The last endotherm was observed between 450 and 600 °C and can be attributed
to pyrolytic decomposition as suggested based on sudden contraction in DMA curve due

to cyclization reactions [76].

wool wool
100 F 1 ol |
50 F . 72°C
309°C 568°C
0 1.8 % 5F
L@, R () I
100 k oxidized wool | — oxidized wool
< £ or
o~ £ /
~ 50} - 78°C
% S /
g ol 08% | - -5} aa7°c 8¢
0 Q G
— keratose — keratose
100 } ; ol
sol | 76°¢ 246°C
546°C
1.5 % 5F
OF E 336°C
R ) R R
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 4.3.TG curves of a) defatted wool, b) oxidized wool, c) keratose, and
corresponding DTG curves of d) defatted wool, e) oxidized wool, and f)
keratose.
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4.1.4. Scanning Electron Microscopy (SEM)

SEM pictures of defatted and oxidized wool and residual material after the
extraction of keratose are given in Figure 4.4. Defatted wool fibers were observed to be
stiff and polydisperse with an average diameter of 29 + 10 um. After the peracetic acid
treatment, the oxidized fibers became more flexible and porous, indicating that di-sulfide
bonds were broken. Extraction from keratoses, on the other hand, disrupted the fiber
structures as clearly indicated by Figure 4.4.c. In consistent with this study, SEM images
of the residual -keratin rich structures of wools indicated that keratose proteins were not
gently stripped from the wool fibers [71]. Conversely, hair fibers subjected to oxidation

and extraction processes were split longitudinally [52].

Figure 4.4. Scanning electron microscopy images taken for a) raw wool, b) oxidized
wool and c) wool residue after extraction.

4.1.5. Molecular Weight Determination of Keratose

SDS-PAGE analysis results of the extracted keratin based proteins are given in
Figure 4.5 and indicated a number of protein fractions populated between 14 and 100 kDa

in diffusive manner rather than discrete bands. Relatively intense band between ~43 and
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~53 kDa matched to the molecular weight distribution of monomeric a-keratose fractions
extracted from a merino wool identified using LC-MS/MS [30]. The more distinct band
was observed between ~23 and 33 kDa. It was reported that wool fibers also contain y-
keratin with high sulfur content and high tyrosine proteins in addition to a-keratins (low
sulfur proteins). For merino wool molecular weight of y-keratin were determined as 10.4
kDa and no traces of tyrosine rich proteins were observed upon following similar
oxidation process applied in current study [30]. Therefore, the bands between ~23 and 33
kDa is likely due to the fragments of a-keratose formed during oxidation as peracetic acid

can cleave peptide bonds.

Figure 4.5. SDS-PAGE pattern of keratose proteins [Molecular weights given in kDa]

4.2. Characterization of Nanostructures Formed at Low Keratose

Concentrations

Dynamic light scattering and atomic force microscopy were used to determine
size and morphological characteristics of the structures formed at 5 and 10 mg/ml keratose

solutions. Size distributions measured by DLS are given in Figure 4.6. Mean
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hydrodynamic diameter values of the samples at 5 and 10 mg/ml concentrations were
obtained as 25 + 2 and 28 £ 1 nm, respectively. 2D AFM image and particle size
distribution of 5 mg/ml sample are presented in Figure 4.7. Particles having ellipsoidal

cross section with sizes between 25 and 40 nm were observed in consistent with DLS

measurements.
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Figure 4.6. Size distribution of keratose solutions with concentrations a) 5 mg/ml, and b)
10 mg/ml.

G-actin monomer with similar molecular weight (~ 42 kDa) as a-keratin exhibited a
hydrodynamic diameter of 5.8 nm, quite lower than those obtained in current study [77].
Hydrodynamic diameter of a fibrous protein, fibrinogen (MW = 340 kDa) was determined
to be 22 nm [78]. Comparing size and molecular weight distributions of keratose with
those of G-actin and fibrinogen and considering the DLS and AFM results, it can be
suggested that keratoses at low concentrations in the solution form self-assembled into
globular aggregates. Similar aggregation tendency was also reported for keratin (reduced
form) samples that extracted from West Yorkshire region (UK) white sheep wool. Mean
sizes (hydrodynamic diameter) of the keratin solution at 1 mg/ml concentration were

found to be increasing from 14 to 30 nm as salt concentration increases from 5 mM to 0.5
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M. Cryo-TEM image indicated ellipsoidal structures with a diameter of 12 and 44 nm at
5 mM salt concentration [79]. Mean sizes (hydrodynamic diameter) of the keratin solution
at 1 mg/ml concentration were found to be increasing from 14 to 30 nm as salt
concentration increases from 5 mM to 0.5 M. Cryo-TEM image indicated ellipsoidal

structures with a diameter of 12 and 44 nm at 5 mM salt concentration [79].
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Figure 4.7. a) 2D AFM image, and b) particle size distribution of keratose prepared at 5
mg/ml.

4.3. Characterization of Physical and Chemical Hydrogels Formed at

High Keratose Concentrations

4.3.1. Rheological Studies

Keratose solutions prepared at 100 mg/ml (10 w/v %) concentrations formed self-
standing hydrogels upon incubation at 37 or 50 °C, whereas solutions prepared at 75
mg/ml (7.5 w/v %) were gelated by the addition of a chemical crosslinking agent, THPC.
Rheological properties of the hydrogels were evaluated using oscillatory frequency sweep
experiments. Linear viscoelastic response of hydrogels were evaluated and plots of
frequency dependence of moduli are given in Figures 4.8 and 4.9. For each hydrogel
sample, a frequency range of 0.1 to 100 Hz was selected and the corresponding G’ (elastic
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moduli) and G’ (loss moduli) of the samples were plotted and linear equilibrium modulus
plateau were determined. As revealed from plots that, G’ (storage modulus) values were

obtained to be higher than G’’ values (loss modulus) for each hydrogel sample tested,
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confirming their gel-like behavior. Thus, for all samples, the & values (where; (;—, =
tan(9d)) of both gels are found to be closer to 0° than 90°, ensuring that the materials can
be described as solid-like elastic gels. For the physical hydrogels, plateau G’ values were
obtained as ~100 Pa and ~1000 Pa for the respective hydrogels prepared at 37 °C and 50
°C. Stronger chitosan based gels were also obtained upon increasing temperature and
enhanced mechanical strength was attributed to the increase in hydrophobic attractions.
Increasing temperature, on the other hand, decreases strength of hydrogen bonds.
Although breaking hydrogen bonding seems unfavorable, it may provide chain flexibility
to create contacts by facilitating the formation of network structure as suggested for
chitosan hydrogels [82]. In another study, human hair derived keratin and keratose based
hydrogels were prepared at 20 w/v % concentration and 37 °C. Not surprisingly, higher
G’ value (~120 Pa) was obtained for the hair-based keratose hydrogel indicating that
changing polymer concentration can be another parameter to tune the mechanical strength

of the resultant hydrogels [52].
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Figure 4.8. Frequency sweep data of self-assembled keratose hydrogels prepared at; a) 37
°C, b) 50 °C.

Also, in a similar area of interest, Ham et al. [55] have prepared different
hydrogels containing various portions of both keratin-based proteins kerateine and

keratose. They obtained 15% w/v self-assembled keratose hydrogels at 37 °C having a
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G’ value around 1000 Pa. For further comparison, storage moduli (G”) of self-assembled

keratin based hydrogels, prepared at various conditions are given in Table 4.2. Plots of

frequency dependence of complex viscosity values of the hydrogels are represented in

Figure A.1 in the Appendix A section. Decrease in complex viscosity with increasing

frequency indicates shear thinning property of these hydrogels as observed in many other

self-assembled hydrogel systems [83].

Table 4.1. Comparison of storage moduli of physical hydrogels.

Hydrogel Assembl Storage Modulus
y g Weight % y g Reference
material Temp. (°C) (kPa)
Kerateine 10 37 ~0.3 [84]
Keratose 20 37 ~0.15 [52]
37 ~0.1
Keratose 10 This stud
50 ~1 Y
Keratose 15 37 ~0.8 [55]
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Figure 4.9. Frequency sweep measurements of chemically crosslinked keratose hydrogels,
with the aminegroup:crosslinker ratios; a) 1:1, b) 1:2, and ¢) 1:4.
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Oscillatory frequency sweeps were also performed on the chemical crosslinked
gels, and the plots are given in Figure 4.10. A G’ range between 1 and 5 kPa were
achieved, by changing the amine group:crosslinker ratio from 1:1 to 1:4 An obvious
increase in the G’ values were oabtained, with the increasing crosslinker amount, as
expected. Similarly, Chung and co-workers have used THPC to produce protein based
hydrogels to be used as scaffolds and at the same protein concentration, increasing the
crosslinker amount led to an increase in the storage moduli of the resulting hydrogels
[85]. For a further comparison, chemical crosslinked protein hydrogels reported in the
literature, with their corresponding crosslinker types and resulting G’ values are tabulated
in Table 4.3. When the amine group:crosslinker ratio is 1:2 or above, the storage moduli
of the hydrogels prepared in the current study could be considered as moderately high
compared to other proteins, except silk which was reported to be mechanically superior

numerous times in the previous studies [33,86].

Table 4.2. Comparison of storage moduli of chemical hydrogels.

Hydrogel Weigth % Crosslinker Storage Modulus Reference
material (kPa)
Recombinant Silk 5 APS+Rubpy ~8 [86]
Gelatin 5 EDC ~1 [87]
THPC (1:1) ~1
Keratose 7.5 THPC (1:2) ~2.6 This study
THPC (1:4) ~5
THPC (0.5:1) ~0.25
ELP > THPC (1:1) ~1.2 [85]

4.3.2. Microstructure of Hydrogels

SEM pictures of physically crosslinked gels prepared at 37 and 50 °C are given in
Figure 4.8 and 4.9, respectively. Additional images of the same hydrogels are given in
Appendix A section, in Figure A.2. For both physically constructed hydrogels, a
distribution of pores ranging from ~2 um to ~ 20 pm was obtained. From the top view of
the hydrogels, mean pore sizes were measured as 6 +4 pm and 7 + 4 um for the hydrogels
prepared at 37 °C and 50 °C, respectively. Cross sections of the freeze dried hydrogels
indicated that network was constituted by fibrils. Thicker fibrils were observed in the

structure of the hydrogel prepared at 50 °C. Hair-derived keratose at 20 w/v %
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concentration was reported to have an average pore size of 13 = 1 um as given in an
aforementioned study [52]. Higher pore size obtained at high keratose concentrations can
be due to stronger interactions between the keratose molecules. Pore size and architecture
have direct effect on cell proliferation and migration and optimum pore size depends on
the cell type. Considering its optimum pore size given as 5-15 pm for tissue regeneration,

keratose based hydrogels seem suitable for fibroblast ingrowth [80].

(b)

Figure 4.10. SEM pictures of freeze-dried physical keratose hydrogel prepared at 37
°C; a) top view; scale bar = 30 um and b) cross section; scale bar = 50 um.

(b)

Figure 4.11. SEM pictures of freeze-dried physical keratose hydrogel prepared at 50
°C a) top view; scale bar = 30 um and b) cross section; scale bar = 50 um
Microstructures of chemically crosslinked hydrogels obtained using SEM are
represented in Figures 4.11, 4.12 and 4.13, for corresponding amine group:crosslinker
ratios of 1:1, 1:2 and 1:3, respectively. Supplementary images of these hydrogels are also

represented in Appendix A section, in Figure A.3. Images of the hydrogels that have 1:1
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amine:crosslinker ratio indicated that the gel network is consisted of thin-walled keratose
fibers, with well-defined crosslinking points (Figure 4.10). Cross-sectional SEM image
confirmed the presence of a 3-dimensional, interconnected network. As the
amine:crosslinker ratio increased from 1:1 to 1:2 and to 1:4, the thickness of the pore
walls was significantly increased, showing a flaky morphology rather than fibrous
characteristics. Pore sizes tended to decrease, with values of 24, 14 and 11 pm for
corresponding amine:crosslinker ratios of 1:1, 1:2 and 1:4, respectively. In consistent with
our study, Jang and colleagues have previously reported a decrease in the pore sizes of

PEG hydrogels, as the amount of crosslinking agent increased [81].

50
TYTEMAN

Figure 4.12. SEM pictures of freeze-dried chemical keratose hydrogel prepared with 1:1
amine group:crosslinker ratio a) top view; scale bar = 50 um and b) cross
section; scale bar = 50 um.

5
IVTEMAH

Figure 4.13. SEM pictures of freeze-dried chemical keratose hydrogel prepared with 1:2
amine group:crosslinker ratio a) top view; scale bar = 50 um and b) cross
section; scale bar = 50 um.
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Figure 4.14. SEM pictures of freeze-dried chemical keratose hydrogel prepared with 1:4
amine group:crosslinker ratio a) top view; scale bar = 50 um and b) cross
section; scale bar = 50 um.

4.3.3. Cell Studies

4.3.3.1. Cell Proliferation Study

As a preliminary study, cell interactions of keratose hydrogels were tested by
monitoring the behavior of L929 mouse fibroblast cells seeded on self-assembled
keratose hydrogels which were pre-formed at 37 °C. In order to conduct the proliferation
test, CCK-8 assay was used. As control samples, the cells were also seeded on collagen I
coated and bare tissue cultured plastic wells, with the same cell density. Comparison of
absorbance values of the keratose hydrogel and control samples for the 1 and the 5™ day
of cultivation are given in Figure 4.15. p values obtained from pair-wise comparison of
the samples are tabulated in Appendix A section in Table Al. After 1 day of seeding,
absorbance values measured for collagen and keratose hydrogels were found to be higher
than the untreated well (p < 0.05). Statistical comparison of keratose hydrogel and
collagen indicated that no significant difference in their abilities to promote cell
proliferation (p > 0.05). However, at the end of day 5; absorbance for all the cell
supporting media were comparable with similar standard deviations (p > 0.05),
suggesting that keratose hydrogels could support cell attachment and proliferation as
much as collagen and tissue culture plastic material. Growth rate of L929 mouse

fibroblast cells seeded on keratin sponges were reported to be higher than that of a
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commercially available plastic culture dish and this observation was attributed to the
presence of cell-binding sequences that are present in the amino-acid sequence of the

keratin extracted from wool [29].

4.3.3.2. Cell Viability and Toxicity

Morphology and distribution of the seeded cells were monitored by the aid of
fluorescence microscopy after dyeing them with both calcein AM and ethidium
homodimer III fluorescent dyes. Corresponding fluorescence microscopy images are
given in Figure 4.16 and 4.17. At the end of day 1, homogenous distributions of L929
cells were obtained on both collagen and tissue cultured plastic cell supporting media.
Cells were observed to be mostly round in shape, and low number of cells were morphed
into the known spindle shape [84]. Additionally, the 3D rendering images have revealed
that, the live/dead cell ratio for the fibroblasts is relatively higher for collagen medium,
when compared with the tissue cultured plastic. Unfortunately, it was not possible to get
decent images of keratose hydrogel, which can be attributed to high thickness of the
prepared hydrogel. It is also possible that seeded cells could have diffused inside of the
3D hydrogel complex. Although the staining was not successful for the keratose hydrogel,

the optical images indicated that there exist L929 cells inside the protein hydrogel matrix.

I days
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Figure 4.15. Absorbance read at 450 nm for CCK-8 assay of 1929 cells, seeded on
various samples at 1 and 5 days after cultivation
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Figure 4.16. Fluorescence microscopy images of L929 cells seeded on; a) collagen, b)
10% w/v 37 °C keratose hydrogel and c) blank TCPS at cultivation day 1

Compared to day 1, images taken at day 5 revealed that cells seeded on tissue
cultured plastic and collagen proliferated significantly. Cells seeded on hydrogels were
also more visible when compared to day 1, due to the fact that the dyeing time were

increased from 35 minutes to an hour.

a)

Figure 4.17. Fluorescence microscopy images of L929 cells seeded on; a) collagen,
b) 10% w/v 37 °C keratose hydrogel and c) blank TCPS at cultivation
day 5

38



Similar to what was achieved in the current study, Wang and co-workers have
conducted a similar work by using collagen, keratin and TCPS blank media for cell
seeding, and reported that the highest amount of cell attachment was seen in tissue
cultured flasks, while cells seeded on keratin based hydrogels formed clusters with a non-

uniform distribution around the hydrogel surface [84].

4.4. Conformational Analysis of Keratoses in Different Forms

Molecular conformations at different conditions have been frequently evaluated
by using FT-IR spectroscopy. Although H2O is a preferable solvent because of its
inertness, due to its the strong IR absorbance in Amide I region [69], the overlap with the
secondary conformation peaks of the proteins can be unavoidable. Thus, keratose samples
were dissolved in D20 or freeze dried, in order to eliminate any spectral interference that
comes from O-H bending vibrational band. To evaluate the secondary structure of the
samples, deconvolution of Amide I region (1600-1700 cm-1) of FT-IR spectra of the
protein samples was carried out. In this specified region where the origin of the peaks are
directly related with the C=0O stretching vibrations of the corresponding proteins, the

idiosyncratic peaks describing different secondary structures can be resolved.
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Figure 4.18. Deconvoluted amide I bands of a) keratose in solid form, b) 2 w/v %
keratose solution in D20, c) freeze dried 10 w/v % keratose hydrogel
prepared at 37 °C, and d) freeze dried 10 w/v % keratose hydrogel prepared
at 50 °C.

Raw spectra of the keratose proteins in solid and solution form (2 w/v %), and
freeze dried hydrogels prepared by physical and chemical crosslinking were deconvoluted
into Gaussian peaks and resulted fittings were analyzed for the compositions of the
corresponding secondary structures. Figure 4.18 shows the deconvoluted amide I bands
of keratose in solid form, low concentration solution prepared in D20 and freeze-dried
physical hydrogels. Full range of FT-IR spectrum of 2 w/v % keratose solution in D20 is
presented in Figure A.4. Deconvoluted amide I bands of freeze dried chemically
crosslinked hydrogels are given in Figure 4.19. Secondary structure content of different
forms of keratose are summarized in Table 4.3 and Table 4.4. Unsurprisingly, in its solid
form; keratose exhibits a considerably high amount of a-helix sub-structure, with an 86
% composition, as previously supported [73]. However, in the solution form at 2% w/v
concentration in D>O, the negatively charged nature of the protein structure results in an
unordered conformation dominantly. As keratose concentration was increased in the
solution up to 7.5 or 10% w/v, the content of B-sheet substructures increases. Similar
concentration dependence of -sheet composition was also observed for alanine rich

helical proteins [88].
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Figure 4.19. Deconvoluted amide I bands of a) 7.5 w/v % keratose solution in D>0O, b)
freeze dried 7.5 w/v % keratose hydrogel prepared at 1:1 amine
group:crosslinker, c) freeze dried 7.5 w/v % keratose hydrogel prepared at
1:2 amine group:crosslinker, and d) freeze dried 7.5 w/v % keratose

hydrogel prepared at 1:4 amine group:crosslinker.

Table 4.3. Secodary structure concents of keratose in solid form, in D>O and freeze
dried physical hydrogel form.

Solid form 2 w/w % solution in hydrogel prepared hydrogel prepared
D,0 at 37 °C at 50 °C
band (cm™) % content band (cm™) % content band (cm™") % content band (cm") % content
1619 2 1634 60 1633 60 1627 50
1654 86 1648 38 1669 30 1666 40
1691 12 1661 2 1692 10 1692 10
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The ordered structures of the chemically crosslinked hydrogels was not seemed to
be much affected from the increasing crosslinking density. Even though all three of the
chemical hydrogels exhibited high B-sheet content, no significant relation exists between

the crosslinker amount and the percent content of molecular conformations (Table 4.2).

Table 4.4. Secodary structure concents of keratose in D>O and freeze dried chemical
hydrogel form.

UncrossPnked 1:1 crosslinked 1:2 crosslinked 1:4 crosslinked
solution

band (cm') %content band (cm’) % content band(cm') %content band (cm') % content

1637 69 1628 38 1641 88 1625 54
1669 25 1661 50 1683 12 1668 46
1687 6 1691 12
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CHAPTER 5

CONCLUSION AND FUTURE WORK

Biopolymers have been received increasing attention due to their biocompatible
nature and biodegradability making them superior in biomedical applications such as drug
delivery and tissue engineering. Among these types of materials, keratin is a highly
abundant, well-known protein by being the main constituents of animal parts including
hair, feathers, wool, and horn. In this study, characterization and evaluation of self-
assembly behavior of keratin-derived proteins were aimed for their possible applications
in biomedical area.

Water soluble oxidized form of keratin proteins (or keratoses) were obtained from
Akkaraman sheep wool by using peracetic acid treatment with a quite high final yield.
AFM observations and DLS measurements suggested that keratose proteins at 5 and 10
mg/ml concentrations in aqueous solutions assembled into globular nanoparticles with
diameters of 20-40 nm which makes them suitable for drug delivery applications. On the
other hand, at 10% w/v keratose concentration and upon incubation at 37 °C self-
assembled interconnected hydrogel network formed with an average pore size of ~6 + 4
pum which is in the proposed range to support fibroblast ingrowth. As assembly
temperature was increased from 37 to 50 °C, hydrogel network composed of thicker
fibrils with a minimal change in average pore size was obtained. At lower keratose
concentration, 7.5% w/v, formation of hydrogels was also triggered by the addition of a
crosslinker, THPC. Pore size and morphology of these hydrogels were demonstrated to
be tuned by the amount of the crosslinker added.

Oscillatory frequency sweep tests revealed that viscoelastic properties of the
keratose hydrogels could easily be controlled by changing hydrogelation parameters such
as temperature and amount of the crosslinker. In the preliminary cell culture experiments,
select physical hydrogel prepared at 37 °C was observed to support attachment and
proliferation of L929 mouse fibroblasts cells as much as collagen films. These results
suggested that keratose hydrogels could be promising candidates as scaffolds for soft

tissue engineering with tunable viscoelastic and microstructure characteristics.
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In future studies, cell proliferation and live/dead assays will be applied to chemical
hydrogels as well. Viscoelastic properties of the hydrogels will be investigated in more
details by applying time-sweep and creep experiments. Mechanical properties of the
hydrogels will further be explored using AFM nanoindentation technique, which enables
to determine elastic moduli of hydrogels with a minimal amount of testing points. As a
long term objective, injectability and 3D-bioprintability of keratose hydrogels will be
evaluated in order to be utilized as reliable sources of biomaterials in tissue engineering

as scaffolds and/or in wound healing applications.
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APPENDIX A

Complex Viscosity vs. Frequency Plot of

Physical Keratose Hydrogels
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Figure A.1. Complex viscosity vs. frequency plot of self-assembled keratose

hydrogels.

Figure A.2. SEM pictures of freeze-dried physical keratose hydrogels prepared at a)

37 °C, b) 50 °C, top view; scale bar = 50 um.
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Figure A.3. SEM pictures of freeze-dried chemical keratose hydrogels prepared at
amine group:crosslinker ratios; a) 1:1, b) 1:2, and c) 1:4, top view; scale

bar = 100 um.
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Table A.1. p-values of cell culture supporting medium pairs at incubation days 1 and 5

p-values
Pair

Day 1 Day 5
Blank TCPS-collagen 0.048 0.886
Blank TCPS-keratose

0.048 0.96

hydrogel
Collagen-keratose
0.844 0.888

hydrogel

0.304 Keratose in D0

0.25 1

0.20 +

Absorbance

0.10 +

0.05 4

0.00

0.15 1 s

(20 mg/ml)

s L
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Figure A.4. FT-IR spectrum of 2 w/v % keratose solution in D,O, drawn in a scale
of wavenumbers 800-4000 cm™.
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