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Abstract

Chicken feathers are an abundant by-product from poultry industry. Feathers are composed of
around 90% keratin, a valuable protein bioresource that have great potential for non-food
applications. Keratin is characterized by a high content of cysteine residues forming disulfide
bonds. This feature makes keratin an interesting biopolymer for the fabrication of mechanically
resistant materials, including thermoplastics and tissue engineered scaffolds. Therefore, the
overall objectives of the thesis are 1) to fabricate and improve mechanical properties of chicken
feather thermoplastics; 2) to study and characterize the self-assembly of feather keratin hydrogels
and their physical and biological properties; 3) to compare hydrogel properties of hair, wool and
feather keratins; and 4) to evaluate the feasibility of electrospinning of feather keratin for the
fabrication of nanofibrous scaffolds.

Chicken feathers were mixed with glycerol/propylene glycol plasticizers and thermally processed
into plastic films. The tensile mechanical properties of films were evaluated. Incorporation of up
to 2% graphite oxide nanoparticles resulted in enhanced tensile strength and Young modulus of
plastic films, which were attributed to keratin intercalation into graphene oxide nanosheets and
interaction between oxygen functionalities of graphite oxide with amino acid side groups of
keratin, and plasticizers.

Chicken feather keratin was also studied for developing scaffolds for potential application in
tissue engineering. Keratin from chicken feathers was solubilized in a solution containing urea,
thiourea, and sodium metabisulfite. Keratin hydrogels were spontaneously formed during
controlled dialysis of extracted keratin solution. Keratin gelation and stability of gels was mainly
controlled by the extent of disulfide bond re-formation. Gelation at neutral pH proceeded slowly

towards the formation of transparent gels, whereas rapid gelation occurred at pHs of 3 and 9 due
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to isoelectric aggregation and increased rate of disulfide exchange reactions, respectively.
Hydrogels had similar viscoelastic properties of adipose and dermal tissue. Increasing keratin
concentration resulted in increased storage modulus of hydrogels; however, swelling capacity
and porosity decreased with increased concentration. Hydrogel scaffolds supported the growth of
human dermal fibroblasts (HDFa) over a period of 21 days. Cells infiltration was affected by the
dense arrangement of keratin and lower porosity in hydrogels prepared at (10 and 12.5%), where
the growth of cells was limited to the surface of scaffolds.

Keratin from different sources was compared for their hydrogel properties. Keratin from hair,
wool and feathers were characterized by their molecular weight, amino acid composition, and
thermal and conformational properties. Hydrogels from feather keratin demonstrated
substantially higher storage modulus (~10 times higher) than others. However, higher swelling
capacity (>3000%) was determined in hair and wool over feather keratin (1500%) hydrogels.
The smaller molecular weight and B-sheet structure of feather keratin facilitated the self-
assembly of rigid hydrogels. Whereas, higher molecular weight stretchable a-helix keratins in
hair and wool resulted in weaker hydrogels. Fibroblasts showed the highest proliferation rate on
feather keratin hydrogel scaffolds, which was attributed to their superior viscoelastic properties.
In the last part of the thesis, the potential of forming keratin nanofibers through electrospinning
was evaluated. Electrospun keratin nanofiber were fabricated with non-toxic solvents and
crosslinking reagents. Keratin was solubilized at room temperature in a 1 M NaOH solution.
Poly(vinyl alcohol) (PVA)/citric acid aqueous solution was used as an aid for electrospinning.
Solutions containing 10, 20, and 30% keratin/PV A mass ratio were successfully electrospun. The
diameter of nanofibers decreased from 565 + 154 nm in PVA to 274 + 42nm in 20% keratin

electrospun mats, which was attributed to a reduction in the viscosity of the solutions. Further
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decrease in viscosity with 30% keratin resulted in beads-on-fiber. The resultant nanofibrous mats
were thermally cross-linked by esterification of PVA hydroxyl groups with carbonyl groups in
citric acid. The incorporation of keratin in PVA nanofiber was confirmed by FTIR and XPS
results. Proliferation of fibroblasts after 14 days was higher in scaffolds containing 20% keratin,
which was attributed to the superior biological properties of keratin and higher surface area to
volume ratio compared to 30% keratin.

Feather keratin is a valuable bioresource for material applications. Feather plastics can be
evaluated for applications including agricultural films. Keratin hydrogel and electrospun mat
scaffolds support the proliferation of fibroblasts, making them potential materials for in vivo

studies in skin tissue engineering.
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CHAPTER 1. General introduction and thesis objectives

Proteins by-products are biodegradable, biocompatible, and abundant natural resources with
great potential for applications as non-food materials (Reddy, 2015). One protein-rich by-product
from the poultry industry is feather, accounting roughly for up to 10% of the live weight of
chickens. It is estimated that approximately 100,000 tonnes of chicken feathers are generated
yearly by the Canadian poultry industry (Agriculture and Agri-Food Canada, 2014). In the
United States the amount of feathers generated is higher, accounting for 1.4-1.8 million tonnes
yearly (Swisher, 2008). While worldwide feather generation reach approximately 8-9 million
tonnes (Lasekan et al., 2013).

Feathers are mainly used in animal feeding. A high pressure and temperature treatment yield a
product called feathermeal. Although rich in protein, feathermeal is deficient in methionine,
histidine, and tryptophan amino acids. In addition, it has low digestibility and high protein
composition variability (Papadopoulos et al., 1986; Grazziotin et al., 2007). Feathermeal is also
used as soil fertilizer. Feathers are resistant to degradation by soil microorganisms; hence, the
release of nitrogen is limited (Brebu and Spiridon, 2011). Thermal and biological hydrolysis of
feather could improve feather degradation; however, the treatment raises the production costs,
which is undesirable for commercialization purposes (Kornillowicz-Kowalska and Bohacz,
2011). Limited uses of feathers have led to increased waste destined to incineration and disposal
in landfills, which raises environmental issues due to the generation of polluting and greenhouse
gases and the persistence of feathers in the environment, respectively.

The use of feather for the fabrication of plastic films and reinforcement fibers represents an
alternative source to petroleum-based plastics. Barbs of feathers have been used as reinforcement

in plastic composites with improved mechanical and thermal properties (Barone et al., 2006;



Huda et al., 2012; Ghani et al., 2013; Grkovic et al., 2015). Feathers have also been used to
produce biodegradable plastics films by thermo-molding with the aid of plasticizers (Barone et
al., 2006; Barone and Arikan, 2007; Ullah et al., 2011). Thermal processing of feather plastics is
desirable in term of costs and sustainability; however, feather plastics suffer from their poor
mechanical properties, high hydrophilicity, and poor reproducibility (Poole and Church, 2015).
The dispersion of nanoparticles in the polymer melt can result in effective stress transfer, leading
to increased mechanical properties (Gong et al., 2010). Among nanoparticles, graphene and
graphene oxide, have great potential due to their superior stiffness and high aspect ratio
(Novoselov et al., 2004). The reinforcement of synthetic and natural polymers with graphene and
graphene oxide has been investigated (Mahmoud, 2011; He et al., 2013; Rodriguez-Gonzalez et
al., 2013). However, there are limited studies on thermal processing of protein-graphene
composites. Feather-graphene composites through thermal processing could result in materials
with improved properties.

Proteins are also a valuable resource for fabrication of cellular scaffolding biomaterials for tissue
engineering. Scaffolds can be used by cells as a three-dimensional framework in which they can
adhere, proliferate, and regenerate tissues. Several factors such as, the presence of cell adhesion
sites, surface chemistry of protein and mechanical and microstructural properties of scaffolds are
important for the modulation of cell behavior and tissue regeneration (Lee et al., 2008).

Feathers are composed of around 90-94% protein, 2-4% lipids, and residual amounts of moisture
and ash. The main component of feathers is keratin. Keratins are a family of fibrous proteins also
found in hair, skin, nails, wool, horns, bird’s beaks, and reptile’s scales. Keratins are water-
insoluble, where semi-crystalline proteins are stabilized by abundant inter- and intra-molecular

disulfide bonds. Keratins from birds and reptiles are homogenous proteins with a molecular



weight of 10 kDa and are mostly composed of a B-sheet structure. Keratins from mammals are
heterogeneous proteins with a molecular weight of 10-75 kDa composed mainly of a-helix
structure. Solubilization of keratin requires destabilization of hydrophobic/hydrogen bond
interactions and disruption of disulfide bonds. Disruption of disulfide bonds yields cysteine
thiols, which are very reactive and have the tendency to re-oxidize into disulfide bonds, resulting
in insoluble keratin. Keratins are of particular interest in the fabrication of hydrogel and
electrospun mat scaffolds due to their biocompatibility, accelerated wound healing property, and
mechanical strength (Rouse and Van Dyke, 2010; Cavaco-Paulo et al., 2013).

Hydrogels are water-swollen polymeric cross-linked networks absorbing from 10-20% to
thousands of their dry weight in water. They are excellent scaffold materials for treatment of
chronic skin wounds (Madaghiele et al., 2014). Hydrogels fill the space of damaged tissue
facilitating providing a temporary matrix for tissue regeneration. Keratin hydrogels from hair,
wool and feathers have been successfully fabricated. During gelation the reformation of disulfide
bonds is partially prevented by keratin pre-treatments such as, chemically blocking (Ikkai and
Nato, 2002; Nakata et al., 2014; Han et al., 2015) and oxidation of thiols (De Guzman et al.,
2011; Pace et al., 2014), partial hydrolysis (Hill et al., 2010; Wang et al., 2012; Wang et al.,
2015), and formation of detergent-keratin complexes (Schrooyen et al., 2000; Tonin et al., 2007,
Wang et al., 2017). The complete availability of free thiols during gelation of feather keratin
could lead to the formation of strong hydrogels and scaffolds via disulfide crosslinking.
Electrospinning is a widely used technique to produce polymer nanofibres. Nanofibre scaffolds
are promising wound dressing and skin scaffold materials as they mimic the nanofibrillar
microstructure of connective tissue and provide large surface-area to volume ratio for cell-

scaffold interaction (Sundaramurthi et al., 2014). Keratin from wool has been successfully



electrospun into non-woven mats (Aluigi et al., 2013). Feather barbs mixed with sodium dodecyl
sulfate were electrospun, resulting in thick fibers of few micrometers (Xu et al., 2014). However,
viscoelastic properties of keratin are usually poor which translate in difficulty to form uniform
fibers through electrospinning. Therefore, electrospinning of keratin is usually performed by
blending it with viscoelastic polymer solutions of poly(ethylene oxide), poly(caprolactone),
poly(lactic acid), poly(vinyl alcohol), polyamide 6 and fibroin (Aluigi et al., 2007; Boakye et al.,
2015; Park et al., 2015; Yen et al., 2016). Current limitations in the electrospinning of keratin are
their low concentration in the blend, and use of costly and potentially harmful solvents and
crosslinking chemicals. Electrospinning of feather keratin using harmless solvent and additives is
desirable for biomedical applications.

Three hypotheses were proposed in this thesis research: 1) The tensile mechanical properties of
feather thermo-plastics could be improved with nanoparticles. 2) Keratin from chicken feathers
could be extracted and used to develop hydrogel scaffolds with appropriate physical and
mechanical properties for skin tissue engineering. 3) Feather keratin would be adequate for the
electrospinning of nanofiber scaffolds for skin tissue engineering.

The objectives of the research were:

1. To improve the mechanical properties of feather thermo-plastics by the incorporation of
nanoparticles.

2. To study and characterize the molecular interactions responsible for the self-assembly of
keratin hydrogels during dialysis.

3. To characterize the physical and biological properties of self-assembled feather keratin

hydrogels for skin cell scaffolds.



4. To compare the chemical, physical, mechanical and biological properties of hydrogels
scaffolds prepared from keratins from mammalian and avian sources.
5. To evaluate the feasibility of feather keratin electrospinning in the designing of nanofibre

scaffolds for skin cells.
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CHAPTER 2. Literature review: Valorization of keratin from chicken feathers for their

utilization in the development of materials

2.1. Feathers

Feathers are complex appendages from the skin of birds. They provide a variety of functions
such as thermal insulation, water resistance, camouflage and flight. Feathers are composed of a
hierarchical branching structure in which a central structure called quill, which is divided into the
rachis and calamus, is surrounded by branches called barbs or fibers. Each barb represents a
central axis for branching projections called barbules (Figure 2.1). The mass proportion of quill
to barbs varies depending on the location of feathers. Wing feathers for example are composed of
equal parts of quill and barbs, whereas other parts contain less proportion of quill. The
morphology of barbs is more consistent than the quills among feathers of different body
locations (Schmidt, 2001).

Feathers account for up to 10% of the body weight of birds. They are composed of protein (90-
92%), water (6-8%) and lipids (1-3%). Keratin is the main protein present in feathers. The
chemical and conformational properties of keratin play an important role in the organization and

structural properties of feathers (Bartels, 2003).

2.1.1 Keratins

Keratins are highly specialized fibrous proteins found in the protective outer layer (integument)
in vertebrates (McKittrick et al., 2012). They are found abundantly in cornified epithelial tissues
such as hair, wool, nails, skin, claws, hooves, horns, scales, feathers and beaks. After collagen, it

is the most important biopolymer found in animals. Keratins are insoluble in water, organic

11



solvents, and weak acids and alkalis; in addition, they are resistant to common proteolytic

enzymes such as pepsin and trypsin (Kornillowicz-Kowalska and Bohacz, 2011).
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Figure 2.1. Morphology and structure of feathers (A) and organization of barbules and barbs (B)

(Reprinted from Lovette and Fitzpatrick, 2016, with permission).

Keratin comprises about 90-92% of feathers. One of the main characteristics of keratin is the
presence of high amount of cysteine amino acid residues. Other majority amino acids found in
keratin are serine, proline, glutamic acid, valine and glycine (Table 2.1). The amino acid

distribution of feather keratin is non-uniform; however acidic, basic, and cysteine residues are

12



more concentrated in the N- and C- terminal regions, whereas hydrophobic residues are more
concentrated in the central part of keratins (Arai et al 1983; Feughelman, 1997). Amino acid

composition of keratin is almost balanced in hydrophilic and hydrophobic amino acids (Table

2.1).

Table 2.1. Amino acid composition of chicken feathers (umol/g)

Amino acid pmol/g
Arginine 626 + 34
Lysine 366 + 34
Aspartic acid 543 £ 50
Glutamic acid 959 + 68
Histidine 73+£5
Serine 1540 + 66
Threonine 428 +£39
Half-cystine 1140 + 105
Tyrosine 177+9
Glycine 2186 £ 129
Alanine 665 + 47
Valine 761 + 59
Leucine 1185 +£75
Isoleucine 436 £33
Proline 343 £7
Phenylalanine 374 +£ 29
Methionine 43+3
Nitrogen % 16.2+0.1
Polar/charged amino acids | 49%
Non-polar amino acids 51%

The strength of keratins is mainly due to their protein structure stabilized by hydrogen bridges
and covalent cysteine disulfide bonds. Based on the cysteine content, keratins can be classified
into soft and hard keratin. Soft keratin, such as those in the outer layer of the epidermis and hair

core, contain up to 2% of cysteine (Fraser et al., 1972). Hard keratins can contain up to 22%
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cysteine in horns and nails, while flexible keratins can be found in hair, wool, feathers, and skin
(10-14% cysteine, Filipello Marchisio, 2000).

Feather keratins are homogenous in terms of molecular weight. Feather barb and quill keratins
are composed of 10 kDa units (Figure 2.2). Other keratins, as such from mammals (hair and
wool keratins) are more heterogeneous proteins having a range of molecular weight from 10-75
kDa (Figure 2.2). Three main types of keratins can be identified from mammals tissues; keratin
type I (acidic, 40-50k kDa), II (neutral/basic, 55-65 kDa), and keratin associated proteins (KAPs)
which form extensive crosslinking with intermediate filaments through disulfide bonds, affecting

strength and rigidity (Wu et al., 2008).
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Figure 2.2. SDS-PAGE of keratin extracted from chicken feathers (FK), hair (HK), wool (WK),

chicken feather barbs (FBK), and chicken feather quills (FQK).

In addition to the density of disulfide bonds, the organization of keratin’s secondary structure
also plays a major role in the mechanical resistance and flexibility of keratinous tissues. Early

studies on x-ray diffraction identified important differences in secondary structure of keratins. o-
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helical keratins (a-keratins) are more flexible proteins than B-sheet keratins (f-keratins). o-
keratins undergo a a-helix—[-sheet transition when stretched; this transition is irreversible
above 30% stretching (Astbury and Bell, 1941). Mammalian keratins are mostly formed by a-
helices (Astbury and Woods, 1934). These helical domains are present in the central part of
keratin filaments and assemble into heterodimers coiled coil structures by combination of basics
and acidic subunits (Yu et al., 1993). In the case of feather keratins, they are mostly composed of
B-sheet structures. B-keratins in feathers are twisted and held together by turns forming a helical
filament (Fraser and Parry, 2008). Small portions of a-helix keratin can be found in feather barbs
and barbules and down feathers, especially in the early development of feathers (Alibardi and
Toni, 2008; Ng et al., 2012). It is estimated that the phase transition temperature of barbs is
around 235°, whereas for quills is around 220°C (Schmidt, 2001). This is due to a more

organized structure of keratin in barbs.

2.1.2. Extraction/solubilization of keratins

The abundance of disulfide and hydrogen bonds and semi-crystalline conformation of keratin in
tissues, make their extraction a complex process (Goddard and Michaelis, 1934). Keratin is
highly insoluble in water. Extraction of keratin in boiling water for 12 hours only yields 1.6% of
keratin (Crewther et al., 1965). The most common approach is to solubilize keratins by
disrupting disulfide and hydrophobic/hydrogen bonds interactions (Nakamura et al., 2002).
Disruption of hydrophobic/hydrogen bond interactions is necessary to swell and expose amino
acids from the crystalline structure of keratin. This is commonly achieved with high
concentrations of urea (5 to 8 M), thioglycolic acid at alkaline pH (8 and higher), or guanidine

hydrochloride (Crewther et al., 1965; Zoccola et al., 2009). Thiol chemicals such as mercaptans,
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thioglycolic acid, and dithiothreitol disrupt disulfide bonds through disulfide exchange reactions
(Figure 2.3). Sulfites action relies on sulfitolysis reaction (Figure 2.4). Sodium disulfide reduce
disulfide bonds with the formation of perthiocysteine (Figure 2.5). Among disulfide reducing
chemicals sulfites and sodium sulfide are considered safer and industrially viable (Poole et al,
2011; Nakamura et al., 2002). Disruption of disulfide bonds with thiols, sulfites, and sodium
sulfite yields highly reactive cysteine thiols. It was noted that upon dilution or dialysis of
disulfide reducing chemicals, keratin formed small aggregates (Woodin et al., 1953). In order to
impart stability in water solutions several modifications during or post extraction including
chemical blocking or oxidation of thiols, use of detergents, and partial or full hydrolysis have

been considered (Schrooyen et al., 2000; Schrooyen et al., 2001; Ikkai and Nato, 2002).

S OH R—¢' H*  (pKa RSH)
R/“\H + > = + a

R—S + S . K NI
K1/ \S/ - R/ \S/ H/ \K2

Thiolate anion Keratin Keratin thiol

in excess I

R/ﬁ\ES:/R N
Keratin thiol
Figure 2.3. Scheme of thiol-disulfide interchange reactions. Thiol compound (RSH) is
dissociated to give thiolate anion under basic pH. The pH for increased rate of dissociation
depends on the pKa of the thiol compound. The thiolate anion formed is the reactive specie in the

thiol-disulfide reaction. Thiolate is highly nucleophilic and attack sulfur atoms forming disulfide
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bonds. The reaction proceeds favorable to the formation of keratin thiols if the thiolate anion is

in excess (Singh and Whitesides, 1993).

2-
1-

éa + é A K2 é‘ + .S'
O/ \NO K1/ \S/ -~ K1/ /'-\K2
o]

S
o/\“‘\b
Sulfite anion Keratin Keratin thiolate o)

Keratin thiosulfate
Figure 2.4. Schematic of sulfitolysis reaction. Sulfite anion (and also bisulfite HSO3") are the
main nucleophilic species attacking the sulfur atoms forming disulfide bonds in keratin. The
reaction produces keratin thiolate (that can be protonated to form keratin thiol) and keratin
thiosulfate (also named S-sulfo keratin, or S-sulfocysteine). The reaction proceeds faster at pHs

between 3-7 (Wolfram and Underwood, 1966).

Na,S + H,O0 —® 2Na*+ SH + OH"

SH 4 S K, s + s K,

Hydrosulfide ion Keratin Keratin thiol Perthiocysteine

Figure 2.5. Sodium sulfide reacts in water to form the hydrosulfide and hydroxyl anions, which
result in increased pH. The hydrosulfide anion attacks the disulfide bond giving keratin thiol and

perthiocysteine. Perthiocysteine decomposes into sulfur and cysteine (Poole et al., 2011).

Cysteine thiol groups in keratins have strong nucleophilic tendency; they can react with

iodoacetic acid, iodo acetamide, acrylates or anhydrides, to produce modified keratin (Schrooyen
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et al., 2000; Ikkai and Nato, 2002; Hu et al., 2011; Reddy et al., 2013; Han et al., 2015). Upon
modification, the thiol group remains permanently blocked and disulfide bonds cannot reform,
which generally results in increased solubility (Schrooyen et al., 2000). Anionic detergents such
as sodium dodecyl sulfate (SDS) added into extraction solutions, result in the formation of
keratin-detergent complexes that help stabilize keratin in solution by electrostatic repulsion
between SDS-keratin micelles (Schrooyen et al., 2001). Extraction with thioglycolic acid at pH
10-11 effectively solubilizes keratin but result in partial hydrolysis of keratin and reduction in the
arginine content (Hill et al., 2010; Richter et al., 2012). Sodium sulfide extraction produces
alkaline conditions (pH ~12) that hydrolyze keratin (Goddard and Michaelis, 1934; Nagai and
Nishikawa, 1970; Poole et al., 2011; Wang et al., 2012). Chemical changes and crosslinking of
amino acid, such as formation of dehydroalanine, lysinoalanine and lanthionine, also result from
alkaline conditions (Asquith and Carthew, 1972; Friedman 1999; Poole et al., 2011). Depending
on the time and temperature, alkaline conditions result in more severe damage of keratin
(Coward-Kelly et al., 2006). Alkaline hydrolysis of keratin (pH > 10) in absence of disulfide
reducing chemicals can split peptide bonds leaving the disulfide bonds intact (Crewther et al.,
1965). Feather keratin treated with 0.1M NaOH at 90°C for 15 min resulted in half of the keratin
being soluble and the other half removed by dialysis as free amino acids (Nagai and Nishikawa,
1970).

Blocking of cysteine thiol, and hydrolysis affect the chemical, conformational, and
crosslinking ability of keratin. The use of harmful chemicals including persistent SDS-protein
complexes that are difficult to remove can cause toxicity problems (Maclaren et al., 1968;

Marshall and Williams 1986; Van de Sandt et al., 1995; Nakamura et al., 2002).
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2.2. Bio-based plastics
The development of cost-effective plastics from renewable resources has emerged as an
alternative for petroleum based materials. The great challenge is to develop materials from
natural resources (bio-based) with comparable properties to those of conventional plastics. Bio-
based plastics have also gained attention because of their potentially friendly environmental
properties, such as, low carbon footprint, biodegradability and compostability (Gironi &
Piemonte, 2011). Polymers from renewable resources including starch, cellulose,
polysaccharides, lipids and proteins, have received special attention by researchers (Reddy et al.,
2013).

Several protein raw materials can be found as wastes or low cost by-products from food
industry activities. These include keratin, collagen, whey, gluten and pressed residue from
oilseeds processing. Protein-based plastics can be considered for several types of applications

like packaging, agriculture, biomedicine, coating and structural materials.

2.2.1. Protein-based plastics
Proteins are formed by combination of 20 amino acid monomers assembled in a polypeptide
chain. The unique amino acid composition of a protein defines properties such as, secondary
structure, hydrophobicity, thermal stability and solubility. Protein chains fold due to the
formation of multiple inter- and intra-molecular interactions among amino acid functional
groups. Hydrogen bonds, hydrophobic interactions, salt bridges and disulfide bonds lead to the
formation of tertiary and quaternary protein structures.

The transformation of proteins into plastic materials relies on unfolding or denaturation

of the protein by either thermal or chemical means. Once a protein is unfolded, the removal of
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denaturing chemicals, cooling down or drying would allow the formation of new protein-protein
interactions, leading to the alignment of protein chains into a different three dimensional network
(Verbeek and van den Berg, 2010). A very common processing aid is plasticizer molecules.
Plasticizers help improve the ductility of proteins that otherwise would yield a very brittle
plastic. According to the International Union of Pure and Applied Chemistry (IUPAC) a
plasticizer is “a substance or material incorporated in a material to increase its flexibility,
workability or distensibility”. Plasticizers lower the denaturation temperature of proteins by
interfering with protein-protein interactions and increasing the inter polymer chain distance
(Verbeek and van den Berg, 2010).

One of the great limitations of protein plastics is their poor mechanical performance, and
high hydrophilicity. The great extent of hydrophilic pendant functional groups and incorporation
of hydrophilic plasticizers result in the absorption of moisture, which soften and compromise the
mechanical stability of protein plastics. Several attempts having basis on the chemical
modification (i.e. acylation [Braiier et al., 2007; Hu et al., 2011], etherification [Reddy et al.,
2011], grafting functional groups and monomer co-polymerization onto protein reactive side
chains [Xi et al.,, 2005; Liu et al., 2008; Jin et al., 2011]), incorporation of hydrophobic
plasticizers (Song and Zhen, 2008; Ullah et al., 2011), polymer blends (Graiver et al., 2004; Fang
et al., 2009), and incorporation of cellulose fibers (Liu et al., 2005; Huang and Netravali, 2009)
and nanoparticles (Luecha et al., 2010; Kumar et al., 2010) have been performed to overcome the
limitations of bioplastics. In most cases, the simultaneous improvement of different bio-based

plastic properties requires a combination of more than one of the approaches listed above.
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2.2.2. Nanocomposites

Bio-based nanocomposites consist of a bio-based polymer matrix reinforced with strong and
tough particles having at least one dimension in the nanometer range (1-100 nm) (Marquis et al.,
2011). Nanocomposites have been investigated to overcome limitations of bio-based materials
such as poor mechanical properties, as well as barrier properties. The dispersion of nanoparticles
(1-100 nm) with high aspect ratio (ratio of length to thickness) and surface area, results into
numerous interfacial contacts with polymers; therefore the mechanical load is transferred
effectively to the nanoparticles. Due to the high aspect ratio and surface area of nanoparticles,
the reinforcement of polymer matrix is usually achieved at low concentrations of less than 10%
of the blend composition (Mittal, 2011).

Several types of nanoparticles, such as nanoclays, nanocarbons, metal oxide
nanoparticles and cellulose nanofibers have been used as reinforcement, mostly in synthetic
polymers, but also in some natural polymers mainly focused on dispersion nanoclays into starch
(Cyras et al., 2008), chitosan (Darder et al., 2006), soy protein (Sasmal et al., 2009) and
poly(lactic acid) (Bhatia et al., 2009). Among the different nanoparticles, nanocarbons such as

graphene and graphene oxide represent the most promising material for use as reinforcement.

2.2.2.1. Graphene/graphene oxide

Graphite is an abundant carbon material that is formed by multiple graphene layers.
Graphene is a material composed by a single layer of sp?>-hybridized carbon atoms packed in a
hexagonal lattice that displays exceptional thermal, mechanical and electrical properties. The
high interest in graphene raised in the last decade is due to the isolation and characterization of a

single graphene nanosheets using scotch tape (Novoselov et al., 2004). Despite the great
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properties of graphene its use is limited to the cost/efficient production of high purity single layer
graphene (Potts et al., 2011).

The large scale production of graphene starts with the chemical oxidation of graphite,
which result in graphite oxide (Figure 2.6). Graphite oxide is an early stage product in the
production of single graphene-like sheets. It is composed of multiple layers of oxidized graphene
(graphene oxide). The oxidation of graphite is traditionally performed using sulfuric acid,
sodium nitrate, and potassium permanganate (Hummers and Offeman, 1958). The nitronium ion
NO;" from nitrate reacts with aromatic rings of graphene sheets in the presence of sulfuric acid
(Figure 2.7). Further addition of potassium permanganate (KMnQOs) creates dimanganese
heptoxide (Mn>O7) which is the main oxidizing specie in the reaction system (Figure 2.8).
Mn>O7 is known to react violently with organic species and to selectively oxidize aliphatic
double bound over aromatic double bonds (Tromel and Russ, 1987). The method is simple and
produce high yield of graphite oxide. Graphene oxide sheets contain many functional groups
including hydroxyl, epoxy, carbonyl and carboxyls that make it highly hydrophilic and water
dispersible. This property allows further introduction of functional groups on its surface making
it interesting for the development of nanocomposites (Stankovich et al., 2006). In addition, the
abundance of oxygen functionalities make graphite oxide compatible with hydrophilic polymers,

such as proteins.
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Figure 2.6. Schematic representation of main steps involved in preparation of graphene oxide.
Graphite stack is oxidized to separate graphene platelets; graphene oxide is dispersed in water
and treated with KOH (b), and finally reduced with hydrazine (c). (Reprinted from Kuilla et al.,

2010, with permission).

HNO; + H,SO, == NO," + HSO, + H,0
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Figure 2.7. Schematic reaction of nitronium ion with aromatic rings in graphene.
KMnO, + 3 H,SO, — K*+ MnO;* + H;0* + 3 HSO,"

Mn03+ + MnQ; —3» Mn,0;

Figure 2.8. Schematic reaction in the generation of the oxidizing specie MnO7.
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There is limited information in the literature on the effect of graphene or graphene oxide
on mechanical properties of bio-based plastic nanocomposites. Li et al. (2011) were able to
increase the tensile strength of starch from 4.6 to 13.8 MPa by incorporation of 2.0% of graphene
oxide. Ma et al., (2013) found a more pronounced effect of graphite oxide compared to reduced
graphite oxide (graphene) on the tensile strength of thermoplastic starch. This was explained by

the better compatibility between hydrophilic macromolecules (e.g. starch) and graphite oxide.

2.2.3. Processing
The development of composites and polymer blends has been mainly studied in solvent-based
systems. This is not convenient for the production of large amounts of material and scale-up in
the plastic industry. Solvent-based systems require large reactions tanks unable to operate in
continuous mode; moreover, it implies the utilization of large amounts of hazardous solvents.
Melt processing such as extrusion can be performed in a single continuous process. In
extrusion, the blend of polymer and additives are mixed at high temperature without the use of
large amounts of solvents. This can be seen as an economical and environmental advantages. The
use of extrusion as a reactive system has been reported in the chemical modification of
functional groups of biopolymers, as well as in the production of fiber reinforced composites,
carbon nanocomposites and highly exfoliated layered silicate bio-nanocomposites (Carlson et al.,
1999; Dennis et al., 2001; Raquez et al., 2008; Villmow et al., 2008; Mulinari et al., 2009).
Extruder configuration features such as, type of screw (single or twin), screw sections or
configurations (mixing, conveying and kneading zones), length, clearance between screw and
barrel, feeding and heating zones and die geometry are important elements that influence the

extent of chemical reactions (Janssen, 2004). Control of the reaction time in polymer processing
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by extrusion is an important variable that can be manipulated by changing the screw speed, feed
rate and extruder configuration. An extended time of reaction can be achieved by decreasing the
screw speed and feed ratio; however, this may result in changes in reaction mixing efficiency and
productivity, respectively.

In extrusion polymer-nanoparticle blends are subjected to high temperature and subjected
to shear forces. The nanoparticles are exfoliated, and homogenously dispersed in the melted

polymer (Mittal, 2011).

2.2.4. Keratin-based plastics

Feathers barbs have been used as reinforcement in synthetic polymer plastics. The resultant
composites have shown improved mechanical and thermal properties (Barone et al., 2006; Uzun
etal., 2011; Ahn et al., 2011; Barone et al., Huda and Yang, 2008; Ghani et al., 2013).

The highly cross-linked organization of keratin in feathers is an impediment for the
development of thermoplastics. Thermoplastic formation of feathers is achieved by heat
denaturation of keratin followed by re-crosslinking during cooling down. Reduction of disulfide
bonds as well as the incorporation of plasticizers has been reported to improve the thermal
processing of feather bioplastics (Barone et al., 2006; Ullah et al., 2011).

Several authors have reported the fabrication of films from chemically modified keratin
films in order to reduce plasticizer content. Carboxymethylation of cysteine thiol groups of
keratin using iodoacetamide, iodoacetic acid and bromosuccinic acid in the presence of 2-
mercaptoethanol has been reported (Schrooyen et al., 2000). The carboxymethylation of cysteine
thiol groups resulted in an increased keratin solubility; however, a high degree of modification of

cysteine thiol groups which lead to decreased free thiol groups and thus reduced disulfide bonds
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after re-oxidization, which resulted in poor mechanical properties of S-carboxymethylated
feather bioplastics. Jin et al., (2011) reported the solution grafting of poly(methyl acrylate)
(PMA) onto the surface of feathers in order to improve their thermoplastic properties. A grafting
efficiency of 35% was obtained with a molar ratio of reductant/oxidant of 1.0, concentration of
oxidant 0.010 mol/L, time 4 h, monomer concentration 40%, pH 5.5 and temperature of 60°C.
The thermomolded feather-g-PMA films (feather grafted with poly(methyl acrylate), conditioned
at 65% RH and 21°C x 24 h) had a tensile strength of 206.3 MPa, Young modulus 28.8 GPa and
elongation at break 1.1%. The authors suggested that thiol groups are the preferred grafting sites
in feather keratin. Martinez-Hernandez, (2003) have suggested that other groups such as N-H
and O-H of keratin can act as reaction sites when grafting methyl methacrylate using a
KMnOgs/malic acid redox system. Reddy et al., (2011) reported the etherification of whole
feathers (fiber and quill) in solution with acrylonitrile to improve their thermoplasticity.
Etherification of feathers hydroxyl groups resulted in lower tensile strength but higher elongation
than the control in compression molded films prepared with 20% of glycerol. Hu et al., (2011)
optimized the conditions for acetylation of chicken feathers in solution under acid conditions
with acetic anhydride. Acetylated feathers were compression molded in the presence of 20% of
glycerol, showing better transparency and thermoplasticity than unmodified feathers; however,

mechanical properties of acetylated feather films were not reported.

2.3. Tissue engineering
It is well known now, that cells behave differently when cultured in flat surfaces than in three-
dimensional substrates. Three-dimensional biomaterials (scaffolds) fill a gap in the injured tissue

and provide a physical framework for cell colonization and regeneration. This can result in faster
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healing and absence of scars in injured tissues (Groeber et al., 2011). The development of
scaffolds requires an understanding of the cell behaviour and its surrounding environment in the
tissue. These concepts will have an influence on the fabrication of biomaterials through the
selection of macromolecules and polymers and different processing techniques. Therefore, the
following sections will emphasize on the biology of cells and tissues and technology aspects for

the development of cell scaffolds.

2.3.1. Animal cells and tissues

Cells are the essential building blocks of living organisms. It is estimated that there are more
than 210 different types of differentiated cells in the mammalian body (Slack, 2007). Each cell
type has a different subset of expressed genes and hence synthesizes different proteins and
performs different functions. Different cells organize into three-dimensional structures forming
different tissues, which subsequently organize into organs.

Most cells in the body can be classified into epithelial or mesenchymal cells. Epithelial
cells adhere to each other forming a sheet of cells or epithelium. The epithelium usually covers
the surface of tissues and lining of organs. For example the outer layer of skin (epidermis) is
formed by a hierarchical structure of stacked epithelial cell (keratinocytes) layers. At difference
from epithelial cells, mesenchymal cells are mostly scattered cells embedded in loose
extracellular matrix. An example of mesenchymal cells are fibroblasts cells in the dermis.
Fibroblasts are scattered in a soft extracellular matrix composed of proteins, and glycoproteins.

The formation of embryonic tissue involves cells dividing in an active manner through
the cell cycle. In the first stage of the cycle the cell grows larger physically (G1 phase). In the

second stage the cell synthesizes a full copy of the DNA in the nucleus. In the next stage the cell
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will continue to grow and prepares for mitotic phase, in which the cell divides copying DNA and
cytoplasm making two new cells (White and Dalton, 2005). At difference from embryonic
development, most cells in mature organisms are in a reversible quiescent state (GO phase, they
have exited the cell cycle). For instance neurons and muscle are formed by active cell growth
(division) and differentiation in the embryo but are quiescent in the adult organism. Similarly,
fibroblasts in the connective tissue although remaining metabolically active they remain in a
quiescent state in mature organisms (Lemons et al., 2010). However, quiescent cells can enter the
cycle again and start dividing upon certain stimuli including damage of tissue. Stem cells are also

recruited and differentiated to help healing (Cheung and Rando, 2013).

2.3.2. Cell culture
The fundamentals of in vitro cell culture were elucidated in the beginning of the 20" century.
Pioneer work of the anatomist Ross Harrison in 1907 observing the growth of nerve fibers from
explanted neural tubes from frog embryos triggered future developments. Cells were
disaggregated by trypsinization from tissue explants and subsequently plated for the first time by
Rous and Jones in 1916. Fibroblasts were subcultured by Carrel and Ebeling in 1923. However,
advances in the 1950s with the establishment of continuous human cell lines (Gey et al., 1952)
and defined culture media (Morgan et al., 1950; Dulbecco, 1952; Eagle 1955) defined more
clearly the current protocols for tissue culture.

Cells are obtained from tissues by cellular outgrowth of explants of by enzymatic or
mechanical disaggregation. The process is highly selective and facilitates the recovery of a pool

of cells in a proliferative state. The primary culture obtained contains different cell types.

28



Subsequent isolation of particular cell types involves selective culture conditions and physical
cell separation, which yields a cell line.

Cells are predominantly cultured on flat glass or plastic substrates. Cells require of
particular conditions for culture such as a defined media with nutrients, pH, humidity,
temperature and oxygen. The culture media contains a variety of cell nutrients, sugars, amino
acids, and salts. Animal serum (from fetal bovine usually) is usually supplemented to the media
to provide low levels of hormones and growth factors. The serum is obtained by centrifugation of
coagulated blood from fetuses of up to three months. Due to its complexity and source
variability, the exact composition and reproducibility of serum cannot be replicated
(Gstraunthaler, 2003).

Cells cultured on flat surfaces adhere to the bottom through specific proteins synthesized
during the first hours of incubation. Cells are capable of growing exponentially in vitro. Once
they cover the available surface they need to be disaggregated (enzymatically or mechanically)
and a small aliquot is re-seeded in a new flask. This process (sub-culturing) is necessary as over
confluent cells tend to round up, detach from the surface and die (Freshney, 2006).

The culture of cells on flat surfaces such as petri dishes was adopted as a standard method
in research. The conventional culture of cells in two-dimensional (2D) substrates has been of
great importance in the understanding of cell biology, however it is not adequate to reproduce the
complex and dynamic environment of body tissues (Baker and Chen, 2012). It has been
demonstrated that cells (originally in a three-dimensional tissue environment) confined to a
planar monolayer in vitro, exhibit unnatural behavior (Tibbitt et al., 2009). The dynamic three-
dimensional (3D) environment of cells coordinates an intra-cellular signaling cascade that

influences the cell phenotype and ultimately protein expression (Birger-dotter et al., 2005). As a
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consequence, cells in 2D environment can exhibit reduced functionality and altered metabolism
(Zhang 2004; Chukierman et al., 2001). For example, breast epithelial cells develop like tumor
cells when cultured in 2D (Bissel et al., 2002). 3D substrates were developed with the aim to
overcome the limitations of traditional 2D culture. 3D matrices offer a porous environment for
cells. The main goal of 3D matrices is to mimic the extracellular matrix (ECM) environment of

body tissues.

2.3.3. Cell-extra cellular matrix interactions

The extra cellular matrix (ECM) is the structural component that surround cells in multicellular
organisms. It is composed of proteins, glycosaminoglycans and glycoproteins forming a water-
swelled fibrous network in which cells are embedded. (Frantz et al., 2010). The ECM provides
mechanic strength and structure of tissue. It also plays a key role in signaling and interactions
between cells and cell-ECM. Cells adhere to ECM proteins including fibronectin, laminin,
vitronectin, and collagen. Cell-ECM interactions are of significant importance in many cell
processes including adhesion, migration, growth, differentiation, ECM remodeling and survival
(Daley et al., 2008). Cellular adhesion to ECM is mediated by trans-membrane glycoproteins
called integrins. Integrins are heterodimers composed of a and 3 subunits. 18 o subtypes and 8 3
subtypes have been identified which results in 24 known integrin pairs (Barczyk et al., 2009). In
the interior of the cell integrins are attached to a bundle of actin microfilaments, while at the
outside they attach to ECM proteins (Figure 2.9). The actin-integrin adhesion is mediated by
linker proteins while integrin-ECM interactions are mediated by particular amino acid sequences
present in ECM proteins (Parsons et al., 2010). One of the most studied integrin ligands is the

tripeptide motifs arginine-glycine-aspartic acid (RGD), which is present in proteins of the ECM

30



(e.g. fibronectin, vitronectin and collagen). Although many proteins contain this motif in their
sequence only a limited number are likely to mediate cell attachment. This is mainly due to
physical availability of the RGD motif at the surface or because certain neighbour amino acids,
such as proline, affects its binding properties. Other integrin binding motifs include leucine-
aspartic acid-valine (LDV), leucine-arginine-glutamic acid (LRE), arginine-glutamic acid (RE),
lysine-glycine-aspartic acid (KGD) and arginine-leucine-aspartic acid (RLD) (Ruoslahti 1996).
Cells sense mechanical stress through integrin-mediated signaling. Therefore, cell-ECM

interactions are of significant importance on cell behavior.
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Figure 2.9. Schematic of cellular adhesion to the ECM (Reprinted from Slack, 2007, with

permission).

The adhesion of cells cultured in vitro depends on the presence of ECM proteins in the
serum supplemented media (fibronectin and vitronectin) as well as the synthesis of cell’s own
ECM proteins. In the past, glass and polystyrene were widely used; however, they resulted in
limited cell adhesion. Nowadays traditional 2D culture substrates include modified polystyrene
which has been treated to increase its hydrophilicity and therefore facilitate the adsorption of
ECM proteins on the surface. Other methods include coating of surfaces with collagen. The

attachment of cells depends mainly on the presence of integrin binding motifs but also on the
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surface properties of the substrate. Several properties including surface wettability, topography,
and protein conformation at the interface affect the selective adsorption of proteins to substrates
(Thevenot et al., 2008). For instance hydrophilic/hydrophobic balance has been shown to affect
the adsorption of serum proteins such as laminin, fibronectin and vitronectin that mediate cell
attachment (Arima and Iwata, 2007). For instance these proteins are not readily absorbed to very
hydrophilic surfaces, they rather absorb at surfaces with an intermediate wettability (Tamada and
Ikada 1993; West and Hubbell 1997). Arima and Iwata (2007) concluded that increased protein
absorption resulted in higher cell adhesion at contact angles between 40-70° and that it was also

dependent on the surface functional groups.

2.3.4. Cellular Scaffolds
Tissue engineering relies on fabrication of three dimensional porous materials in which cells can
attach, proliferate, differentiate and regenerate tissues. Cells use porous microarchitectures as a
framework for the tissue regeneration. Hence, they have been commonly known as cellular
scaffolds. Cell scaffolds offer promising applications in treatment of tissue injuries (e.g. skin,
bone, cartilage and nerve) and organ dysfunction. Their successful application is particularly
important considering the limitations of traditional treatments. For example, grafting and
transplantation of tissues and organs are restricted to the availability of healthy tissues, and to the
suitability of extra surgery procedures that it implies (autografts), or due to immunogenic
responses, availability of donor’s tissues and biocompatibility issues (allografts and xenografts)
(Bose and Bandyopadhyay, 2013).

The main functions of cell scaffolds include the promotion of cell adhesion, extracellular

matrix deposition, transport of gases and nutrients for cell survival, and cell proliferation and
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differentiation. Scaffolds should biodegrade (by enzymatic cleavage or hydrolysis) at a rate
paired to rate of tissue regeneration, and should provoke a minimal degree of inflammation or
toxicity when implanted (Freed and Guilak, 2007).

Upon implantation proteins from blood adsorb rapidly onto biomaterial’s surface, which
triggers a series of reactions, known as the foreign body reactions (FBR). Aggregation and
activation of platelet-fibrin layers is followed by the recruitment of inflammatory cells.
Neutrophils from the blood stream arrive to wound site clearing out dead cells, bacteria and
exogenous debris. The scaffold implanted is recognized as a foreign material but neutrophils are
unable to phagocytose it. During this process cytokines released from neutrophils cause the
differentiation of monocytes into macrophages. Macrophages attempt to remove the foreign body
by phagocytosis, and secretion of enzymes and reactive species that aggravate the inflammatory
response to chronic levels. If the material cannot be degraded, macrophages fuse into foreign
body giant cells that surround the scaffold. Fibroblasts are recruited to the interface and secrete
collagen layers around the foreign body forming a fibrous capsule in order to isolate it from the
tissue.

The nature and conformational properties of adsorbed blood proteins may determine the
response of macrophages; hence the integration of biomaterials within the body. Although it is
not well understood, several factors including specific adsorption of blood proteins can affect the
differentiation of macrophages from pro- to anti-inflamatory behavior (Sridharan et al., 2015).
For instance small peptide sequences on fibrinogen are known to mediate a pro-inflammatory
response on implanted surfaces (Thomsen and Gretzer, 2001). Modification of surface
properties, including hydrophilic/hydrophobic balance, charge, and topography can affect the

nature of the protein layer adsorbed and hence FBR outcome (Wilson et al., 2005). Several
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attempts to modify the surface properties to control the adsorption of proteins have been
developed, including PEGylation of surfaces or coating with other anti-fouling polymers and
proteins (Chang et al., 2009). These approaches can minimize the effect of adsorbed proteins for
biomaterials not intended to integrate with the body (e.g. sensors, drug delivery systems, hearth
valves, catheters). However, this is a disadvantage for scaffolds intended for tissue regeneration.
Without cell-adhesion proteins cells cannot infiltrate, adhere and remodel the scaffold for tissue
regeneration). Although not completely understood, biomaterials containing ECM proteins have
been used to modulate the response of immune cells to a pro-healing state and to promote host
cells integration and tissue regeneration (Yu et al., 2015).

The mechanical properties of scaffolds have great influence on cell adhesion, growth,
morphology and ultimately on tissue regeneration (Hoffman et al., 2011). For example the
stiffness of scaffolds affect the adhesion and migration of fibroblasts. Yeung et al., (2005) found
that actin microfibres were not developed when fibroblasts were cultured on soft substrates and
that fibroblasts adhere and spread better on stiffer substrates. On the other hand, neurons develop
more extended branches when cultured in soft substrates (Flanagan et al., 2002). It is believed
that cells express a similar phenotype in scaffolds of similar stiffness of the original tissue
(Bhana et al., 2010). It is not completely understood how cells can sense the stiffness of the ECM
or scaffold when cultured in vitro. However, it is believed that upon stress, mechano-sensitive
proteins, such as integrins, cadherins and platelet endothelial cell adhesion molecule-1 (PECAM-
1), transmit mechanical signals to the cell that result in an increase of cell stiffness (Matthews et

al., 2006).
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2.3.4.1. Material selection

Scaffolds have been fabricated from different polymers and with different techniques into several
morphologies including hydrogels, non-woven mats of nanofibers and films. Overall the
selection of materials and techniques has great influence on the physical and biological
properties of scaffolds.

Synthetic polymers such as poly(lactide), poly(glycolide), and poly(caprolactone) or their
co-polymers, poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVA) have been widely used
for the development of tissue engineering scaffolds (Stratton et al., 2016). They possess suitable
mechanical properties and good production reproducibility. The major limitation of synthetic
polymers is lack of cell-specific integrins that affect adhesion, migration and cell-mediated
biodegradation (Zhu and Marchant, 2011). In addition, it is recognized that the degradation
products of some polymers (poly(lactide), poly(glycolide), and poly(caprolactone)) can lead to a
drop in the local pH that can affect cells and tissues (Yoon and Fisher, 2009). Some strategies to
overcome these limitations have been focused on modification of polymers by grafting or
blending with hydrophilic natural and synthetic polymers.

The use of naturally derived polymers and especially proteins that are found in the
extracellular matrix of tissues such as collagen, elastin, fibronectin and laminin has been widely
explored to prepare scaffolds (Malafaya et al., 2007; Madaghiele et al., 2014). Due to the
presence of integrin binding motifs sequences, proteins have shown to promote better cellular
recognition and attachment. Main limitations in their use are their production variability,
concerns about transmission of infectious agents and viruses, poor mechanical properties, fast
biodegradation, and use of harmful cross-linking agents (Parenteau-Bareil et al., 2010; Dong and

Lv, 2016). Strategies to solve some of these issues comprise the fabrication of scaffolds from
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blends of synthetic polymers and proteins, use of harmless crosslinking methods, and use of

different scaffold fabrication methods (Stratton et al., 2016; Ratheesh et al., 2016).

2.3.4.2. Hydrogels
Hydrogels are insoluble crosslinked polymeric materials that are able to retain substantial
amount of water. They are very attractive materials to mimic the mechanical, microstructural
features of the ECM. They have been widely explored for tissue engineering applications
including wound dressings and drug and cell delivery for regeneration of skin, cartilage, smooth
muscle, bone, nervous and adipose tissues (Drury and Mooney, 2003; Madaghiele et al., 2014).

Gel forming polymers can be of synthetic or natural origin. Water soluble synthetic
polymers such as PEG and PVA form high viscosity solutions by entanglement of polymer long
chains and interaction with water molecules. At a certain concentration the extent of hydrogen
bonding between the polymer and water molecules and polymer entanglement difficult the free
movement of water molecules. However, hydrogen bonds are not very strong in nature, they are
weak and time-dependent. Therefore, water will tend to drain over the time. In order to promote
stability crosslinking methods must be used. For example, covalent crosslinking between PEG
chains can be achieved Ultra-violet (UV) exposure (Bryant and Anseth, 2001). PVA for instance
can be physically crosslinked by repeated freeze-thawing cycles (Cascone et al., 1995), or
chemically crosslinked with glutaraldehyde (Nuttelman et al., 2001), succinyl chloride, adipoyl
chloride, sebacoyl chloride (Orienti et al., 2001) or citric acid at high temperatures (Shi and
Yang, 2015).

At difference from synthetic polymers, proteins are formed by amino acids that carry

different functional side groups including amino, carbonyl, thiol, and hydroxyl groups. The
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formation of protein hydrogels can be seen as a two-step process, in which proteins are first
denaturated or unfolded, which can be achieved by physical methods such as heating or high
pressure or by the use of a denaturing chemical. The denaturation of protein causes the exposure
of functional groups and hydrophobic portions that were inaccessible to solvent molecules
initially. The second step involves the re-organization of denatured protein by formation of new
protein-protein and protein-solvent molecular interactions. Upon exposure in aqueous media,
hydrophobic groups have a strong tendency to aggregate in order to minimize the surface area in
contact with water (Zayas, 1997). Depending on the properties of proteins such as molecular
weight, amino acid composition, and protein concentration, the appearance and mechanical
properties of gels can be affected. Generally high molecular weight and high protein
concentrations are more favorable for the formation of hydrogels since both facilitate
entanglement and encounter of protein chains. Highly hydrophobic proteins usually yield opaque
hydrogels, whereas, more hydrophilic proteins might result in transparent and weaker hydrogels
(Damodaran, 1997).

The main disadvantage of protein hydrogels is their poor mechanical properties and fast
degradation. This is mainly due to the lack of covalent bonds between protein chains. Collagen
and gelatin have been extensively used to produce hydrogel scaffolds. Collagen is an ECM
protein with excellent cell adhesion properties, however, collagen and gelatin hydrogels tend to
be weak and degrade fast under physiological conditions. Therefore, they are usually blended
with synthetic polymers to fabricate composites, or cross-linked by physical or chemical
methods (Annabi et al., 2009; Bhattarai et al., 2010; Van Vlierberghe et al., 2011; Kundu et al.,

2012; Tirella et al., 2012; Wheeler et al., 2013; Ryan and O’Brien, 2015).

37



2.3.4.3. Electrospinning

Electrospinning is a promising technique for the fabrication of fibers within the range few
nanometers to micrometers and very high surface area (tens to hundreds m?/g). Electrospun
fibres can be used in multiple applications, including cellular scaffolds, filters, coatings, sensors
and membranes (Fang et al., 2008). In the electrospinning process a viscoelastic fluid, usually a
polymer solution is fed to a capillary tip that is connected to a high voltage source. The high
voltage, usually in the range of 0-30 kV or more causes a high electrostatic charge at the droplet
surface. This results in droplet elongation into a conical shape known as the Taylor cone. Once
the intensity of the electrical field increases to a certain value, the electrostatic forces overcome
the surface tension of the solution and a liquid jet is released from the tip. The jet travels towards

a collector with opposite charge or that is grounded while the solvent is evaporated (Figure 2.10).

1

rx

Figure 2.10. Schematic of the electrospinning setup.

The repulsion of charges at the surface causes stretching and thinning of the polymer solution,
increasing the surface area of the jet. When enough charges are dissipated along the jet, surface
tension of the solution tends to reduce the surface area by breaking up the jet into spherical
droplets. The imbalance of electrostatic and surface tension forces results in bending instabilities
during the path of the jet. Overall the bending instabilities cause further thinning of the jet before
deposition (Thompson et al., 2007). In some cases the surface tension of the solution overcomes

the viscoelastic forces of the jet during its path, resulting in droplets or formation of beads on a
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string (BOAS) type of fibre morphologies, which are usually considered as defects (Aslanzadeh
et al., 2016).

Polymer entanglements and increased electrostatic forces can overcome the effect of
surface tension and prevents the jet from breaking up due to surface tension forces (Ramakrishna
et al.,, 2005). Therefore in order to control fiber morphology one should consider the
manipulation of these parameters. Polymer entanglements are closely related with the
viscoelastic properties of the polymer solution, which in turn depend on the type of polymer,
concentration, molecular weight, solvent and temperature. Electrostatic forces carried by the
polymer and hence repulsion are closely related to the conductivity of solution, which in turn can
be controlled by the type of polymer and solvent and addition of salts. In addition processing
parameters such as the voltage applied can be modified to increase the charge density on the jet
(Fong et al., 1999).

Fibers deposited on the collector might possess diameters from few nanometers to
micrometers depending on electrospinning conditions. Usually higher solution viscosity will
result in fibers with higher diameter. On the other hand, reduced fiber diameter is usually
obtained by increasing the conductivity of polymer solutions. In addition other parameters
including the feed rate and distance of the collector can affect fibre diameter. For instance
decreasing the feed rate will allow a greater density of charges per unit of volume, which will
lead to reduced fibre diameter. Similarly, increasing the distance of the collector will allow the
jet travel to travel longer and stretch more, resulting in smaller fibres (Yuan et al., 2004).
Nevertheless, one should be carefully when modifying such parameters in order to prevent the

breakup of the jet into droplets.
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Electrospun fibre mats have been considered for tissue engineering applications.
Nanofibres mimic the morphology of ECM protein fibres. Mimicking the micro architecture of
different connective tissues is considered a major advantage of electrospun mats for cell
adhesion, proliferation and tissue regeneration. Therefore, electrospun scaffolds have been
widely investigated for regeneration of tissues such as skin dermis and epidermis (Wang et al.,
2013).

One of the major drawbacks of electrospinning mats is the lack of control over
mechanical properties and vast packing of the fibers as they reach the collector. Due to the
random orientation of fibers, electrospun mats usually tend to have poor mechanical properties
(Yao et al., 2014). Crosslinking methods are often required to impart scaffold stability under
physiological conditions and improve mechanical properties. In many cases crosslinking is
achieved with potentially harmful chemicals and can lead to obstruction of scaffold pores (Sisson
et al., 2009; Zhang et al., 2016). Overall pore obstruction can affect cell infiltration and mass
transfer of gases and nutrients. Another potential disadvantage of electrospinning is the packing
of fibres. Once fibres reach the collector, the opposite charge on it tends to flatten them.
Subsequent deposition of fibres result in highly packed and very thin mats with fibers oriented
almost exclusively in two dimensions. The limited thickness of nanofiber scaffolds and small
pore size make the infiltration of cells difficult. This can be beneficial for mats used as wound
dressing impeding the infiltration of bacteria to the wounded area (Lev et al., 2012). However
they are a hindrance for cell infiltration in tissue regeneration. Several techniques can be used to
produce fibres oriented in three dimensions including selective removal of a sacrificial polymer,
collecting fibers in a water bath, and custom made collector for air collection of fibers (Wu and

Hong, 2016).
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2.3.4.4. Keratins scaffolds

Keratins are versatile proteins than can be used to fabricate materials with very different
properties. Keratins have gained interest for the fabrication of scaffolds mainly due to their
intrinsic biocompatibility, biodegradability, mechanical resistance and natural abundance (Rouse
and Van Dyke, 2010). It has also been reported that keratin possesses peptide signaling
sequences that promote cell adhesion. Keratins possess integrin binding domains such as leucine-
aspartic acid-valine (LDV), glutamic acid-aspartic acid-serine (EDS) and arginine-glycine-
aspartic acid (RGD) (Verma et al., 2008; Tachibana et al., 2002). Consequently they have shown
to promote cell attachment and proliferation of different adherent cells (Yamauchi et al., 1998;
Reichl, 2009; Balaji et al., 2012). Keratin hydrolyzates from chicken feathers were used to coat
gelatin films in the treatment of full thickness wounds in dogs (Thilagar et al., 2007). Authors
observed early formation of hair follicles and vascularization in keratin-gelatin scaffold than in
basic fibroblast growth factor-coated gelatin films. Xu et al., (2013) reports that when hair
keratin scaffolds were used to treat full thickness wound in rats, they showed good
biocompatibility and biodegradation features; in addition earlier vascularization, less wound
contraction and thicker epidermis when compared with non-treated wounds.

Reduced keratin (kerateine) scaffolds from hair have shown similar in vitro proliferation
of fibroblasts than on fibronectin scaffolds (Hill et al., 2010). Degradation of subcutaneous
implants of kerateine scaffolds showed slow degradation (60% of the original size after 6
months) characterized by absence of fibrous capsule formation. In addition they promoted early
vascularization. On contrast, when scaffolds are prepared from keratose they tend to be more

biodegradable and more suitable for short term applications (de Guzman et al., 2011).
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Keratins that have been modified to block cysteine thiols (S-alkylated or keratose) tend to
be more soluble in water but result in scaffolds with lower mechanical stability. On the other
hand fully reduced keratins extracted in presence of thiol reducing agents (kerateines) tend to
result in strong and more insoluble scaffolds. However, manipulation of fully reduced keratin
solutions is challenging due to its tendency to form aggregates when thiol reducing agents are
removed or diluted (Woodin 1953). Therefore, the majority of scaffolds from keratin have been
fabricated from thiol-capped keratins and keratoses (de Guzman et al., 2011; Guo et al., 2015;
Han et al., 20016), kerateine solutions stabilized by complexation with detergents that can
remain in the scaffold (Xu et al., 2013; Xu et al., 2014; Ayutthaya et al., 2015; Fan et al., 2016;
Aluigi et al., 2016), keratins extracted for long time at high temperatures that yield soluble
hydrolyzates (Reichl et al., 2011) or under alkaline conditions (Hill et al., 2010).

Hydrogels and electrospun mats have been fabricated from keratin hair and wool mostly.
Keratin hydrogels can be formed by removal or dilution of thiol chemicals although this method
has not been widely used in the literature (Ozaki et al., 2014). Common methods usually involve
air oxidation of cysteine thiols into disulfide bonds (Aboushwareb et al., 2008; Hill et al., 2010).
Nakaji-Hirabayashi extracted keratins from hair and prepared hydrogels by mixing an aliquot of
the solution (150 pl) with 5 mL of 30 mM MgCl and allowing the gel to sit at room temperature
for 3 hours. Although the mechanism of gel formation is not discussed, the formation of
hydrogel could be explained either by dilution, air oxidation or electrostatic aggregation. Keratin
hydrogel have been fabricated by freeze-drying keratin solutions (Aboushwareb et al., 2008; Xu
et al., 2013). Although mechanisms of gel formation have not been discussed is most likely that

air oxidation during lyophilisation causes disulfide crosslinking. Thus understanding of gelation
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mechanisms of keratin could lead to the fabrication of hydrogels with more controlled physical
and biological properties.

Electrospinning of keratins have been investigated with the aim to produce nano- and
microfibers that could have applications in tissue engineering and removal of contaminants.
Other studies have merely dealt with the theory of electrospinning keratin solutions.
Electrospinning of keratins is challenging due to the instability of reduced keratin solutions in
absence of denaturant and disulfide reducing chemicals. Although electrospinning of keratin in
the presence of these chemicals has not been studied, soluble keratins obtained by blockage of
thiol groups, SDS-blends, or treated at high temperature and alkaline conditions (pH > 8) have
been used for electrospinning. However, since their viscoelastic properties are not suitable for
electrospinning, they need to be mixed with an aid polymer very often. Authors have reported
the use of polyethylene oxide (Aluigi et al., 2008; Xing et al., 2011; Fan et al., 2016), polyamide
6 (Zoccola et al., 2007), poly(caprolactone) (Boakye et al., 2015; Jarvis et al., 2013), fibroin
(Yen et al., 2016), polyvinyl alcohol (Li and Yang, 2014; Park et al., 2015), and poly(lactic acid)
(Isarankura et al., 2015; Li et al., 2009) as polymer aid for the electrospinning of keratin. Few
authors have reported the electrospinning of keratin without polymer aid. Keratin thiols were
modified with iodoacetic acid (IAA). This modified keratin at 6% dissolved in 1,1,1,3,3,3-
hexafluoro-2-isopropanol (HFIP) could be electrospun although it contained many beads. Aluigi
et al., (2011) found that wool keratin extracted by sulfitolysis had low viscoelastic properties and
was not suitable for electrospinning at 15% w/v in formic acid containing sulfite. However, later
they report that by changing the electrospinning setup to a top-down configuration, dripping of
low viscosity keratin could be avoided and fibres formed (Aluigi et al., 2013). Xu et al., (2014)

were able to produce three-dimensionally oriented keratin fibres of 4.8 um. To achieve this,
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feather barb keratins were extracted for long time under mild alkaline and high temperature
conditions. Solutions of extracted keratins at 25% were supplemented with SDS at 1:1 ratio of
keratin. Authors reported that SDS is completely removed by dialysis and proved to support in
vitro cellular growth. However, it is well known that keratin can form stable complexes with

SDS (Schrooyen et al., 2001, Aluigi et al., 2007).

2.3.5. SKkin tissue engineering
Skin is the largest organ of our bodies; its main function is acting as a physical barrier to the
environment, protecting us against microbes, ultraviolet radiation, and toxic and exogenous
compounds. Skin is composed of three main layers: epidermis, dermis and hypodermis. The
epidermis is the upper layer having a thickness of 0.1-0.2 mm and consists mainly of stratified
keratinocytes with different morphologies. The most upper part, the cornified stratum is formed
by flattened cells that have lost their nuclei and organelles, and contain keratin filaments that
have polymerized through the formation of disulfide bonds. The dermis is a vascularized tissue
structurally conformed by collagen produced by fibroblasts that also produce elastin and
proteoglycans. Other cells found in the dermis are mast cells and macrophages, as well as some
nerve cells, sweat glands, hair roots and small quantities of striated muscle. The hypodermis or
subcutaneous tissue is the thickest layer of skin, it is attached to the dermis by collagen and
elastin fibers and it mainly contain adipocytes and acts as an energy reserve (Bottcher-Haberzeth
etal., 2010).

After an injury, skin healing process is quite effective for small wounds in healthy
patients. The wound healing process can be divided into four stages: homeostasis, inflammation,

proliferation and maturation. The first step after a wound is formed has the aim to stop bleeding
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at the site. Platelets aggregate to stop bleeding of injured vessels and a blood clot of fibrin is
created. The inflammatory phase is characterized by the infiltration of neutrophils, macrophages
and lymphocytes. Neutrophil’s main function is to remove foreign microbes and cellular debris
from the wound. Macrophages play a key role in the promotion and resolution of inflammation.
Macrophages can undergo phenotypic transition from pro-inflammatory to anti-inflammatory
(Sridharan et al., 2015). These latter trigger the transition to tissue repair. In the proliferative
phases fibroblasts synthesize collagen and ECM components, while endothelial cells promote
neovascularization and angiogenesis actively. In addition, re-epithelisation occurs by
keratinocytes from the edges of the wound and from differentiated stem cells in hair follicles of
sweet glands. The provisional tissue formed (granulation tissue) formed fills the wounded
volume. In the remodeling phase vascular density is reduced and ECM is remodeled to that of
normal tissue. This stage can last from weeks to years. Collagen type III produced in the
proliferative phase is replaced with collagen type I. However, collagen I is deposited oriented in
a single direction rather than randomly as in the original dermis, resulting in the formation of
scars (Reinke and Sorg, 2012). Multiple factors can alter the healing process resulting in
defective or no healing at all. Infection, vascular insufficiency, ageing, diabetes, medications,
nutrition can directly or indirectly lead to impaired healing (Guo and DiPietro, 2010).

In many cases the healing process is effective without major intervention. However, the
healing process of large wounds, wounds involving complete loss epidermis, or deeper involving
partial the loss dermis and hypodermis require treatment. These include large and deep skin
burns, diabetic and ulcer non-healing wounds, infected wounds with substantial loss of dermis,
and wounds that cannot be closed without affecting motility of surrounding tissues (Groeber et

al., 2011; MacNeil, 2008; Karp et al., 2003). Large wounds can result in extensive scar formation
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resulting in impaired mobility and cosmetic defects. Without intervention, such wounds can
result in prolonged infection, necrosis, amputation or even death of the patient. The gold
standard for the treatment of such wounds is skin transplantation. Transplantation of skin and
treatment for such kind of injuries; however, they are limited and expensive. Autografts are
limited by the amount of available skin of the patient, and the need of an extra surgery. On the
other hand allografts and xenografts may present compatibility problems and risk of transmission
of diseases (Greaves et al., 2013).

Different tissue engineered materials for skin treatment are commercially available
offering shorter healing periods but high initial costs (Nyame et al., 2014). Although these
commercial scaffolds offer a great advance in the treatment of wounds, they have several
limitations including allergy, poor integration with the host tissue, short shelf life, inadequate
mechanical properties, ethical issues and high cost. Research continues with the aim to
understand better the potential of natural and synthetic macromolecules scaffolds for skin tissue

engineering applications.
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CHAPTER 3. Preparation and characterization of graphite oxide nano-reinforced

biocomposites from chicken feather keratin

A version of this chapter has been published: Esparza, Y., Ullah, A., & Wu, J. (2017).
Preparation and characterization of graphite oxide nano-reinforced biocomposites from chicken
feather keratin. Journal of Chemical Technology and Biotechnology, doi:10.1002/jctb.5196
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3.1. Introduction
The development of plastics from renewable resources, such as by-products or wastes of
agricultural and horticultural activities, is an emerging trend as a possible alternative of
petroleum-based plastics in terms of cost, availability and sustainability (Verbeek and van den
Berg, 2010; Gonzalez et al., 2011). Feathers are an abundant waste from poultry industry; it is
estimated that Canadian poultry industry generates yearly roughly 100,000 tons of feather based
on a 7% of the live weight of chicken (Agriculture and Agri-Food Canada, 2014). Although a
portion of feathers is used to produce feather meal for animal feed, most of them end in landfills.
Feathers, composed of a central rachis or quill and barbs and barbules, contain about 90%
keratin. Feather keratin is a semi-crystalline protein of small molecular weight (~10 kDa),
possessing a balanced hydrophilic and hydrophobic amino acid composition being serine,
proline, glycine, valine and cysteine the major ones (Schmidt, 2002). The natural strength of
feathers is mainly due to the high levels of disulfide bonds between cysteine residues of keratin.
Due mainly to their high protein content, availability, and low cost feathers are an interesting
resource for the development of different bio-based materials. Feathers barbs (or fibers) have
been considered to reinforce several polymeric matrices resulting in improved mechanical and
thermal properties (Cheng et al., 2009; Martinez-Hernandez et al., 2011; Ghani et al., 2013;
Flores-Hernandez et al., 2014). Feathers can be chemically modified by grafting monomers onto
different functional groups of keratin, such as carboxymethylation of keratin thiol groups
(Schrooyen et al., 2001), grafting of acrylates (Martinez-Hernandez et al., 2003; Martinez
Hernandez et al., 2008; Jin et al., 2011; Li et al., 2016), or acetylation of feathers (Hu et al.,

2011). Although the physical properties of modified feather films were improved after
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modification, these methods involve time consuming chemical reactions performed in dilute
feather or keratin suspensions which generate a great deal of waste and use of harmful chemicals.
Processing of whole feathers in bulk quantities in commonly-used plastic machineries such as
extruders might offer a more environmentally-friendly and cost-effective alternative for the
development of feather plastics (Verbeek and van den Berg, 2010). Although the natural strength
of feathers is mainly due to the high levels of disulfide bonds between cysteine residues of
keratin, disruption of disulfide bonds and addition of hydrophilic plasticizers are required to
improve the thermal processability of feather into plastics (Barone et al., 2006; Ullah et al.,
2011). However, mechanical properties of feather plastics, the same as bio-based plastics in
general, are weaker and more sensitive to moisture conditions than synthetic plastics, which limit
their applications.

Reinforcement of materials with high surface area nanoparticles has gained great
attention among researchers and industry. The discovery of the unique strong mechanical and
electrical properties of single-layer graphene led to a rapid interest for their uses in composites
(Novoselov et al., 2004; Gardella et al., 2015). Chemical oxidation of graphite, followed by
chemical, thermal or enzymatic reduction is a common approach to produce single graphene
sheets; however, scale up production of graphene in a cost/effective manner has not been
achieved yet (Kuilla et al., 2010). Graphite oxide (GO) is an inexpensive intermediate in the
production of graphene. GO, being dispersible in water, can interact with hydrophilic
biopolymers, leading to enhanced physical properties (Wang et al., 2012; Ma et al., 2013).
Several reports have investigated the redox-mediated grafting of oxidized graphite and carbon
nanotubes to feather keratin in solution systems (Rodriguez-Gonzalez et al., 2012; Rodriguez-

Gonzalez et al., 2013; Estevez-Martinez et al., 2013).
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In this work GO with different oxygen contents were prepared by varying the oxidant
amount and oxidation time. The reinforcement of chicken feathers with GO was performed in a
reactive extrusion system with the aim to improve the mechanical properties of thermoplastics.
GO samples were characterized by means of Fourier transform infra-red spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and transmission electron
microscopy (TEM) and the effect of concentration of a selected GO on mechanical properties,
thermal properties, and molecular structure of chicken feather plastics fabricated through
extrusion and thermo-molding are presented. To the best of our knowledge no reports on the
reinforcement of feather plastics using GO, neither its effect on physical properties have been

reported.

3.2. Materials and methods

3.2.1. Materials

Graphite, sodium nitrate (NaNOs3), potassium permanganate (KMnOs), hydrogen peroxide
(H20,), sulfuric acid (H2SOs), glycerol (C3HgO3), propylene glycol (C3HgO2) and sodium sulfite
(Na2SO3), phosphorous pentoxide (P2Os), were obtained from Sigma-Aldrich (Sigma-Aldrich
Co. MO, USA).

3.2.2. Chicken feather powder

White chicken feathers (CF) were obtained from the Poultry Research Centre (University of
Alberta, Edmonton, Alberta, Canada). Whole chicken feathers were thoroughly washed with hot
water and domestic kitchen soap (Green Works®) to remove foreign material. Rinsed CF were
allowed to dry at room temperature in a fume hood for three days and then dried at 50°C

overnight in an oven. Grinding of CF was achieved by using a cutting mill (Fritsch Pulverisette
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15, Fritsch, Germany) with an insert sieve of 0.25 mm perforations. The collected CF powder
was stored at 4°C until use. Protein content of CF powder was 92.00% + 0.40%, measured by
Dumas method (N x 6.25) in a Leco Truspec C/N analyzer (Leco Corporation, MI, USA).

3.2.3. Oxidation of graphite

Graphite oxide (GO) was prepared according to the Hummers and Offeman method (Hummers
and Offeman, 1958) with modifications. Briefly, 5 g of graphite and 2.5 g or 5 g of sodium
nitrate were placed in a 1 L beaker, followed by slow addition of 120 mL of sulfuric acid. The
mixture was stirred at 200 rpm for 30, 120, and 240 minutes on an ice bath in order to obtain
different oxidation degrees of graphite. 15 g of potassium permanganate were slowly added to
the mixture. After one hour of stirring at 35°C £ 3, 92 mL of deionized water were slowly added
and stirred for 15 minutes. Neutralization of unreacted potassium permanganate was done by
adding 80 mL of deionized water containing 3% H2>0O,. Graphite oxide powder was obtained
after repeated cycles of washing/centrifugation with deionized water, followed by sonication for
15 minutes and freeze-drying. Carbon/oxygen (C/O) ratio of GO was determined by X-ray
photoelectron spectroscopy (XPS) as described in section 3.2.6. Results are presented in Table

3.1.
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Table 3.1. Carbon/oxygen (C/O) ratio of graphite and graphite oxide determined by XPS and

differences on GO preparation.

Sample NaNO3 Stirring C/O

amount time ratio
Graphite - - 35.76
GO A 25¢g 30 min 2.48
GOB 5¢g 2 hours 2.07
GO C 5¢g 4 hours 1.55

3.2.4. Preparation of chicken feather plastics

GO was evaluated first at a level of 1% (w/w, GO/CF powder) for different GO samples and then
at levels of 0.5, 1.0, 1.5, and 2.0% (w/w) for a selected GO. About 70 g of CF powder, 30 g
plasticizer mixture (15 g glycerol and 15 g propylene glycol), 3 g sodium sulfite prepared in 15
mL deionized water, and 23 mL GO dispersion (prepared in deionized water and sonicated 15
minutes), were mixed in a heavy duty blender (CB15, Waring Co., CT, USA) for 8 cycles of 1.5
minutes each, with manual removal of material on the walls of the vessel between every cycle.
Extrusion of blends was performed in a counter-rotating twin screw extruder L/D (19/25) (Plasti-
Corder PL 2200, Brabender Instruments Inc., NJ, USA) equipped with four heating zones set at
110, 130, 140 and 150°C and at a screw speed of 50 rpm. Blends were forced through a circular
die of 7 mm diameter. CF and CF-GO plastic extrudates were ground to a fine powder and
compression molded at 150°C for 10 minutes under 5000 psi in a hot press (model 3851-0,

Carver Inc. IN, USA). Preparation of blends and extrudates was performed in triplicate.
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3.2.5. Mechanical properties

Mechanical testing of compression molded CF and CF-GO plastic films was performed in an
Instron machine 5565 (Instron, MA, USA equipped with a load cell of 5 kN at a crosshead speed
of 10 mm/min. At least 5 rectangular specimens (60 x 8 mm; length x width) of approximately
0.5 mm thickness were used (exact thickness and width was measured for each specimen with a
caliper). Specimens were previously equilibrated at 50% relative humidity for 72 h prior to
measurement.

3.2.6. Characterization

Fourier transform infrared (FTIR) spectroscopy analysis was performed on a FTIR spectrometer
Nicolet 8700 (Thermo Electron Co. WI, USA). All samples were kept in a hermetic desiccator
containing P>Os for two weeks before analysis. Powder samples of graphite, graphite oxides, and
feather powder, were thoroughly mixed with KBr and analyzed. For CF plastic samples,
compression molded films were analyzed by attenuated total reflectance (ATR) using a grazing
angle germanium ATR accessory (GATR™). Graphite powder was analyzed by near-normal
reflection/absorbance technique on a gold surface. Spectra were collected at 128 scans and
resolution of 4 cm™ from 600-4000 cm™. Spectra were processed and analyzed with Origin 2015
software (OriginLab Corporation, MA, USA). Secondary derivative of FTIR spectra was used to
determine changes in secondary structure of proteins using Savitzky-Golay smooth function at 7
points of window. X-ray photoelectron spectra of graphite and GO powders pellets was analyzed
on a Kratos Axis 165 X-ray spectrometer (Kratos Analytical Ltd. UK) equipped with a
monochromatic Al Ko radiation (1486.6 eV). The binding energy (BE) was calibrated taking
Cls at 284.5 eV as a reference. XPS spectra were analyzed with CasaXPS software package

V2.3.16 PR 1.6 (Casa Software Ltd.). Curve fitting of high resolution Cls was performed
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assuming a Shirley background and four peaks for GO samples considering a
Gaussian/Lorentzian (70%/30%) distribution shape. X-ray diffraction (XRD) was performed
using a Rigaku Ultima IV powder diffractometer (Rigaku Co. Japan) with Cu-Ka radiation
(0.154 nm), from 5 to 50° 20 degrees. Interlayer space was calculated using Bragg’s equation
(Bragg and Bragg, 1913). Thermo-gravimetric analysis (TGA) was performed on a Perkin Elmer
Pyris 1 (PerkinElmer Inc. MA, USA) equipment from 25 to 700°C, at a heating rate of 10°C/min
under nitrogen atmosphere. Differential scanning calorimetry (DSC) was performed on a TA
DSC Q2000 instrument (TA instruments, DE, USA) at 10°C/min from 25 to 300°C, using
nitrogen as a purge gas. Transmission electron microscopy (TEM) images of 0.1% w/v GO
samples in water, were obtained using a Phillips/FEI (Morgagni) transmission electron
microscope (FEI Co. OR, USA) equipped with a Gatan digital camera (Gatan Inc. CA, USA).
3.2.7. Statistical analysis

Data was analyzed by variance, and significant differences were determined using Tukey
multiple comparison test at a significance level of 1% using Minitab 17 software package

(Minitab Inc., PA, U.S.).

3.3. Results and discussion

3.3.1. Characterization of graphite oxides

FTIR spectra of graphite oxides with different carbon/oxygen ratios confirmed the presence of
oxygen functional groups (Figure 3.1). Assignment of FTIR peaks to different oxygen functional
groups in graphite oxide was carried out using information reported in the literature. The
absorption band within the range of 3423-3437 cm™! in graphite oxide samples can be related to

the stretching vibration of OH groups (vO-H) from adsorbed water or hydroxyl groups created
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during oxidation (Hontoria-Lucas et al., 1995; Stankovich et al., 2006; Lee and Park, 2014). The
peak found at 1724-1735 cm’! is associated with stretching vibrations of the C=0O bond (vC=0)
present in aldehydes, ketones, carboxylic acids or esters. Peaks around 1620 cm™ have been
associated to the vibration of water (Stankovich et al., 2006; Wei et al., 2013), which is less
likely due to the conditioning of our samples. Peaks at 1618-1626 cm™' can be assigned to
stretching vibrations of un-oxidized carbon skeletal domains (vC=C) (Stankovich et al., 2006;
Chen et al., 2010). However, some authors have assigned this later to the appearance of a peak at
lower wavenumbers between 1580-1588 cm™! (Hontoria-Lucas et al., 1995; Paredes et al., 2008;
Posudievsky et al., 2012). On the other hand, stretching vibrations of C-O bonds (vC-O) are
found in the range of 1000-1400 cm™'. Some authors have associated graphite oxide peaks in the
neighborhood of 1220-1230 cm™ to vC-O present in different functional groups, such as,
carboxylic acid groups (Wei et al., 2013), hydroxyl groups (Stankovich et al., 2006; Paredes et
al., 2008) or epoxy groups (Zhou et al., 2011; Posudievsky et al., 2012). Peaks found at 1143 and
1031 cm™ have also been assigned to C-O stretching vibrations (Hontoria-Lucas et al., 1995;
Stankovich et al., 2006; Paredes et al., 2008). GO A showed only two important peaks in the
region of 1000-1400 cm™. In contrast, longer time of oxidation resulted in new C-O peaks at

1413, 1223 and 1143 cm™.
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Figure 3.1. FTIR spectra of graphite and graphite oxide samples indicating stretching (v) and

bending (J) vibration of oxygen functional groups identified.

Complementary XPS analysis was performed to clarify the presence of oxygen
functionalities on GO. XPS high resolution Cls spectra of graphite and GO samples are shown in
Figure 3.2. Graphite showed a single asymmetric peak centered at 284.5 eV. Peak fitting of Cls
peaks was performed to determine chemical changes based on comparison with results found in
the literature. The main peak in graphite accounts for sp? hybridized carbon (C=C, and C-C with
delocalized 7 electrons). A second peak at 1 eV higher binding energy can be attributed to sp*
carbon hybridization (Jackson and Nuzzo, 1995), resulting from atmospheric oxidation or
contamination (Hontoria-Lucas et al., 1995). A peak found at 291.0 eV accounts for m—m*
transitions characteristic of aromatic structures (Wang et al., 2012). This was not seen in GO
samples indicating major disruption of the aromatic structure of graphite. In addition to the sp?
peak at ~284.5, graphite oxides showed other peaks located at higher binding energies (~287 eV)
that can be attributed to oxide functional groups (i.e. C-OH, C=0, O-C=0, C-O-C). Oxidation
results in a decrease of electrons screening the 1s shell, causing a shift to higher binding

energies. Peak fitting of GO high resolution Cls XPS spectra reveals the presence of different
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oxygen functional groups (Figure 3.2). Assignation of functional groups was done based on
comparison to reported data. Overall our results are in agreement with the reported literature.
Shifts of 0.8, 1.7-2, 2.2-2.7 and 3.5-3.8 eV in GO samples are attributed to carbon-sp* (Jackson
and Nuzzo, 1995; Haubner et al., 2010), C-OH groups, C-O-C groups, and C=0 groups
(Schniepp et al., 2006; Shin et al., 2009; Tien et al., 2011), respectively. Differences in Cls
spectra of graphite oxides were noticed. For GO A (C/O 2.48) peak fitting to four components
was not possible. Fit curves revealed the presence of carbon sp® in GO A, possibly due to C-C
and C-H bonding (Yamada et al., 2013), which was absent in more oxidized graphite samples
(GO B, and GO C). A higher content of C-OH groups was determined in GO B. After increasing
the oxidation time (GO C), C-OH content decreased while the epoxy group content increased
(Table 3.2). Possibly, prolonged oxidation favors the condensation of phenolic groups to ether or
epoxy groups (Shao et al., 2012). This is in agreement with the FTIR results, in which an
exclusive C-O peak at 1143 cm™ seen in GO C can be attributed to higher epoxy content. On the
other hand, carboxyl groups, which are typically assigned to peaks shifted to > 4 eV higher
binding energy than sp’carbon (Yumitori, 2000; Pei and Cheng, 2012) were not seen in GO

samples.
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Figure 3.2. High resolution scans of Cls region and peak fitting of graphite (1), GO A (2), GO B

(3), and GO C (4).
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Table 3.2. Relative amount (%) of functional groups in graphite and graphite oxide samples.

Area of fit peak, % (FWHM, eV)

sp” sp n—m* C-OH C-0-C C=0

Graphite | 67.03 (0.9) | 26.17 (1.6) | 6.81 (3.6) ; ; _

GOA  42.04(13) 7.23(0.9) - 29.32(1.5) 9.47(1.1)  11.94(2.0)
GOB  4635(L.6) - - 39.92(1.3) | 6.86(1.5) @ 6.87(L.7)
GO C 46.1 (1.7) - - 12.38 (1.0) | 3537 (1.4)  6.15(1.5)

Area percentages from XPS high resolution Cls curve fitting. FWHM is the full width at half maximum of fit

peaks.

The interlayer distance of graphene sheets in graphite and graphite oxide were measured
by X-ray diffraction (XRD) (Figure 3.3). Graphene layers in graphite are closer to each other
than in oxidized graphite. A single sharp peak was found in graphite which corresponds to a d-
space of 0.34 nm. After oxidation and freeze-drying the major peak in GO samples was found at
lower 20 angles 10.56-11.60°, which corresponds to d-spaces between 0.84-0.76 nm,
respectively. These results are in agreement with the reported XRD patterns of graphite and GO
(Shin et al., 2009; Tien et al., 2011). Increasing the oxygen content from GO A to GO B did not
result in important changes of XRD patterns. However, longer oxidation time resulted in an
increase of d-space from 0.76 nm in GO B to 0.84 nm in GO C. In addition, the presence of other
peaks at 18.02° (0.49 nm) and 25.85° (0.35 nm) were observed for GO C sample. These peaks
might have resulted due to possible condensation of phenolic groups (Shao et al., 2012) (as
discussed previously from XPS Cls results) and re-stacking of regions or defects created at

longer oxidation times.
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Figure 3.3. XRD diffraction pattern of graphite and graphite oxide samples.

Transmission electron microscopy (TEM) images of graphite showed sharper edges than
GO nanosheets (Figure 3.4). TEM images of graphite oxides with different C/O ratios did not
show substantial structural differences. Oxidation resulted in fragmentation and wrinkling at the
edges of graphite. It is well known that these regions are more susceptible to be oxidized (Dreyer
et al., 2010). Addition of graphite and GO samples were evaluated for the reinforcement of CF

plastics. GO characterization presented above was used to enrich the analysis of CF-GO plastics.
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Figure 3.4. Transmission electron microscopy (TEM) micrographs of aqueous suspensions (0.1%

wt.) of graphite and graphite oxides used in this study.

3.3.2. Chicken feather plastics

Overall the mechanical properties of CF plastics (and in general any protein based plastic),
depend highly on processing consditions, type and amount of plasticizer, relative humidity
conditioning, modification of raw material, and presence of reinforcement additives. It has been
reported that smaller and more hydrophilic plasticizer molecules result in more ductile CF
plastics (Ullah et al., 2011; Ullah et al., 2013). On the other hand lower concentration of

plasticizer results in stiffer CF plastics (Barone et al., 2005; Jin et al., 2011). In our case, we have

82



previously optimized the plasticizer ration, finding that a mixture of propylene glycol/glycerol
(50:50) was the most effective in terms of mechanical properties of feather plastics. Glycerol and
propylene glycol are small molecules (92 and 76 g/mol, respectively) containing two and three
hydroxyl groups, respectively. Their main function is to decrease the glass transition and melting
temperatures of keratin in feathers. In terms of mechanical properties, we found that propylene
glycol and glycerol contribute to stiffness and ductility, respectively.

3.3.3. Effect of GO with different C/O ratios

Graphite oxide was considered to reinforce CF plastics, since their oxygen functional groups are
hypothesized to interact with keratin, thus, resulting in a transfer of load to the graphite oxide. In
order to expose keratin functionalities and improve its processability, sodium sulfite was used to
reduce the multiple cysteine disulfide bonds found in chicken feather keratin. The effect of 1%
addition of graphite and GO samples with different C/O ratio, to feather blends, was evaluated
on the tensile mechanical properties of extruded and thermo-molded films (Figure 3.5).
Elongation at break of CF-GO and CF plastic film was similar (p > 0.01), ranging from 37 to
43% in average. Tensile strength and Young modulus was significantly increased (p < 0.01) after
addition of 1% wt. of GO B and GO C. Possibly, a higher oxygen content in GO B and GO C is
responsible for the higher stiffness of the CF plastic films, by promoting more interactions with
feather keratin. GO C did not result in further mechanical improvement compared with GO B,
possibly due to decreased proportion of hydroxyl groups at prolonged oxidation (Table 3.2) and

re-stacked graphene sheets (Figure 3.3), which might affect GO and CF interactions.
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Figure 3.5. Tensile mechanical properties of extruded, thermo-molded CF plastics containing
graphite and GO with different C/O ratios (A) and representative stress-strain curves (B).
Different letters mean significant differences (p<0.01) between different samples for a selected
parameter. (3 repetitions x 5 replicate specimens each, data is plot as average + standard

deviation).

3.3.4. Effect of GO concentration

GO B was selected to study the effect of GO concentration on mechanical properties of feather
plastics. Mechanical properties of CF plastics containing up to 2% of GO are summarized in
Figure 3.6. Incorporation of GO resulted in a significant increase (p<0.01) of strength of CF
plastics. The highest tensile strength (9.61 MPa) was achieved using 1% GO, which represents a
32% increase compared with the sample at 0% GO addition, and then started to decrease at
increasing GO addition. Tensile strength was significant reduced (p<0.01) at 2% addition (GO),
probably due to partial aggregation of GO at higher concentrations. While the use of graphene is
more suitable for aliphatic synthetic resins, the use of oxidized graphene or graphite is more

suitable for the reinforcement of hydrophilic polymers including bio-based polymers such as
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carbohydrates or proteins (Rodriguez-Gonzalez et al., 2012; Rodriguez-Gonzalez et al., 2013).
Tensile strength was reported to increase about two (Wang et al., 2012) or three times (Ma et al.,
2013; He et al., 2013) for thermoplastic starch films reinforced with 2.0% wt. of graphene oxide.
Although dispersion of GO and protein intercalation would be facilitated in liquid medium than
in extrusion, the technique of solution casting to prepare films used in these studies is not a very
convenient method for the large production of plastic films as it requires large volumes of
solvents/water to be evaporated. Limited number of studies have investigated the reinforcement

of polymers with graphene or graphite oxide through melting processing (Potts et al., 2011; Shen

et al., 2013).
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Figure 3.6. Tensile mechanical properties of extruded, thermo-molded CF plastics containing
different amounts of GO (GO B) (A) and representative stress-strain curves (B). Different letters
mean significant differences (p<0.01) between different samples for a selected parameter. (3

repetitions x 5 replicate specimens each, data is plot as average + standard deviation).

XRD patterns of CF powder is shown in Figure 3.7. CF powder showed two broad peaks

(Figure 3.7) located at 9.68° (d = 0.91 nm) and 19.03° (d =0.47 nm) which have been associated
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to the a-helix and B-sheet structure of chicken feather keratin, repectively (Rad and Tavanai,

2012; Khosa et al., 2013).
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Figure 3.7. X-ray diffraction pattern chicken feather powder.

After extrusion the peak ascribed to a-helix structure remained and a broad peak
appeared centered at around 19.5 (Figure 3.8A). The original peak of GO B at 11.60°
dissapeared after extrusion of blends, which can be explained by partial re-stacking, as suggested
by the small peak seen at 22.70° (Figure 8A), but also by the disruption of the layered structure
of GO by the intercalation of plasticizers or keratin chains. In the case of CF plastics containing
graphite at 1% wt., the sharp peak at 26.5° remained after extrusion of blends (Figure 3.8B). Due
to the closer packing of graphene layers in graphite and its aliphatic nature layer disruption and
intercalation did not take place, which can be the reason for the lower tensile strength of

graphite-feather plastics.
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Figure 3.8. X-ray diffraction patterns of GO B and extruded feather plastics (A), and graphite

and extruded graphite-feather CF plastics (B).

Changes in functional groups and secondary structure of keratin were evaluated by FTIR
(Figure 3.9). Assignment of bands to different functional groups was performed with help of
available literature. A broad band seen at around 3300 cm™! (Figure 3.9A) can correspond to OH
groups of carboxylic acids, alcohols, or adsorbed moisture, but it can also be attributed of N-H
stretching vibration, the so called Amide A region (Kong and Yu, 2007; Ullah et al., 2013).
Bands detected at 2800-2962 cm™! can be assigned to C-H stretching vibrations (vC-H). They
have been attributed to lipids present in the feathers (Forgacs et al., 2013) but they also can result
from amino acids side chain vibrations. Typical Amide I, IT and III bands were observed (Figure
9A). Absorption bands observed at 1049 and 1109 cm™ correspond to C-O bonds of glycerol and
propylene glycol. While band at 1049 cm™ accounts for C-OH vibrations in carbons C1 and C3
of glycerol, absorption at 1109 cm' is attributed to C-OH vibration at C2 (Routray et al., 2013).
It was noticed that samples containing GO decreased the intensity of the peak at 1109 cm™ when
compared to the sample without GO, which was probably due to specific interactions between

GO and C2 of glycerol.
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Changes in the secondary structure of feather keratin were evaluated by studying the
Amide I region of FTIR spectra (1700-1600 cm™). Second derivative of the single amide I band
was used to reveal the overlapped bands in this region (Figure 3.9B). Three bands at 1635, 1666,
and 1694 cm were found in raw feather which can be assigned to parallel B-sheet, turns, and
anti-parallel B-sheet, respectively (Jackson and Mantsch, 1995; Kong and Yu, 2007). This is in
accordance to the proposed organization of B-keratins in feathers, in which -sheets are twisted
and held together by turns forming a helical filament (Fraser and Parry, 2008). It has been
reported that feather quills and barbs/barbules are predominant in -sheet, and a-helix structures,
respectively (Schmidt, 2002). However, according to other authors (Alibardi and Toni, 2008; Ng
et al., 2012), only small amounts of a-keratins are present in barbs, barbules, and down feathers,
and especially in early development of feathers. After that, a-keratin filaments are replaced by
thinner B-keratin filaments. Second derivative results show changes in the structure of keratin
after extrusion (Figure 3.9B). The band at 1694 cm™! in raw feathers disappeared whereas a new
band centered at 1684 cm™ revealed a major presence of turns in the keratin structure. Probably,

a more disordered conformation was created after extrusion of feathers.
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Figure 3.9. FTIR spectra of chicken feather, GO, and selected CF plastics samples (A) and

second derivative of amide I FTIR region of feather and CF plastics samples (B).

Chicken feathers are thermally stable materials degrading at temperatures above 250°C
(Figures 3.10 and 3.11). TGA thermograms of CF plastics showed more loss of weight at 200°C
as the amount of graphite oxide increased (Figure 3.10). Contrarily, it has been suggested that the
homogenous dispersion of graphene oxide layers could create a barrier, preventing the emission
of decomposition products during the non-oxidative combustion (Valles et al., 2013). From the
TGA results, it is not possible to determine the nature of the decomposing products at around
200°C, but it can be hypothesized based on the composition of the materials. The dry percentage
of GO is smaller than the weight loss seen in the thermograms at 185°C which increased from
5.9& in CF-GO 0% to 12% in CF-GO 2%. It can be stated that decomposition products other
than oxygen functionalities of GO might be released. Propylene glycol has a boiling point of
188.2°C and its amount in the extrudates is 15%; thus, we can hypothesize that the incorporation
of GO could result in higher amounts of free propylene glycol. Possibly GO competes with
propylene glycol to interact with glycerol and feather keratin. As suggested by FTIR results, GO

can preferentially interact with glycerol compared to propylene glycol as propylene glycol has
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less hydrophilic nature. At 300°C the weight loss percentage of all samples was similar (around
40%) At this temperature degradation of keratin and GO functionalities, along with glycerol

evaporation are responsible for the loss of weight.
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Figure 3.10. TGA thermographs of CF powder and CF-GO plastics.

Feather keratin is a semi-crystalline protein (Schmidt, 2002). DSC clearly shows the
melting of the crystalline keratin happening from around 210 to 230°C, whereas degradation was
noticed after 250°C (Figure 3.11). In CF plastic samples degradation of thermoplastics was
observed at around 250°C. The melting of crystalline keratin shifted to a lower temperature
(~170°C) than in the raw feathers due to plastization of keratin. Therefore, thermo-molding of

CF-GO plastic resin can be performed at temperatures as high as 170°C.
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Figure 3.11. DSC thermograms of CF powder and CF-GO plastics.

3.4. Conclusions

Processing of chicken feathers into a plastic material was achieved by extrusion at 150°C with
the aid of sodium sulfite, glycerol/propylene glycol mixture, and water. Mechanical properties of
thermo-molded plastics were significantly (p < 0.01) improved by the addition of graphite oxide
at a level of 1% (w/w, GO/feather blend). The tensile strength was increased up to 32% at 1%
w/w GO with a C/O ratio of 2.07. Our results suggest that higher proportion of hydroxyl groups
and increase of the graphene interlayer space in graphite oxide could result in more protein- and
plasticizer-GO interactions. GO is a less expensive and more effective alternative to graphene for
the improvement of the physical properties of bio-based protein plastics. In addition, the use of
reactive extrusion for its dispersion/reaction represents an environment-friendly alternative for
scale up production. Further examination of possible applications of CF-GO plastics as
agricultural films, composting bags, and biodegradable containers needs to be considered under

different environments.
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CHAPTER 4. Molecular mechanism and characterization of self-assembly of feather

keratin gelation
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4.1. Introduction

Gel scaffolds prepared from proteins are of particular interest due to their abundance,
biodegradability, compatibility with biological systems and the presence of peptide motif
important for cell adhesion (Drury and Mooney, 2003; Jonker et al., 2012). Keratins are fibrous
proteins widely found in animal tissues including hair, skin epidermis, wool, hooves, scales and
feathers. Keratin hydrogel scaffolds from hair and wool have demonstrated good
biocompatibility for tissue engineering applications (Tachibana et al., 2002; Aboushwareb et al.,
2009; Hill et al., 2010). However, there is scanty information on feather keratin derived
hydrogels in literature.

Keratins from chicken feather are an abundant yet underutilized protein source. As a
result of poultry processing, over 65 million tons of feathers are generated worldwide (Zhao et
al., 2012). Keratin accounts for more than 90% (w/w) of feathers. A remarkable feature of
feather keratins is their high content of cysteine residues and disulfide bonds, which confer
strength and impermeability to keratinous tissues. Solubilization of keratin is a limiting factor for
the development of films, coatings and gels (Schrooyen et al., 2001). Thiols, sulfites, and urea
are often used to solubilize keratins (Nakamura et al., 2002). However, aggregates formed after
removal of the denaturing chemicals are considered as an undesirable phenomena from the
processing point of view (Tonin et al., 2007; Nakaji-Hirabayashi et al., 2008). The aggregation
resultant from dialysis or dilution of reduced feather keratin solution was reported early
(Woodin, 1953). More recently it was found that the reformation of disulfide bonds during
dialysis of feather keratin was the main factor for the formation of aggregates (Schrooyen et al.,
2000). Therefore, blocking of cysteine thiols was applied to solublilize keratins, either using

chemical grafting (Ikkai and Nato, 2002; Yuan et al., 2008; Zhou and Wang, 2011), oxidation
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into sulfonic acids (De Guzman et al., 2011), or by the formation of keratin sodium dodecyl
sulfate (SDS) complexes (Schrooyen et al., 2001; Yin et al., 2013; Xu and Yang, 2014). The
heat-induced gelation of S-carboxymethyl wool keratin derivative has been studied (Ikkai and
Nato, 2002). It was determined that the gelation was triggered by the exposure and assembly of
hydrophobic a-helical regions in the central part of keratins chains followed by the formation of
disulfide bonds. It is reported that upon substantial denaturation of the a-helix structure gel
formation did not take place. In this study the reformation of disulfide bonds might be impaired
by the chemical modification of keratin. Suprisingly, the spontaneous aggregation of fully
reduced keratin has not been widely explored as an advantage for the fabrication of strong
hydrogels.

Hydrogels from fully reduced wool and hair keratin have remarkable mechanical
properties (Fujii and Ide, 2004; Hill et a., 2010; Richter et al., 2012; Ozaki et al., 2014). Feather
keratins differ from wool and hair since they have lower molecular weight, and are predominant
in B-sheet secondary conformation (Bragulla and Homberger, 2009). It has been recognized that
disulfide bonds play a major role in the formation of small aggregates in feather keratin solutions
(Schrooyen et al., 2000; Han et al., 2015). However, it has not been determined at which extent
disulfide reformation or other intermolecular interactions are necessary for the formation and
modulation of viscoelastic properties of feather keratin gels. Viscoelastic and physical properties
of hydrogel scaffolds can affect different aspects of cellular behavior including, cell adhesion,
morphology, survival and tissue regeneration (Lo et al., 2000). Therefore, the determination of
conditions and mechanisms that control the gelation of fully reduced feather keratin could help to

modulate physical and biological properties of hydrogels.
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In this study hydrogels from fully reduced feather keratin were prepared by dialysis. The
objectives of this work were to study the molecular mechanism on self-assembly of feather
keratin gels formed during dialysis of keratin extracts and to characterize the structural and

viscoelastic properties of hydrogels prepared under various pHs and temperatures.

4.2. Materials and methods

4.2.1. Materials and chemicals

White chicken feathers were obtained from the Poultry Research Centre of the University of
Alberta (Edmonton, AB, Canada). After exhaustive washing with hot water and domestic soap
(Green Works®), feathers were allowed to dry in a fume hood followed by drying at 50°C
overnight in an oven. Dried feathers were ground in a cutting mill (Fritsch Pulverisette 15,
Fritsch, Germany) with an insert sieve of circular perforations of 1 mm diameter. Ground
feathers were defatted with petroleum ether for 5 h in a soxhlet apparatus. The defatted feathers
were recovered and the residual solvent was allowed to evaporate overnight at room temperature.
Defatted feather powder was stored at 4°C for further uses. Urea, thiourea, sodium metabisulfite,
N-ethylmaleimide (NEM), 5,5’-dithiobis(2-nitrobenzoic acid) (DNTB; Ellman’s reagent),
hydrogen peroxide, 1,4-dithiothreitol (DTT), formaldehyde solution 36.5-38%, and sodium

dodecyl sulfate (SDS) were obtained from Sigma-Aldrich (St Louis, MO, U.S.).

4.2.2. Amino acid analysis

Chicken feather powder samples were digested with 6 N HCI for quantification of all amino
acids, with exception of cysteine. For cysteine, separate samples were previously hydrolyzed
with performic acid. Cysteine was determined as cysteic acid and results expressed as half-

cystine content according to the method reported by Moore (1963). Hydrolyzed samples were
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derivatized with PITC (phenylisothiocyanate) and analyzed in a HPLC system equipped with a
Supelcosil LC-18 reverse phase column and a UV detector (254 nm). Individual amino acids
concentration was calculated from the retention times and peak areas of a standard amino acid
mixture (Sigma-Aldrich, U.S.). Total nitrogen in keratinous samples was determined in a Leco

Truspec C/N analyzer (Leco Corp. M1, U.S.).

4.2.3. Preparation of feather keratin hydrogels

Extraction of keratin was achieved by mixing 13.3 g of defatted feather powder with 200 mL of
extracting solution consisting of 5 M urea, 2.6 M thiourea and 5% w/v sodium metabisulfite at
pH 7.0, 50°C for 5 h. Non-solubilized feather powder was removed by filtration through a
metallic sieve (53 pum) and the filtrate was used for gelation experiments. The protein
concentration of the gelling solution was calculated to 4.20% + 0.20 w/v, measured by Dumas’s
method of freeze dried gels in a Leco Truspec C/N Analyzer (Leco Corporation, MI, USA).
Gelation of keratin samples (50 mL aliquots) was induced by dialysis using a molecular weight
cut-off of 3,500 Da for 5 days at 4°C with change of the outer distilled water twice per day. The

volume ratio during dialysis was 40 mL of distilled water per 1 mL of keratin solution.

4.2.4. Protein electrophoresis

Extracted keratin from feathers was solubilized in glycine-SDS running buffer containing 5% v/v
2-mercaptoethanol. Samples were diluted 1:1 volume ratio with loading buffer and loaded into
10-20% precast polyacrylamide gels (Bio-Rad Laboratories Inc. U.S). Electrophoresis was run at
200 V. Proteins were stained with Coommassie blue according to regular SDS-PAGE protocols

(Laemmli et al., 1970).
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4.2.5. Effects of cysteine thiols on gelation

To study the effect of cysteine thiol groups on gelation, keratin solution recovered by filtration
after extraction was reacted with various N-ethylmaleimide (NEM)/cysteine molar ratios (1.0,
2.5, 5.0 and 10.0; namely NEM 1, NEM 2.5, NEM 5.0 and NEM 10, respectively) in order to
prevent disulfide bond re-formation. The pH was rapidly re-adjusted to 7 and the solution was
stirred at room temperature for 1 h. Gelation was induced by dialysis for 5 days at 4°C with

change of the outer water twice per day.

4.2.6. Determination of blocked cysteine
A modified Ellman’s method was used to determine the total SH groups in the presence of
sodium sulfite (Thannhauser et al., 1984). The amount of modified SH groups in NEM modified

keratin was calculated according to Schrooyen et al., (2000) using the following equation:

SHk B SHmodk

Degree of modification = x100

k
Where SHx and SSmod k are the total pmol of SH of unmodified keratin and NEM-modified
keratin (after dialysis and freeze drying), respectively. A molar extinction coefficient of 14,150
mM! cm™! for the Ellman’s chromophore molecule (5-thio-2-nitrobenzoic acid) was applied in

the calculation (Riddles et al., 1979).

4.2.7. Proton nuclear magnetic resonance ('H-NMR) of NEM-modified keratin

'H-NMR of keratin and NEM modified keratin samples was recorded in an Angilent/Varian
MR400 spectrometer (400 Hz). To yield soluble samples, 0.1% w/v keratins were heated for 24 h
at 50°C in extracting solution consisting of 5 M urea, 2.6 M thiourea and 5% w/v sodium
metabisulfite at pH 7.0. After dialysis (5 days) samples were freeze dried. Keratin samples were

dissolved in D>O for H-NMR.
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4.2.8. Time of flight-secondary ion mass spectrometry (TOF-SIMS) of NEM-modified
keratin

Ion mass spectra of keratin and N-ethylmaleimide (NEM) modified keratin powder pellets was
recorded using a TOF-SIMS imaging spectrometer (ION-TOF GmbH, Miinster, Germany),

equipped with a dual beam profiling (Ar/O2/Cs for layer removal and Ga for analysis).

4.2.9. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy analysis of keratin samples was performed in a
Nicolet iS50 FTIR spectrometer (Thermo Scientific Inc., WI, USA) equipped with a single
bounce ATR diamond crystal at 64 scans with a resolution of 4 cm™ from 400-4000 cm™.
Secondary structure of keratin was evaluated by Fourier self-deconvolution (FSD) treatment of
the amide I region (1600-1700 cm™) of FTIR spectra using Omnic 8.1 software, considering a
bandwidth of 26 cm™ and an enhancement factor of 2.5. Characteristic secondary structure peaks
in this region were compared with the reported literature.

4.2.10. Thermal analysis

Differential scanning calorimetry (DSC) of powder keratin samples was performed in a TA DSC
Q2000 instrument (TA Instruments, DE, USA) at a heating rate of 10°C/min from 25 to 300°C
using nitrogen as purge gas.

4.2.11. Effect of pH and temperature on gelation

Solubilized chicken feather (13.3 g in 200 mL of KES) was filtered through a metallic sieve (53
pm). Aliquots of 50 mL of solubilized chicken feather (keratin) were adjusted to pH 3, 5, 7, and
9 (at room temperature) and stirred for 1 h before inducing gelation by dialysis as described
previously. To study the effect of temperature, a new batch of solubilized chicken feather was

separated in aliquots of 40 mL and were heated at 50, 60, 70, 80, or 90°C (pH 7) in a water bath
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for 1 h. Sol-gel transition was induced by dialysis and soluble protein recovered after gelation
was quantified using a Lowry protein assay kit (Thermo Scientific, USA) using bovine serum
albumin as the standard. SDS-PAGE of soluble proteins was performed under reducing
conditions.

4.2.12. Small amplitude oscillatory shear measurements (SAOS)

Rheological characterization of keratin gels was carried out using frequency sweeps from 1 to 10
Hz at a strain rate of 0.5%, within the linear viscoelastic region, on a Physica MCR 301
rheometer (Anton Paar, Graz, Austria). All measurements were performed at 25°C, with a probe
gap of 1 mm. To have an insight of molecular interactions, gels were soaked in different
destabilizing solutions (SDS 3% w/v, urea 5 M, fresh DTT 100 mM pH 9, and urea 5 M + 100
mM fresh DTT pH 9) for 24 h at room temperature (22°C) prior to measurement.

4.2.13. Zeta potential measurement

Zeta potential of keratin solutions at different pHs was measured in triplicate in a Malvern
Zetasizer Nano ZSP Instrument (Malvern Instruments Ltd. UK) using 3 runs per sample.

4.2.14. Statistics

Experiments were performed in triplicate unless otherwise specified. Significant differences

were determined by analysis of variance followed by Tukey multiple comparison test at a level

of confidence of 95%.

4.3. Results and Discussion

4.3.1. Characterization of feather keratin
Feather contains 92.0 + 0.4% protein, which is characterized by a high proportion of non-polar

amino acids and cysteine amino acids (Table 4.1). The major amino acids in feather are glycine,
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serine, leucine, cysteine and glutamic acid. Feather keratins have a molecular weight of around

10 kDa (Figure 4.1), in comparison to keratin size of 40-65 kDa from hair and wool (Bragulla

and Homberger, 2009).

Table 4.1. Amino acid composition of chicken feathers (umol/g)

Arginine
Lysine
Aspartic acid
Glutamic acid
Histidine
Serine
Threonine
Half-cystine
Tyrosine
Glycine
Alanine
Valine
Leucine
Isoleucine
Proline
Phenylalanine
Methionine
Nitrogen %
Polar/charged amino acids

Non-polar amino acids
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626 + 34
366 + 34
543 £ 50
959 £ 68
73£5
1540 + 66
428 + 39
1140 + 105
177+9
2186 £ 129
665 £47
761 £59
1185+75
436 + 33
343+ 7
374 +£ 29
43+3
16.2+0.1
49%
51%
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Figure 4.1. SDS-PAGE of extracted feather keratin (FK)

4.3.2. Gelation mechanism of feather keratin

Keratin can form small aggregates or gels after removal of urea and reducing agents. Blocking of
cysteine thiols can prevent the formation of small keratin aggregates (Schrooyen et al., 2000).
However the degree of blocking has not been studied regarding to the formation of gels nor the
effects on their viscoelastic properties. N-ethylmaleimide (NEM) at different concentrations was
used to block cysteine thiol (-SH) groups of keratin. Cysteine thiols in keratin are highly
nucleophilic moeties that react with unsaturated bonds of NEM to produce a stable conjugate
through a thioether bond formation (Wong 1991). The reaction of NEM and thiols is highly
specific at neutral pH (Figure 4.2). The formation of keratin-NEM conjugate was confirmed by
time of flight-secondary ion mass spectrometry (ToF-SIMS, Figure 4.3) and 'H-NMR
(Supporting information, Figure S4.1). An increased intensity of NEM ion at 125 amu (atomic

mass unit) was observed for NEM 5 and NEM 10 samples (Figure 4.3). The 'H-NMR spectra of

108



keratin-NEM showed the presence of NEM peaks, which were absent in the spectra non

modified keratin (Supporting information, Figure S4.1).
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Figure 4.2. Schematic of reaction between keratin thiols and NEM.
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Figure 4.3. Positive and negative ion TOF-SIMS spectra of feather keratin and NEM-modified

keratins. Graphs are enlarged to show the mass peak of NEM at 125 amu.

FTIR spectra of feather, keratin and NEM-modified keratin showed typical amide regions
(Figure 4.4A). FTIR did not shown any characteristic absorption band associated to urea,
thiourea nor sodium sulfite, indicating that dialysis removes any detectable trace of these salts.
After extraction, a small band at 1024 cm™! was observed in keratin samples. This can be due to
the formation of S-keratin thiosulfates (keratin-SSO3") in presence of sulfite (Nomura et al.,
2002). Secondary structure of feather keratin was altered after extraction and NEM modification

(Figure 4.4B). The main peak in the Fourier self-deconvoluted amide I region of feather sample

109



at 1633 cm’! is attributed to B-sheet conformation (Kong and Yu, 2007). This peak remained
after keratin extraction and NEM modification. This can be explained by the fact that cysteine
residues are predominantly located at the ends of the keratin chain and such terminal regions of
keratin are almost devoid of secondary structure (Arai et al., 1983). Therefore, NEM
modification should not affect directly the organization of keratin in the central part. Other bands
in the FSD amide I region such as 1639-1654 cm™ and 1642-1660 cm™' correspond to unordered

and a-helix structures, respectively, whereas bands in between 1660-1694 cm™ can correspond

to turns, and[13-sheet structures (Barth, 2007).
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Figure 4.4. FTIR spectra (A) and Fourier self-deconvoluted amide I region (B) of chicken

feathers, keratin and NEM modified keratin.

DSC analyses of NEM modified keratin revealed a small shift of the denaturation of

crystalline keratin (225.21°C) to lower temperatures, which can be atributed to a reduced

capacity of cross-linking due to the incorporation of NEM (Figure 4.5).
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Figure 4.5. DSC thermograms of freeze dried keratin and keratin modified with different molar

excess ratios of NEM/Cysteine.

Blocking of keratin thiols was also evaluated by measuring the total —SH groups in freeze
dried keratin gels after NEM-modification (Figure 4.6A). A gradual increase in the degree of
thiol blocking was observed with increasing molar ratios of NEM to cysteine. Visually weak gels
were observed for NEM 1, NEM 2.5 and NEM 5 where 53.5, 58.1 and 71.3% of thiol groups
were blocked, respectively. Storage modulus of keratin hydrogels decreased from 10%-7.5x10° Pa
to around 1x10° Pa as the amount of NEM/cysteine molar ratio increased from 0 to 5 (Figure
4.6B). Gelation did not occur after treating keratin with 10 NEM/cysteine molar ratio where
82.4% of cysteine thiols were blocked (Figure 4.6A and 4.6C). A similar trend of decrease of
storage modulus (G’) has been observed when hair keratin cysteine thiols were blocked with
iodoacetamide (Han et al., 2015). Hydrogels from SDS-extracted keratin were formed only after
inducing disulfide crosslinking with hydrogen peroxide. Hydrogels at a concentration of 20%
w/v had G’ below 10* Pa (Wang et al., 2017). SDS can form stable complexes with keratin

affecting the ability of disulfide crosslinking.
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Figure 4.6. Effects of different NEM/cysteine molar ratios on percentage of thiol blocking (A),
storage modulus under frequency sweep (B) and visual appearance of gels (C). Different letters

mean significant differences between samples (p<0.05).

At pH 7, NEM modification is specific for cysteine thiol groups, even in the presence of
thiourea (Tyagarajan et al., 2003). Thus, the inhibition of gelation after NEM treatment can be
explained by a high degree of blocking of cysteine —SH which are necessary for disulfide
crosslinking and the formation of a gel network. In the absence of cysteine thiols keratins
assemble into weak gels stabilized mainly by hydrophobic interactions (Ikkai and Nato, 2002;
Han et al., 2015).

To elucidate better the intermolecular forces involved in keratin gelation, gels were
subjected to small amplitude oscillatory shear (SAOS) measurements after soaking in different

destabilizing solutions. Keratin gels were soaked for 24 h in SDS 3%, urea 5 M, or dithiothreitol
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(DTT) 100 mM solutions aiming to disrupt mainly hydrophobic interactions,
hydrogen/hydrophobic and disulfide bonds, respectively (Bennion and Daggett, 2003; Naidu and
Prabhu, 2011). A reduction of storage modulus (Figure 4.7A) after soaking in SDS and urea
indicated that gels are partially stabilized by hydrophobic and hydrogen bond interactions. A
higher reduction of G” in SDS soaked gels compared to urea suggest a greater importance of
hydrophobic interactions over hydrogen bonds on the stability of keratin gel. It is evident that
soaking gels in DTT resulted in the most significant decrease of G’ suggesting that disulfide
bonds play a crucial role in stabilizing the gel. Gels were completely solubilized only when
disulfide and hydrogen bonds and hydrophobic interactions were disrupted by soaking in
DTT/urea solution (Figure 4.7B).

In solubilization of keratin urea increases the dielectric constant of water. This can
facilitate the penetration of urea and other chemicals in the hydrophobic regions of protein,
which result in greater solvation of polar and non-polar groups (Klotz, 1996; Rossky 2008).
Previously buried disulfide bonds are disrupted by sulfite, resulting in complete solubilization of
feather keratin. Removal of reducing and chaotropic agents (such as urea) during dialysis would
facilitate protein-protein interactions (e.g. hydrophobic, hydrogen bonds) and cysteine thiol re-
oxidation and thus aggregation. At a minimal concentration of ~3%, this leads to the formation

of a gel network as represented in Figure 4.7C.
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Figure 4.7. Storage modulus of feather keratin gels formed at pH 7 soaked in different solutions
reported as the average of three replicates measured at an angular frequency of 5 s (A) and their
color photographs (B). Proposed mechanism and schematic representation of gelation of feather

keratin during dialysis (C).

4.3.3. Effects of pH and temperature on gelation
pH affects the net charge of proteins, and thus the ultrastructure and gelation keratin. After
keratin extraction, aliquots were adjusted to different pHs and dialyzed. Rapid gelation occurred

at pH 3 and 9, resulting in an opaque coagulum; a more homogenous in appearance and
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translucent gel was formed at pH 7, but not at pH 5 (Figure 4.8A). pH had a profound effect on
the net charge of keratin molecules in solution (Figure 4.8B). It was observed that between pH 3
and 4, the net surface charge of keratin was close to zero, the isoelectric point of keratin in the
salt solution (urea, thiourea and sodium metabisulfite); therefore rapid aggregation of keratin at
pH 3 led to the formation of an opaque coagulum with a high storage modulus (G’ >> 25,000 Pa,
Figure 4.8C). The formation of opaque coagulum from hair keratins at pH of 4-4.5 has also been
suggested to happen due to isoelectric precipitation; the gels had a maximum modulus of around
1000 Pa at 5% keratin concentration (Wang et al., 2015). Rapid aggregation of keratin was also
observed at pH 9. Although keratins are negatively charged at pH 9, deprotonation of cysteine
thiol groups at a pH close to the pKa of cysteine thiols forms highly reactive thiolate anions (—S)
that could increase thiol-disulfide exchange reaction rates and thiol oxidation, leading to rapid
aggregation (Lo Conte and Carroll, 2013). At pH 7, in absence of isoelectric precipitation or
thiol-disulfide exchange reactions, gelation proceeded slowly therefore keratin solution leads to a
homogenous gel. The rate of keratin gelation can also be controlled by dialysis conditions. Ozaki
et al., (2014) reported fast formation of wool keratin hydrogel during dialysis at 25°C using a
volume ratio of 400 mL of water per 1 mL keratin solution. In our case slow gelation was

induced by dialysis performed at 4°C with a volume ratio of 40 mL per 1 mL of keratin solution.
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Figure 4.8. Color photographs of keratin gels formed during dialysis of keratin solutions at
different pH values (A) and z-potential of keratin solutions at different pH values (B). Frequency

sweeps of keratin gels formed after dialysis of keratin solutions at different pH values (C).

The effect of heating keratin solutions on gelation was studied. Keratin gels showed a
translucent appearance at 50-70°C while opaque at 80 and 90°C (Figure 4.9A). Storage modulus
of gels substantially decreased after pre-heating keratin solutions at 70°C and higher (Figure
4.9B). After gelation, the remaining soluble proteins were analyzed by SDS-PAGE. Keratin
heated at 80°C and 90°C showed more intense bands of proteins with molecular weight (MW) of
50, 25, 10-15 kDa, and 5-10 kDa (Figure 4.9C). The presence of small MW proteins (5-10 kDa)
could be attributed to the scission of peptide bonds at high temperatures (Tonin et al., 2007; Yin
et al., 2013). The partial hydrolysis of keratin at 80-90°C resulted in higher content of soluble
protein in the dialysate; therefore, keratin concentration in gels was reduced (Figure 4.9D).

Overall these changes could explain the weaker viscoelastic properties of gels from heated
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keratin solutions. Heating could also lead to carbamylation of keratin. Urea decomposition at
high temperatures forms cyanate, which would facilitate carbamylation (additional NH-C=0
group) of protein amino terminus, and lysine and arginine side chains (Stark et al., 1960; Hagel
et al., 1971). Carbamylation can affect the net charge, ultrastructure, and therefore gelation of

keratin.
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Figure 4.9. Digital photographs (A) and frequency sweeps of keratin gels formed (B) during
dialysis of keratin solutions after heating for 1 hour at different temperatures; Soluble protein
concentration (C) and SDS-PAGE (D) of keratins recovered after dialysis and heating at

different temperatures.

4.4. Conclusions
The gelation of feather keratin upon dialysis is triggered by intermolecular protein-protein
interactions and reformation of disulfide bonds. The viscoelastic properties of keratin gels can be

controlled by manipulating the re-oxidation and density of disulfide bond cross-links during
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dialysis. Therefore, increasing cysteine thiol blocking is inversely related to the storage modulus
of gels. In addition, blocking of above 82% cysteine thiols inhibit the gelation of feather keratin,
although the protein still forms small aggregates. Keratin gels are mainly stabilized by disulfide
bonds, although complete dissolution is only possible after disrupting hydrogen bonds and
hydrophobic interactions as well. The appearance and viscoelastic properties of gels are also
affected by the pH, and temperature. Homogenous gels can be prepared at pH 6-7 and
temperatures below 70°C. Tunable viscoelastic properties of feather keratin could be further
explored for preparation of engineered scaffolds for regeneration of specific body tissues.
Further studies are needed to understand the suitability of feather keratin hydrogels for

biomedical applications.
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Figure S4.1. H-NMR of N-ethylmaleimide (NEM), keratin, and NEM-modified keratin. The last
figure shows the substracted keratin peaks from keratin-NEM 10 sample, which show the
presence of characteristic NEM groups (& +1.04-1.09, -CH3; 6 +3.41-3.47 -CH2-), absent in

keratin sample.
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CHAPTER 5. Characterization of hydrogels scaffolds from chicken feather keratin

prepared by dialysis self-assembly
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5.1. Introduction

Hydrogels are hydrophilic polymeric networks dispersed in a water phase and stabilized by
chemical or physical interactions. They can absorb from 10-20% up to thousand times their dry
weight in water maintaining a three dimensional structure that facilitates diffusion of solutes
(Hoffman, 2002; Rutz and Shah, 2016). Therefore, they are excellent materials for biomedical
applications including drug delivery, scaffolds for cell culture and tissue regeneration (Drury and
Mooney, 2003). Hydrogels are fabricated from a variety of synthetic and natural polymers.
Among them fibrous proteins have received special attention due to their structural similarity to
the extracellular matrix (ECM) and the presence of integrin binding sites for improved cell
adhesion (Floren et al., 2016).

Keratins are a family of fibrous proteins giving the structure of different animal tissues
including skin, hair, nails, wool, horns, and feathers. Keratin films and hydrogels promote the
adhesion of cells (Tachibana et al., 2002; Reichl, 2009), are biocompatible (Hill et al., 2010) and
can accelerate the healing process of skin wounds (Xu et al.,, 2013; Wang et al., 2017).
Structural, interfacial, and mechanical properties of hydrogels play important role in cell
adhesion, proliferation, morphology and biocompatibility of scaffolds. The preparation of keratin
hydrogels with emphasis on the modulation of their physical and mechanical properties for
biomedical application is scarce.

Keratins are insoluble proteins stabilized by abundant cysteine residues forming covalent
disulfide bonds. Solubilization of keratin is achieved after destabilization of hydrophobic and
hydrogen bond interactions and disruption of disulfide bonds with thiol or sulfite chemicals.
Disrupted disulfide bonds have the tendency to re-form if thiol or sulfite chemicals are diluted or

removed. This has been normally considered a limitation in the processing of keratin
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biomaterials. Water stable keratin solutions are obtained after the irreversible blockage of
cysteine thiols by alkylation or peracetic acid treatment (Pace et al., 2013; Poranki et al., 2014;
Guo et al., 2015), and formation of sodium dodecyl sulfate (SDS) complexes (Schrooyen et al.,
2001; Wang et al., 2017); however, keratin hydrogels prepared afterwards show low mechanical
properties. Hydrogels in which cysteine thiols are fully available for disulfide crosslinking have
not been widely explored to fabricate strong keratin scaffolds. Fast gelation upon dilution of
fully reduced hair keratin has been reported but mechanical properties of hydrogels not
determined (Fujii and Ide, 2004; Nakaji-Hirabayashi et al., 2008). Hair keratin extracted for 12 h
at pH 10.2 using thioglycolic acid as disulfide bond reducing agent resulted in water soluble
keratin containing 10% cysteine. Hydrogels obtained were mechanically resistant and maintain
60% of their original diameter after 6 months of subcutaneous implantation in mice (Hill et al.,
2010). However, an important aspect is that extraction at pH 10-11 for long time (12-15 h) result
in reduced arginine content and partial hydrolysis and fragmentation of keratin (Hill et al., 2010;
Richter et al., 2012; Burnett et al., 2013; Sinkiewicz et al., 2016). Although it has not been
determined, it is probable that the ends of the keratin chain in which cysteine residues are
predominantly located, were more susceptible to hydrolysis. We hypothesize that feather keratin
extracted under milder conditions with the presence of cysteine thiols can result in stronger
hydrogels.

Fully reduced wool keratin resulted in hydrogels with high mechanical strength, although
the gelation concentration and pH of extraction solution was not specified (Ozaki et al., 2014).
The self-assembly of fully reduced feather keratin during dialysis has been reported as a method
to fabricate hydrogels with superior mechanical properties (Chapter 4). However, scaffolds have

not been characterized for their physical and biological properties.
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The objectives of this work were to prepare and characterize feather keratin hydrogels
produced by self-assembly of fully reduced keratin solutions of different concentrations. Feather
keratin hydrogels are characterized by their viscoelastic, physical and structural properties and

their relation with cultured human dermal fibroblasts.

5.2. Materials and Methods

5.2.1. Materials and Chemicals

White chicken feathers were obtained from the Poultry Research Centre of the University of
Alberta (Edmonton, AB, Canada). After exhaustive washing with hot water and domestic soap
(Green Works®), feathers were allowed to dry in a fume hood followed by drying at 50°C
overnight in an oven. Dried feathers were ground in a cutting mill (Fritsch Pulverisette 15,
Fritsch, Germany) with an insert sieve of circular perforations of 1 mm diameter. Ground
feathers were defatted with petroleum ether for 5 h in a soxhlet apparatus. The defatted feathers
were recovered and the residual solvent was allowed to evaporate overnight. Defatted feather
powder was stored at 4°C until further use. Urea, thiourea, sodium metabisulfite, Formaldehyde
solution 36.5-38%, was obtained from Sigma-Aldrich (St Louis, MO, U.S.). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), antibiotic-antimycotic mix, 1 M
HEPES solution, non-essential amino acid solution (NEAA), phosphate saline buffer (PBS),
Alamar blue, and 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI) were obtained from
ThermoFischer (Waltham, MA, U.S.). Cytopainter phalloidin-iFluor 488 reagent was obtained

from Abcam (Abcam Inc. Canada).
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5.2.2. Preparation of feather keratin hydrogels

Keratin was extracted by stirring 13.3 g of defatted feather powder with 200 mL of keratin
extracting solution (KES) consisting of 5 M urea, 2.6 M thiourea and 5% w/v sodium
metabisulfite at pH 7.0, 50°C for 5 h. Extracted keratin was recovered by filtration through a
metallic sieve (53 um). The keratin sol was dialyzed for 5 days at 4°C and the white gel formed
was freeze dried to obtain keratin powder. This powder was solubilized in KES at room
temperature for 4 h to final concentrations of 5, 7.5, 10, and 12.5% w/v. The sol-gel process was

induced by dialysis at 4°C for 5 days with change of the outer distilled water twice per day.

5.2.3. Small amplitude oscillatory shear measurements (SAOS)

Rheological characterization of keratin hydrogels was carried out using frequency sweeps from 1
to 10 Hz at a strain of 1% within the linear viscoelastic region, on a Physica MCR 301 (Anton
Paar, Graz, Austria). All measurements were performed at 25°C, with a probe gap of 1 mm.
5.2.4. Fabrication of hydrogel scaffolds

Keratin hydrogels prepared at concentrations of 5.0, 7.5, 10.0, and 12.5% w/v were cut into 16
mm diameter discs, placed on 24-well culture plates, frozen at -20°C for 24 h and lyophilized for
48 h. The obtained aerogels were cut to a final thickness of 2 mm for their use as cellular

scaffolds.

5.2.5. Scaffold characterization

Cross sections of scaffolds were mounted in SEM stubs with double coated adhesive carbon tabs
and gold sputtered for scanning electron microscopy imaging (Tescan Vega 3 SEM, Tescan,
Czech Republic). Samples were scanned at an accelerating voltage of 5 kV. Water uptake
capacity was determined gravimetrically after soaking scaffolds in PBS pH 7.4 at room

temperature for 24 h. Porosity was calculated as the void fraction after soaking scaffolds of
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known dimensions in absolute ethanol overnight using a reported procedure (Lai et al., 2012).
Void volume was calculated from the weight of ethanol absorbed by the scaffold and results are

presented as void fraction percentage.

5.2.6. Cell culture

Adult human dermal fibroblasts (HDFa) cell (Cell Applications, Inc. CA, U.S.) were used for in
vitro culture on keratin scaffolds. Cells of passage 3 were harvested by trypsinization and re-
suspended in Dulbecco’s Modified Eagle’s Medium (DMEM) media containing 10% fetal
bovine serum (FBS) and antibiotic-antimycotic mix. Keratin hydrogel scaffolds were placed in
24-well culture plates and sterilized by soaking in ethanol solutions. First, gradually from 10 to
70%, at increasing rate of 20%, for 30 min each, and then washed with ethanol solutions
(gradually from 70 to 10%, in reverse order as above) and sterile PBS pH 7.4 three times. Sterile
scaffolds were soaked in 600 ul of media and incubated overnight in humidified environment at
37°C and 5% CO.. Four media-soaked scaffolds were seeded by pouring 50 puL of HDFa
suspension with a micropipette on the center of scaffolds (1.6 x 10° cells/mL); the other two
scaffolds were not seeded and used as control samples. Cells were allowed to adhere to scaffolds
by incubation for 4 hours. Then, scaffolds were washed gently with sterile PBS to remove non-
attached cells and transferred with forceps to sterile 24-well culture plates containing 600 pL
complete media per well. The scaffolds were flipped to maintain the seeded face of scaffolds
submerged and the non-seeded face up. Sterile glass cover slips were seeded and placed in 6-
wells plates used as control. Media was replaced every other day. Cell growth was quantified
after 1, 7, 14 and 21 days of incubation. The scaffolds were transferred to new 24-well culture

plates with media containing 10% Alamar blue® probe. After further incubation for 4 h the
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fluorescence of reduced Alamar blue was measured at 560/590 ex/em and cell metabolic activity

was quantified according to the manufacturer specifications.

5.2.7. Cell imaging

After 21 days of cell culture scaffolds were fixed with 4% formaldehyde in PBS solutions for 24
h at room temperature. Scaffolds were dehydrated gradually in ethanol/water solutions and
embedded in paraffin. Cross sections (~10 um) were mounted on glass slides, stained with
Hematoxylin and Eosin (H&E), and images taken in a brightfield microscope (Zeiss Primo Vert,
Zeiss, Germany). A separate set of cross sections was permeabilized with a 0.2% Triton-X100
PBS solution and stained with DAPI and phalloidin to visualize nuclei and actin filaments,
respectively. Images were taken in a florescence microscope (Zeiss Axio, Zeiss, Germany)

5.2.8. Statistics

Experiments were run in triplicate unless otherwise specified. Differences between
measurements were determined by ANOVA of the data using a confidence level of 95%,

followed by Tukey’s multiple comparison test.

5.3. Results and Discussion

5.3.1. Rheology of keratin hydrogels

Gelation of feather keratin during dialysis is triggered mainly by the re-oxidation of disulfide
bonds, hydrogen bonds and hydrophobic interactions upon the removal of sodium sulfite and
urea (Chapter 4). The mechanical and viscoelastic properties of hydrogels can affect phenotype,
adhesion, proliferation and survival of cells (Engler et al., 2006; Yan and Pochan, 2010).
Viscoelastic properties of hydrogels can be modified by changing the polymer concentration

(Holt el al., 2008; Levental et al., 2007). Keratin hydrogels were fabricated through dialysis of
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keratin solutions of different concentrations (5, 7.5, 10 and 12.5 wt. %). The viscoelastic
properties of the resultant keratin hydrogels were measured and are presented in Figures 5.1A
and 5.1B. Amplitude sweeps were conducted in order to determine the linear viscoelastic range
of hydrogels (Figure 5.1A). The limit of the linear viscoelastic region for all keratin hydrogels
was determined to be 2-4% of strain; therefore, 1% strain was used for frequency sweeps.
Keratin hydrogels exhibited an elastic solid-like behavior as the storage modulus (G’) was
greater than the loss modulus (G’’) over the frequency range for all the concentrations (Figure
5.1B). Storage modulus of hydrogels increased with the keratin concentrations. This can be

explained by a higher density of protein-protein interactions at higher concentrations.
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Figure 5.1. Storage modulus over frequency sweeps of feather keratin hydrogels prepared at

different concentrations.

Rheological properties of keratin hydrogels prepared under different extraction and
gelation methods is reported in the literature. Wang et al., (2015) reported that hair keratin
coagulates at 5% w/v prepared by sodium disulfide extraction and isoelectric precipitation had
storage modulus close to 10° Pa. Hair keratin extracted with thioglycolic acid at pH 11 and

lyophilized was reconstituted to 6% and 20% w/v in water and allowed to gel at 37°C. The
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resultant hydrogels had storage modulus between 2x10%-2.5x10? Pa (Burnett et al., 2013) and
10°-10* Pa, respectively (Richter et al., 2012). Tomblyn et al., (2016) also extracted hair keratin
with thioglycolic acid; gels prepared at 8 and 20% w/v, had G’ of 10%-10%, and slightly above 10*
Pa, respectively. Wool keratin extracted with guanidine hydrochloride and 2-mercaptoethanol
resulted in hydrogels with G’ of 10°-10*, although exact gelation concentration (<10% w/v) and
pH during extraction were not specified (Ozaki et al., 2014). Feather keratin hydrogels at 20%
w/v prepared from SDS-extracted keratin had a maximum storage modulus below 5x10° Pa
(Wang et al., 2017). The storage modulus of our feather keratin hydrogel at 5% wt. was in the
range of 2x10° to 7x10° Pa. According to Vanderhooft et al., (2008) this is within the range of
shear modulus of liver, fat, relaxed muscle and breast gland tissues (103-10* Pa). Keratin
hydrogels prepared at concentrations of 10 and 12.5% had modulus within the range of dermis,
connective tissue and contracted muscle (10°-10° Pa). Higher storage modulus of our keratin
hydrogels, at comparable concentration, can be explained by the greater formation of disulfide
bonds. In hydrogels from SDS-extracted feather keratin reported by Wang et al., (2017), SDS-
keratin complexes are hard to dissociate and physically block the reformation of disulfide bonds
(Schrooyen et al., 2001).

5.3.2. Characterization of hydrogel scaffolds

The swelling properties of scaffolds are related to their capacity to supply nutrients inside the
matrix. It is also a good indicator of the surface area available for cells to adhere (Silva et al.,
2014). Water uptake of scaffolds was inversely proportional to keratin concentrations. Stiffer
keratin hydrogels formed at 12.5% showed the lowest water uptake capacity; while keratin
hydrogels at 5% absorbed more than 15 (1585 + 65%) times their own weight in water (Figure

5.2A). Porosity of scaffolds was also affected by keratin concentrations. The highest porosity
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(92%) was observed for scaffolds prepared at 5% feather keratin (Figure 5.2B); increasing of
keratin concentration resulted in a gradual decrease of porosity. The void fraction of 7.5, 10 and
12.5% keratin hydrogels was 69, 59, and 64%, respectively. Porosity of hydrogel scaffolds is
mainly affected by the capacity of the polymer to entrap water during the gel formation.
Hydrogels from SDS-extracted keratin of 10-20% w/v had porosities of 77-82% (Wang et al.,
2017). SDS forms stable complexes with keratin that promote repulsion and formation of
keratin-micelles (Schrooyen et al., 2001). This result in limited keratin crosslinking and high
water entrapment leading to increased porosity. High density of protein-protein interactions at

high protein concentration affects negatively water entrapment, and subsequently porosity

(Haugh et al., 2010).
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Figure 5.2. Water uptake capacity (A) and porosity (B) of feather keratin hydrogels prepared at

different concentrations.

Scanning electron microscopy (SEM) images of cross sections of scaffolds showed some
differences on their microstructure (Figure 5.3). Scaffold prepared at 5, 7.5 and 10% w/v showed
a structure composed of thin flakes-like keratin forming a highly porous structure (Figure 5.3A,

5.3B and 5.3C). Scaffolds at 12.5% w/v keratin resulted in a very compact structure of keratin
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with irregular shaped pores (Figure 5.3D). Pore size did not follow any trend with respect to
keratin concentration. Overall the pore size of keratin scaffolds was in the range of 61-314 um

(Table 5.1).

Figure 5.3. Scanning electron micrograph of feather keratin hydrogel scaffolds prepared at

different concentrations.
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Table 5.1. Pore size characterization of feather keratin scaffolds prepared at different

concentrations.
5% 7.5% 10% 12.5%
Average 136.2 188.8 172.9 130.5
st. dev. 23.1 50.3 44.7 46.7
Range 96.7-173.5 92.9-313.8 75.2-250.7 61.2-214.2

5.3.3. Cell proliferation in keratin scaffolds

Feather keratin scaffolds were evaluated for their potential as cellular scaffolds for skin
regeneration. Adult human dermal fibroblasts (HDFa) were seeded on feather keratin scaffolds
and cultured for up to 21 days (Figure 5.4). Overall keratin scaffolds were not cytotoxic and
supported the growth of HDFa. A higher cell proliferation rate was determined on keratin
scaffolds than on 2D culture on glass used as control. This can be explained by the increased
available surface in the 3D environment provided by keratin scaffolds. Proliferation rate of
HDFa on keratin scaffolds showed to be higher on scaffolds prepared at lower concentrations at
7 days of incubation. However after that cell proliferation did not differ much. At the end of the
culture period (21 days), higher proliferation on 5, 7.5 and 12.5% scaffolds was determined.

Proliferation on 10% scaffolds was slightly lower (p<0.05) compared with 5 and 12.5%.
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Figure 5.4. Proliferation of HDF on feather keratin hydrogel scaffolds prepared at different

concentrations and glass cover slides used as control.

Cell proliferation and eventually tissue regeneration are closely related to the ability of
cells to adhere to the surface of biomaterials. Cells adhesion to the ECM is mediated by
transmembrane integrins and proteins containing integrin binding sites. Cell adhesion to glass or
scaffolds surface is mediated by proteins containing integrin binding sites present in the serum-
containing media (fibronectin, vitronectin and laminin), synthetized by the cells during the first
hours of culture or naturally present on the scaffold surface. These proteins are rapidly adsorbed
at the surface of scaffolds (Hayman and Ruoslahti, 1979). Integrin binding sites have not been
reported in feather keratin, therefore it is likely that serum proteins such as fibronectin and
vitronectin adsorbed onto feather keratin scaffold surfaces and mediated cell adhesion and
subsequent proliferation (Steele et al., 1992; Rosso et al., 2013). The selective affinity of protein
to adsorb at the surface of scaffold can also modulate body reactions to foreign implants
(Boehler et al., 2011). Feather keratins are composed of around 50/50 ratio of

hydrophobic/hydrophilic amino acid residues (Chapter 4), which is generally associated with a
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higher adsorption of serum proteins, decreased monocyte/macrophage adhesion and reduced
foreign body reactions (Xu and Siedlecki, 2007; Arima and Iwata, 2007; Boehler et al., 2011).
Feather keratin scaffolds were stable under physiological conditions and maintained their
structure after 21 days of cell culture (Figure 5.5). A high density of disulfide bond during
hydrogel formation prevented solvation of keratins scaffolds (Chapter 4). This property could be
helpful to accelerate healing of non-healing wounds (Hill et al., 2010)

Differences in cell behavior were observed for gels of different keratin concentration.
Figure 5.5 shows histological staining (H&E) of keratin scaffolds after 21 days of culture. Cells
were able to penetrate through the pores of scaffolds. However, a greater distribution of cells
along the cross section was observed in scaffolds with higher porosity 5 and 7.5% (Figures 5.5A
and 5.5B). It is possible that less porous and compact 10 and 12.5% scaffolds impaired cell
infiltration and limited the growth to the seeded face of scaffolds. After 21 days, cells were
randomly distributed in the hydrogel scaffolds and lacked of abundant cell-cell interaction; a
similar distribution that is found in the normal connective tissue (Slack et al., 2005). Cells
adhered to keratin and developed different morphologies including elongated cells adhered along

or adhered to multiple points of keratin fibers (Figure 5.6).
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Figure 5.5. Cross-section of H&E stained feather keratin scaffolds of different concentrations

after 21 days of culture with HDFa (keratin is stained red and cells dark purple).
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12.5%

Figure 5.6. Fluorescence micrographs of feather keratin scaffolds prepared at different
concentrations cultured with HDFa for 21 days, showing cell structure (nuclei in blue and actin

in green) and keratin fibres (auto-fluorescence green).

5.4. Conclusions

Feather keratin was used to prepare hydrogel scaffolds. The viscoelastic properties of hydrogels
were affected by keratin concentrations. Storage modulus of hydrogels was increasing at
increasing concentrations of keratin; however, high storage modulus resulted in hydrogels with

lower swelling capacity and porosity. Scaffolds were able to support the culture of HDFa over a
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period of 21 days. Proliferation of HDFa was the highest on scaffolds prepared at 5, 7.5, and
12.5% although significant differences were not determined between 7.5 and 10% scaffolds
(p>0.05). Penetration of cells into scaffolds was observed to be affected by keratin
concentrations; higher concentration resulted in a more dense arrangement of keratin with
separate pores structure which could have limited the infiltration of cells to growth on the surface

of scaffolds.
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CHAPTER 6. Hydrogels from feather keratin show stronger and higher cell proliferation

than those from hair and wool Keratins
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6.1. Introduction

Hydrogels are polymeric materials characterized as an organized crosslinked network that absorb
and retain substantial amounts of water. Hydrogels have been explored in several promising
application areas such as wound healing, wound dressings and skin substitutes. Hydrogels can
maintain a moist wound environment that accelerate healing, reduces pain and infections,
contributing to reduced overall health care costs (Winter 1962; Hinnman and Malibach, 1963;
Nemeth et al., 1991; Ovington, 2001; Jones and San Miguel, 2006; Abdelrahman and Newton,
2011).

Among other macromolecules investigated for hydrogels fabrication, keratin shows
interesting potential due to their abundant availability, promotion of cell adhesion, in vivo
biocompatibility and accelerated wound healing properties (Verma et al., 2008; Hill et al., 2009;
de Guzman et al., 2011). Keratins are a family of intermediate filament proteins found in the
structures of different tissues in mammals (hair, nails, skin, fur, sheep wool, horns, and hooves),
and birds (e.g. bird feathers and beaks). A common characteristic of keratins, regardless of the
animal class, is the high abundance of cysteine residues forming disulfide bonds. However,
mammalian and avian keratins show distinct variations among amino acid composition,
molecular weight, and protein secondary structures (Bragulla and Homberger, 2009).
Mammalian keratins are heterogeneous proteins that consist predominantly of o-helical
conformation and have a molecular weight of 10 - 75 kDa; whereas, feather keratins (avian
keratins) consist mostly of homogenous B-sheet conformation with a molecular weight of 10 kDa
(Fraser, 1972). Mammalian keratins possess integrin binding sites on their amino acid sequence
that promote cell adhesion; however, such integrin binding sites have not been identified in

feather keratins yet (Tachibana et al., 2002; Vasconcelos and Cavaco-Paulo, 2013). These
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variations play an important role in the fabrication and physical and biological properties of
hydrogels scaffolds.

Several previous studies have reported keratin hydrogels that are prepared using keratins
of different sources, different extraction conditions and gelation methods. Hydrogels from hair
and wool keratin have been prepared by aggregation in the presence of divalent cations
(Hirabayashi et al., 2008), crosslinking of keratin solutions by air oxidation (Aboushwareb et al.,
2008; Hill et al., 2010), freeze-drying (Tachibana et al., 2002; Xu et al., 2013), or induced with
hydrogen peroxide (Wang et al., 2017). Partial blocking of cysteine thiol groups followed by
freeze-drying was also used in preparing keratin hydrogels (Sierpinski et al., 2008; Saul et al.,
2011; Han et al., 2015). It has also been reported that fully reduced feather keratin can self-
assemble into strong hydrogels via disulfide bonds and hydrophobic/hydrogen bond interactions
(Ozaki et a., 2014; Chapters 4 and 5). Different keratin extraction conditions such as
manipulation of pH, temperature, concentration of urea, presence/absence of SDS, and addition
of different thiol reducing agents (thioglycolic acid, mercaptoethanol, sulfites) have been
employed (Nakamura et al., 2002; Tonin et al., 2007) Therefore, evaluation and comparison of
the effect of different keratin sources on hydrogel properties is a difficult task. Current literature
lacks comprehensive studies on the fabrication and characterization of keratin hydrogels of
different sources prepared under the same conditions. We hypothesize that keratin from different
sources have different hydrogel properties.

In this work, keratins from human hair, sheep wool and chicken feathers were used to
prepare hydrogel scaffolds by self-assembly of keratin solutions through dialysis. Keratins were
extracted by sulfitolysis and characterized for their chemical and conformational properties

(amino acid composition, molecular weight, secondary structure, and thermal properties). The
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objectives of this study were to characterize and compare the rheological (storage modulus),
physical (porosity, pore size, swelling capacity, and water contact angle) and in vitro cell
compatibility of hydrogel scaffolds prepared from mammalian and avian keratins. The results of
this study could help to understand the gelation mechanisms of different keratins and the
modulation of viscoelastic and microstructural properties for their application in tissue

engineering.

6.2. Materials and Methods

6.2.1. Keratin extraction

Male hair of random age (from a local barber shop, Edmonton, AB, Canada), Merino wool
(Paradise Fibers, U.S.) and white chicken feathers (Poultry Research Centre, University of
Alberta) were cut with scissors and sieved through a stainless steel sieve of 1 mm aperture. Hair,
wool and feather particles were defatted for 5 h with petroleum ether in a soxhlet apparatus.
Keratins were extracted with a solution containing 5 M urea, 2.6 M thiourea, and 5% w/v sodium
metabisulfite (keratin extraction solution, KES) adjusted at pH 7.00 with 6 M NaOH. Briefly,
13.3 g of each defatted raw material was mixed with 200 mL of KES in 500 mL jacketed beakers
and kept at 50°C with help of a water recirculating bath. The extraction was carried out for 5 h
with stirring at 350 rpm on a stirring plate. Extracted solution was filtered through a 53 um
metallic mesh and dialyzed against distilled water using cellulose dialysis tubes (Fischer Brand,
U.S.) with molecular weight cut-off 3,500 Da for 5 days at 4°C with two changes of the outer

water per day.
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6.2.2. Preparation of keratin hydrogels and scaffolds

The gel formed during dialysis was washed with running distilled water, frozen at -20°C and
lyophilized to yield keratin powders. Keratin gels were prepared by re-solubilizing keratin
powders at 7.5% w/v in KES at pH 7 for 4 h. at room temperature. The gel-sol process was
induced by dialysis for 5 days. Gels were cut into 16 mm diameter discs, placed in 24-well
culture plates, frozen and lyophilized. Aerogels formed were cut into specimens of 2 mm
thickness and used as cellular scaffolds.

6.2.3. Amino acid composition

Hair, wool and chicken feathers were digested with 6 N HCI for quantification of amino acids,
with exception of cysteine. For cysteine, separate samples were previously hydrolyzed with
performic acid. Cysteine was determined as cysteic acid and results expressed as half-cystine
content according to the method reported by Moore (1963). Hydrolyzed samples were
derivatized with PITC (phenylisothiocyanate) and analyzed in a HPLC system equipped with a
Supelcosil LC-18 reverse phase column and a UV detector (254 nm). Individual amino acid
concentrations were determined from the retention times and peak areas of a standard amino acid
mixture (Sigma-Aldrich, U.S.). Total nitrogen in keratinous samples was determined using a
Leco Truspec C/N analyzer (Leco Corp. M1, U.S.).

6.2.4. Keratin thermal and conformational properties

Thermal properties of raw materials and extracted keratins were studied by differential scanning
calorimetry (DSC) in a DSC Q2000 instrument (TA Instruments, DE, U.S.). DSC analysis was
carried out using dry samples of ~5 mg heated from 25 to 300°C, at a heating rate of 10°C/min.
Molecular weight of extracted keratins was determined by SDS-PAGE. Keratins were

solubilized in glycine-SDS buffer in the presence of B-mercaptoethanol (Laemmli et al., 1970).
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Infrared spectra of keratins were obtained using a FT-IR Nicolet iS50 spectrometer (Thermo
Scientific Inc., WI, USA) using a single bounce diamond ATR accessory. Samples were
analyzed at 64 scans with a resolution of 4 cm™ from 400-4000 cm™. Secondary structure of
keratins was evaluated by Fourier self-deconvolution (FSD) treatment of the amide I region
(1600-1700 cm™) FTIR spectra using Omnic 8.1 software, after automatic ATR correction and
considering a FSD bandwidth of 26 cm™ and an enhancement factor of 2.5. The position of
secondary structure-related peaks in this region was compared with the reported literature
(Goormaghtigh et al., 1990; Barth, 2007).

6.2.5. Rheology of keratin gels

Viscoelastic properties of keratin hydrogels were analyzed in a Physica MCR 301 rheometer
(Anton Paar, Austria). Gels were evaluated by frequency sweeps from 1 to 10 Hz, under a 0.5%
strain which was in the linear viscoelastic range as measured by previous amplitude sweeps. All
measurements were performed at 25°C, with a probe gap of 1 mm.

6.2.6. Physical properties of scaffolds

Cross sections of scaffolds were gold sputter coated for scanning electron microscopy (SEM)
analysis. Samples were scanned at an accelerating voltage of 5 kV (Tescan Vega 3 SEM, Tescan,
Czech Republic). Pore size was determined by measuring the longest distance of pores from
representative SEM images using Image] 1.48 software. Swelling capacity was determined
gravimetrically after soaking dry scaffolds of known weight for 24 h at room temperature. Wet
scaffolds were gently wiped out with cheese cloth to remove excess of water and the final weight
was recorded. Results are presented as weight percentage of water absorbed relative to the dry
weight of scaffolds. Porosity was calculated according to Lai et al., (2012), as the void fraction

after soaking scaffolds of known dimensions in absolute ethanol overnight. Void volume was
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calculated from the weight of ethanol absorbed by the scaffold, and results presented as void
fraction percentage.

6.2.7. Preparation of chicken gelatin scaffolds (used as control)

Collagen was extracted from whole spent hen carcass using a pH-shifting process. Whole spent
hen carcass was ground using meat grinder (Hollymatic Co., IL, USA), mixed with deionized
water in a 1:4 (w/w) ratio and homogenized for 2.5 minutes using Waring heavy duty blender
(CB15, Waring Co., CT, USA). For resulting meat slurry, pH was adjusted to 11.0 using 3M
NaOH solution and stirred for 30 min at 500 rpm. After centrifugation (10000g, 4°C and 20
minutes), the supernatant was discarded (myofibrillar proteins) and the bottom solid precipitate
was collected for collagen extraction. The precipitate was first mixed with 0.5M acetic acid in a
1:15 (w/v) ratio, and stirred for 24 hours at 4°C. The recovered precipitate after centrifugation
(10000g, 4°C, and 20 minutes) was dispersed in deionized water in a 1:20 (w/v) ratio and heated
to 90°C for 1 hour with continuous stirring. After stirring, the slurry was homogenized at high
speed (15000 rpm, 2 minutes) and centrifuged (10000g, 4°C and 20 min) to collect the
supernatant containing collagen. The pH of the supernatant was adjusted to 7.0 using 1M NaOH
and dialyzed (5 KDa MW cut off cellulose dialysis tubes) for two days at 4°C. All precipitates
were freeze dried and stored at -20°C until further use. The freeze-dried gelatin obtained from
the pH-shifting method was ground into a fine powder and used to fabricate sponge scaffolds.
Briefly, gelatin was re-suspended and stirred for 3 hours at room temperature in deionized water
at a concentration of 7.5% w/v. 1 mL aliquots were poured into 24-wells of tissue culture plate
and kept at 4°C for 24 h for gel settlement. Gelatin gels were frozen at -20°C for 24 h and
lyophilized for 2 days. Insoluble gelatin scaffolds were achieved after glutaraldehyde

crosslinking. Lyophilized gels were treated with 1 mL of a mixture of glutaraldehyde in acetone
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(1:19) for 2 h, and washed extensively with ethanol aqueous solutions (80-50%) and deionized
water in order to remove glutaraldehyde. Hydrated crosslinked gelatin gels were finally freeze-
dried again to obtain gelatin scaffolds. Scaffolds were cut to a final thickness of 2 mm.

6.2.8. Cell culture

Adult human dermal fibroblasts (HDFa, Cell Applications Inc. San Diego, CA, U.S.) of passage
10 were harvested by trypsinization and resuspended in DMEM media containing 10% FBS and
antibiotic/antimycotic mix. Chicken feather, hair and wool keratin hydrogel scaffolds were
placed in 24-well culture plates and sterilized by soaking in ethanol aqueous solution 70% for 30
min (gradually from 10%, 30%, 50% and 70%). After washing with aqueous ethanol solutions
(70 to 10%) and sterile PBS pH 7.4 three times, the scaffolds were soaked in complete media and
incubated overnight in humidified environment at 37°C and 5% CO». Four media-impregnated
scaffolds were seeded with 50 uL of HDF cells suspension (7.5 x 10* cells/mL) and incubated for
2 h to allow attachment of cells. Scaffolds were gently rinsed with PBS to remove non-attached
cells and transferred to a new 24-well tissue culture plate. Scaffolds were incubated at 37°C, 5%
CO; humidified environment for up to 12 days. Media was replaced every other day with 500 pL
of fresh complete DMEM. Gelatin scaffolds (from spent hen meat) were used as control material.
Two non-seeded scaffolds of each sample were used as control. Cell growth was quantified by
Alamar blue® probe according to the manufacturer instructions (Thermo Scientific, U.S.). Cell
number was estimated based on a calibration curve constructed from known cell concentrations
(measured by counting cells on a hemacytometer using Tryphan blue) versus fluorescence of

cells incubated for four hours with media containing 10% Alamar blue.
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6.2.9. Cell imaging

After 12 days, scaffolds were fixed with 4% formaldehyde solutions for 24 h at room
temperature, and washed with sterile PBS three times. Scaffolds sections (7 um thick) were
stained with hematoxylin & eosin. Representative images were taken in a brigthfield microscope
(Primo Vert, Zeiss, Germany).

6.2.10. Statistics

Experiments were performed in triplicate unless otherwise specified. Data was treated by
analysis of variance with a confidence level of 95%. Significant differences between samples
were determined by Tukey multiple comparison test with a confidence level of 95%. Statistical

analyses were carried out using Minitab v17 software (Minitab Inc., PA, U.S.).

6.3. Results

6.3.1. Characterization of keratins

Keratins extracted from feathers, hair and wool were analyzed by SDS-PAGE in presence of -
mercaptoethanol (Figure 6.1). Hair and wool keratins are heterogeneous proteins with molecular
weights ranging from around 10 to 75 kDa. Keratin-associated proteins in hair and wool samples
(KAPs; < 20 kDa) were detected in SDS-PAGE (Figure 6.1). Feather keratins are smaller
proteins of around 10 kDa (Figure 6.1). While hair and wool keratins are composed of around
400-500 amino acid residues, feather keratins are smaller proteins composed of around 100
amino acids residues (Supplementary Information, Figures S6.1-S6.3). Keratinous samples were
analyzed by their amino acid composition (Table 6.1). The highest proportion of non-polar/polar
amino acids was determined in chicken feathers (51/49%) followed by wool (43/57%) and hair

(34/66%). Glycine, serine, leucine, cysteine, and glutamic acid were the most abundant amino
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acids found in the three samples. Hair had the highest concentration of cysteine, followed by

wool and feather. Cysteine residues are mostly located at the C- and N- terminus of keratins

(Supplementary Information, Figures S6.1-S6.3).
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Figure 6.1. SDS-PAGE of keratin extracted from chicken feathers (FK), hair (HK), wool (WK),

chicken feather (MWM, molecular weight marker; KAPs, keratin-associated proteins).
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Table 6.1. Amino acid composition of chicken feathers, hair and wool (umol/g)

Feather Hair Wool
Arginine 626 +34 | 672+34 | 718+45
Lysine 36634 | 494+35 | 518+43
Aspartic acid 543 +£50 | 407+20 | 451 +21
Glutamic acid 959+ 68 | 1125+58 1058 £ 54
Histidine 73+5 10610 = 57450
Serine 1540 £66 1108 £ 60 | 1034 + 67
Threonine 428 £39 | 558 +£28 502 +23
Half-cystine 1140 £ 105 | 2024 +£98 1197 £ 55
Tyrosine 177+9 147+16 | 282+15
Glycine 2186+ 129 | 905+27 | 1278 £95
Alanine 665+47 | 448+24 | 513+29
Valine 761 £59 | 455+23  445+20
Leucine 1185+75 | 861 +44 | 990+ 58
Isoleucine 436 £33 | 228+12 | 257+ 13
Proline 343 £7 326+7 | 554 +£150
Phenylalanine 374 +£ 29 153+8 | 232+13
Methionine 43 £3 54+ 51 39+40
Nitrogen % 162+£0.1 16.0+0.6 163+0.4
Polar/charged amino acids 49% 66% 57%
Non-polar amino acids 51% 34% 43%
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Differences in keratin thermal properties were studied by DSC. Broad endothermic
transitions observed from 50-100°C can be attributed to the evaporation of adsorbed moisture
(Figure 6.2A and 6.2B). Endothermic peaks from 227-236°C were observed for all keratin raw
materials (Figure 6.2A). It was observed that after the extraction, dialysis and lyophilization, the
denaturation peak of keratins shifted to lower temperatures (Figure 6.2B and Table 6.2). This
could be explained by altered molecular organization causing earlier mobility onset in all

keratins.
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Figure 6.2. DSC thermograms of different keratin raw materials (A) and extracted and

lyophilized keratins (B).
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Table 6.2. Summary of melting temperatures of keratin from different sources and treatments.

Melting peak temperature (°C)
Full fat Defatted Keratin
Feathers 237.4 236.0 223.8
Hair 232.1 232.6 223.9
Wool 237.7 234.0 2224

Keratin raw materials and extracted keratins were analyzed by FTIR (Figure 3). FTIR
spectra showed characteristic protein absorption bands, amide I (C=O stretching vibrations;
vC=0), amide II (C-N stretching and N-H bending; vC-N and dN-H, respectively) and amide III
(C-N stretching and N-H bending; vC-N and dN-H, respectively) (Figure 6.3A). After extraction
the appearance of a small absorption bands at around 1024 cm™ was observed (Figure 6.3C).
This can be attributed to the presence of keratin-SSO3~ functional groups resultant from the
sulfitolysis of keratins in presence of sodium sulfite (Nomura et al., 2002).

Fourier self-deconvolution (FSD) was used to resolve peaks in the amide I region that can
be assigned to different secondary structures. Feather, showed a more prominent peak centered at
around 1633 cm!, which is characteristic of B-sheet structures, whereas, hair and wool showed
more pronounced peaks at 1650 and 1644 cm™', which can be ascribed to a-helix and unordered
structures, respectively (Figure 6.3B). These results were in accordance with XRD diffraction
patterns of keratinous samples (Figure 6.4). Extracted and raw keratins presented different
absorption bands in the FSD of amide I region (Figure 6.3D). Specific assignation of these bands
can be adventurous since their ranges overlap. However, it can be said that bands in between

1615-1638 cm’' corresponds to B-sheet, while 1639-1654 cm™ and 1642-1660 cm™ can be
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attributed to unordered and o-helix structures, respectively. Bands in 1660-1694 cm™ can

correspond to turns, and 3-sheet structures (Barth, 2007).
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Figure 6.3. FTIR spectra and Fourier self-deconvoluted amide I region of keratin raw materials

(A and B) and extracted keratins (C and D). Peaks in the Fourier self-deconvoluted spectra were

assigned to secondary structures of protein; numbers above peaks indicate the corresponding

wavenumbers.
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Figure 6.4. X-ray diffraction pattern of keratins. X-ray diffraction patterns of keratins powders
were analyzed in a Rigaku Ultima IV powder diffractometer (Rigaku Co. Japan) using Co-Ka

radiation (0.179 nm) from 5 to 50 26 degrees.

6.3.2. Rheology of keratin gels

Extracted keratins formed gels of different appearance during dialysis (Figure 6.5A). Feather
keratins at 7.5% w/v formed firm gels that were easy to handle and cut into discs, while gels
from hair and wool keratin were weaker and more difficult to handle. Small amplitude
oscillatory shear (SAOS) measurements were used to determine the viscoelastic properties of
keratin gels over frequency sweeps (Figure 6.5B). Feather keratin showed substantially higher
storage modulus (G’, 7600-11000 kPa) than hair (G’, 655-636 kPa) and wool (G’, 62-163 Pa)

keratin hydrogels (Figure 6.5B).
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Figure 6.5. Color photograph (A) and storage modulus (B) frequency sweeps of keratin

hydrogels (7.5% w/v, pH 7).

6.3.3. Physical and biological properties of keratin scaffolds

Keratin hydrogels were freeze-dried to form porous materials that could be used as dermal
scaffolds and ultimately for tissue regeneration of skin injuries (Figure 6.6A and 6.6B). Gelatin
scaffolds were prepared and used for comparison purposes. Scaffolds showed similar porosities
between 86.9-90.0%, although porosity of wool keratin scaffold (69.5%) was significantly lower
(p<0.05, Table 2). Feather keratin scaffolds showed the largest mean pore size (209.5 um);
however, all scaffolds showed a broad pore size range (Table 6.3). Swelling capacity of scaffolds
was significantly different among the keratinous sources used to fabricate scaffolds. Higher
swelling capacity was determined for hair and wool (> 3000%) compared with feather scaffolds

(~1500%). Surface hydrophilicity was evaluated by contact angle measurements. Feather and
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hair keratin scaffolds showed similar contact angle values, while wool scaffolds showed a
significant lower value (Table 6.3), indicating a more hydrophilic surface. Measurement of
gelatin scaffold could not be performed due to the rapid absorption of the water drop on the

surface.

Figure 6.6. Color photographs (A) and SEM top sections micrographs (B) of keratin and gelatin

scaffolds used. (scale bar is 500 pm).
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Table 6.3. Physical properties of scaffolds prepared from different keratins at 7.5% w/v.

Porosity Pore size (Range; mean) Water uptake  Contact angle

Feather | 89.4+5.7%" | 149.6-277.3 pm; 209.5 +38.5 um | 1575.7+118.5%" = 88.3 +£2.2°
Hair 86.9+53%" 85.5-211.6 um; 141.0 £28.5 um | 3286.7 +367.6%"  87.3 +2.9%
Wool | 69.5+73%" 117.3-277.0 um; 182.9 + 44.8 um | 3368.5+390.0%" | 81.0+2.6°

Gelatin | 90.0 +3.1%"  103.7-244.4 um; 155.9 £38.9 um | 1149.2 + 154.2%" ND

Different letters superscript within the same column indicate significant differences between samples (p<0.05).

Cell proliferation of fibroblasts was significantly higher (p<0.05) on feather keratin scaffolds
than hair and wool keratin scaffolds after 11 days of culture (Figure 6.7A). Feather keratin
scaffolds showed similar cell proliferation to spent hen gelatin scaffolds after 15 days.
Histological top sections of feather keratin scaffolds without and with cells cultured for 15 days,
are shown in figure 6.7B and 6.7C, respectively. Keratin fibers were stained purple with H&E
dye. After soaking in media kertatin fibers maintained their structure (Figure 6.7B). Partial break
down of keratin fibers can be observed after culturing fibroblasts on feather scaffolds (Figure
6.7C); however, keratin fibers can also be damaged during sample preparation steps such as,

sectioning, mounting, and staining.
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Figure 6.7. Proliferation of human dermal fibroblasts (HDF) on keratin and gelatin scaffolds (A).
H&E staining of feather keratin scaffold sections after incubation for 15 days without cells (B,

control) and human dermal fibroblasts (C); scale bar is 100 um, 10x.

6.4. Discussion
It is well known that keratins from mammals differ from those of bird and reptiles, both
structurally and chemically (Vincent, 2012). Our SDS-PAGE results were in agreement with the
literature. Keratins from hair and wool are heterodimer intermediate filaments (IF) composed of
keratin types I (acidic, 40-50k kDa) and II (neutral/basic, 55-65 kDa). KAPs form extensive
crosslinking with IF through disulfide bonds, affecting strength and rigidity (Wu et al., 2008;
Fujii et al., 2013). Different from hair and wool, feather keratin is composed of around 90% of
homogenous 10.4 kDa proteins (Fraser et al., 1972). The amino acid composition of keratinous
samples was in accordance with the reported literature (Harrap and Woods, 1964; Robbins and
Kelly, 1970; Leon et al., 1972; Gousterova et al., 2005).

Semi-crystalline ultrastructure of keratins was confirmed by DSC (Figure 6.2). The

denaturation of crystalline portions of raw keratinous samples (227-236°C) shifted to lower
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temperatures after extraction (~223°C). After dialysis and lyophilization keratins re-arrange into
a semi-crystalline structure, however, a certain degree of order in the crystalline ultrastructure is
lost.

Differences in the secondary structure of mammalian and avian keratins were determined
by FTIR analysis (Figure 6.3). Our results were in agreement with early studies that hair and
wool keratins are mostly formed by a-helices (Astbury and Woods, 1934). These helical
domains are present in the central part of keratin filaments and assemble into heterodimeric
coiled coil structures by combination of basics and acidic subunits (Yu et al., 1993). In the case
of feather keratins, they are mostly composed of -sheet structures (Fraser and Parry, 2008).
Although, small portions of a-helix keratin can be found in feather barbs/barbules and down
feathers, especially in the early development of feathers (Alibardi and Toni, 2008; Ng et al.,
2012). During extraction of keratins, urea, thiourea and sodium sulfite act disrupting the
secondary structure of keratins. This was confirmed by the appearance of multiple peaks in the
FSD FTIR analysis of extracted keratins (Figure 6.3D). Consequently with DSC analysis, FTIR
results suggest that a degree of disorder was introduced in the structure of keratin after
extraction.

Keratins were dissolved at 7.5% w/v and formed gels during dialysis. Rheological
properties of gels were studied by SAOS measurements. A higher storage modulus (G’) is
related to the ability of the material to store energy to return to its original shape after being
subjected to strain. It can be used as a measure of the strength or solid-like behavior of
hydrogels. The higher strength of feather compared to hair and wool keratin hydrogels can be
explained by differences in their chemical composition and structure. The strength and stability

of keratin gels can be explained by the formation of multiple covalent disulfide bonds (Chapter

165



4). Cysteine groups are located at higher density at the end of keratin chains, (Arai et al., 1983;
Supplementary Information Figures S6.1-S6.3); they can act as anchor points in the self-
assembly of keratin chains. However, even hair keratins had a higher concentration of cysteine
residues than feather, hydrogels were weaker. This can be explained by the fact that re-formation
of disulfide bonds depend on the proximity of two cysteine residues and their spatial availability
to participate in thiol/disulfide exchange reactions. Long keratin chains in hair and wool can
result in more entanglement resulting physical hindering of cysteine residues for re-oxidation
(Figure 6.8). In fact, more intense keratin-thiosulfate peaks in FTIR for hair and wool keratins
(Figure 6.3C) can account for cysteine groups unable to re-oxidize into disulfides. In such case,
wool and hair keratins might have formed weaker gels stabilized by a lesser amount of disulfide
bonds. It has been suggested that when cysteine thiols are not available for crosslinking, keratins
form weak gels stabilized merely by hydrophobic and electrostatic interactions (Ikkai and Nato,
2002; Han et al., 2015). Differences in keratin secondary structures can also account for
differences in gel physical properties. a-helix keratins in hair and wool are elastic fibers that can
be irreversible stretched into B-sheets conformation (Bendit, 1957; Kreplak et al., 2004). Instead
feather keratin is composed mainly of ordered and rigid B-sheet structures that cannot be further
stretched, resulting in more mechanically resistant hydrogels. A combined effect of the higher
molecular weight and the high proportion of a-keratins in hair and wool can explain the weaker
mechanical stability and high water uptake capacity of hair and wool keratin hydrogels (Figure

6.8).
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Figure 6.8. Scheme of proposed self-assembly of keratin hydrogels indicating major
intermolecular forces (disulfide bonds, hydrophobic interactions and hydrogen bonds). Low
molecular weight feather keratin allow more chances of disulfide formation. Higher molecular
weight hair and wool keratins can result in more physical entanglement of keratin chains leading

to physical hindering of cysteine residues unable for crosslinking. Rigid B-sheets in feather

keratin result in stiffer hydrogels than those from elastic a-helix keratins in hair and wool.

Keratin hydrogels were lyophilized to form porous hydrogel scaffolds. Properties of
scaffold materials such as porosity, appropriate pore size for cell infiltration, pore
interconnectivity, swelling capacity, and appropriate mechanical strength, have been reported to
have a positive effect on cellular adhesion and growth (Chang and Wang, 2011). Hair and wool
keratin hydrogels were able to swell and entrap more water than feather keratin hydrogels. This
can be explained by the stretch ability of a-helix keratins in hair and wool. In the case of feather
hydrogels a rigid structure by dense disulfide crosslinking [-sheet keratins limits the swelling

capacity (Balakrishnan et al., 2005).
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Integrin binding sequences that mediate cell attachment have been reported on gelatin, and hair
and wool keratins; however, they have not been recognized in chicken feather keratin (Dedhar et
al., 1987; Ruoslahti, 1996; Tachibana et al., 2002; Supplementary Information Figure S6.1-S6.3).
It is possible that the higher cell growth rate obserbed on feather keratin scaffolds may be related
to its superior viscoelastic properties. It has been demonstrated that fibroblasts attach and spread
preferentially to stiffer substrates (Yeung et al., 2005), and that they preferentially migrate from
softer to stiffer substrate gradients, developing a broader and flattened morphology in the latter
(Lo et al., 2000). The adsorption of proteins present in FBS such as fibronectin and vitronectin
can mediate cell attachment, and subsequently proliferation on scaffolds (Rosso et al., 2013;
Deng et al., 2014). This adsorption might be favored by the presence of numerous hydrophobic
amino acid residues in feather keratin (Tamada and Ikada, 1993; Xu and Siedlecki, 2007).

Partial breakdown of keratin fibers of scaffolds was observed after 15 days of culture
(Figure 6.7B and 6.7C). Although further studies would be required to confirm this, as this can
also result from sectioning and mounting of scaffold during the preparation of histological

samples.

6.5. Conclusions

Keratins from hair, wool and chicken feather were extracted and characterized. Differences in
molecular weight, cysteine content, and conformational properties of keratins resulted in self-
assembly of hydrogels with significant differences in mechanical properties. Smaller molecular
weight and B-sheet conformation of feather keratins resulted in more mechanically robust
hydrogels. Higher molecular weight and a-helix conformation of hair and wool keratins resulted

into weaker, but flexible hydrogels able to absorb high amounts of water (3000%). Fibroblasts
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proliferated at higher rates in stiffer feather keratin hydrogel scaffolds. Partial degradation of
feather keratin fibers was observed after 15 days of cell culture. Stronger hydrogels from avian
keratins could serve in the fabrication of advanced wound healing biomaterials. Further in vitro
and in vivo evaluation of hydrogel scaffolds would support the potential of feather keratins for

would healing applications.
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6.7. Appendix B: Supplementary Information

Recognized integrin A

binding sequences*

RGD 10 20 30 40 50

LDV MSCFDLCRPC GPTPLANSCN EPCVRQCQDS RYWIQPSPVY VTLPCGPILSS

LRE 60 70 80 90

RE FPONTAAGSS TSAAVGSILS EEGVPISSGG FGISGLGSRF SGRRCLPC

SDGR

RLD

REDV B

;E«S 10 20 30 40 50

NGR CFDLCRPCGP TPLANSCNE PCVRQCQDSR WIQPSPVWY TLPGPILSSF
60 70 80 90

L(DSAGDV PQNTAVGSST SQQVGSILSQ EGVYPISSGGF CISGLGSRFS CRTPPC

DGEA

FYFDLR

YGYYGDALR

SYWYGLR

QDS

IDAPS

DLXXL

GFOGER

Figure S6.1. Amino acid sequence of chicken feather keratins (A: UniProt P02450; B: Arai et al.,
1983) and cysteine residues (orange).

*Recognized integrin binding sequences recopilated from Ruoslahti 1996.
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Recognized integrin
binding sequences*
RGD

LDV

LRE

RE

SDGR

RLD

REDV

KDG

RHD

NGR

IDA

KQAGDV
DGEA
FYFDLR
YGYYGDALR
SYVYGLR
Qins

IDAPS
DLXAL
GFOGER

10 20 30 40 50
MTSSYS8SSC PLGCTMAPGA RNVSVSPIDI GCQPGAEANI APMCLLANVA
60 70 80 90 100
HANRVRVGST PLGRPSLCLP PTCHTACPLP GTCHIPGNIG ICGAYGENTL
10 120 130 140 150
NGHEKETMQF LNDRLANYLE KVRQLEQENA ELEATLLERS KCHESTVCPD
160 170 180 160 200
YQSYFHTIEE LQQKILCSKA ENARLIVQID NAKLAADDFR IKLESERSLR
210 220 230 240 250
QLVEADKCGT QKLLDDATLA KADLEAQQES LKEEQLSLKS NHEQEVKILR
260 270 280 290 300
SQLGEKLRIE LDIEPTIDLN RVLGEMRAQY EAMLETNRQD VEQWFQAQSE
310 320 330 340 350
GISLQDMSCS EELQCCQSEI LELRCTVNAL EVERQAGHTL KDCLQNSLCE
360 370 380 390 400
AEDRFGTELA QMQSLISNVE EQLSEIRADL ERQNQEYQVL LDVKTRLENE
410 420 430 440 450
IATYRNLLES EDCKLPCNPC STSPSCVTAP CAPRPSCGPC TTCGPTCGAS

TTGSRF

10 20 30 40 50
MTSDCSSTHC SPESCGTASG CAPASSCSVE TACLPGTCAT SRCQTPSFLS
60 70 80 0 100

RSRGLTGCLL PCYFTGSCNS PCLYGNCAWC EDGVFTSNEK ETMQFLNDRL

110 120 130 140 150
ASYLEKVRSL EETNAELESR IQEQCEQDIP MVCPDYQRYF NTIEDLQQKI

160 170 180 190 200
LCTKAENSRL AVOLDNCKLA TDDFKSKYES ELSLRQLLEA DISSLHGILE

210 220 230 240 250
ELTLCKSDLE AHVESLKEDL LCLKKNHEEE YNLLREQLGD RLSVELDTAP

260 270 280 290 300

B

TLDLNRVLDE MRCQCETVLA NNRREAEEWL AYQTEELNQQ QLSSAEQLQG

310 320 330 340 350
COMEILELKR TASALEIELQ AQQSLTESLE CTVAETEAQY SSQLAQIQCL
360 370 380 390 400
IDNLENQLAE IRCDLERQNQ EYQVLLDVKA RLEGEINTYW GLLDSEDSRL
410 420 430
SCSPCSTTCT SSNTCEPCSAYVICTVENCC L

Figure S6.2. Amino acid sequence of human hair keratins (A: UniProt O76015; B: UniProt

Q6A162) highlighting the presence of recognized integrin binding sequences and cysteine

residues (orange).

* Recognized integrin binding sequences recopilated from Ruoslahti 1996.

Recognized integrin
binding sequences*
RGD

LDV

LRE

RE

SDGR

RLD

REDV

KDG

RHD

NGR

IDA

KQAGDV
DGEA
FYFDLR
YGYYGDALR
SYVYGLR
Qins

IDAPS
DLXAL
GFOGER

10 20 30 40 50
SFNFCLPNLS FRSSCSSRPC VPSSCCGTTL PGACNIPANY GSCNWFCEGS
60 70 80 90 100
FDGNEKETMQ FLNDRLASYL EKVRQLEREN AELESRILER SQQQEPLVCP
110 120 130 140 150
NYQSYFRTIE ELQQKILCAK SENARLYVQI DNAKLAADDF RTKYETELGL
160 170 180 190 200
RQLVESDING LRRILDELTL CKSDLEAQVE SLKEELICLK SNHEEEVNTL
210 220 230 240 250
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EELNKQVVSS SEQLQSCQTE IIELRRTVNA LEVELQAQHN LRDSLENTLT
310 320 330 340 350
ETEARYSCQL NQVQSLISNY ESQLAEIRGD LERQNQEYQV LLDVRARLE
360 370 380 380 400

EINTYRGLLD SEDCKLPCNP CATTNACGKT ITPCISSPCA PAAPCTPCVP
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110 120 130 140 150
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160 170 180 190 200
ESNLEPLFEG YIETLRREAE CVEADSGRLS SELNHVQEVL EGYKKKYEQE
220 230 240 250
VALRATAENE FVALKKDVDC AYVRKSDLEA NSEALIQEID FLRRLYQEEI
260 270 280 290 300
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310 320 330 340 350
RSKCEEIKAT VIRHGETLRR TKEEINELNR VIQRLTAEVE NAKCQNSKLE
360 370 380 390 400
AAVTOQAEQQG EVALNDARCK LAGLEEALQK AKQDMACLLK EYQEVMNSKL
40 420 430 440 450
GLDIEIATYR RLLEGEEQRL CEGVGAVNVC VSSSRGGVYC GDLCVSGSRP
460 470 480 490
VTGSYCSAPC SGNLAVSTGL CAPCGQLNTT CGGGSCSLGR

B

Figure S6.3. Amino acid sequence of sheep wool keratins (A: UniProt P02534; B: UniProt

P15241) highlighting the presence of recognized integrin binding sequences and cysteine

residues (orange).

* Recognized integrin binding sequences recopilated from Ruoslahti 1996.
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CHAPTER 7. Preparation and characterization of thermally crosslinked poly(vinyl

alcohol)/feather keratin nanofiber scaffolds
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7.1. Introduction

Mats of non-woven nanofibers have been widely explored for tissue engineering applications.
They have large surface area to volume ratio and microporous network. The small diameter of
nanofibers (50-500 nm) mimic the ultrastructure of the natural extracellular matrix (ECM) of
tissues, which is related to enhanced adhesion, proliferation, migration and differentiation of
cells (Barnes et al., 2007; Abrigo et al., 2014).

Electrospinning is a versatile and straightforward technology for the fabrication of
nanofibers. In electrospinning process a viscoelastic polymer solution is fed to a capillary tip that
is connected to a high voltage source. The high voltage causes a high electrostatic charge at the
droplet surface. Once the intensity of the electrical field overcomes the surface tension of the
solution, a liquid jet is released from the tip towards a collector with opposite charge or grounded
target (Thompson et al., 2007). During the travel of the jet, the solvent evaporates and the
polymer stretches and becomes thin due to the charge repulsion at the surface which tends to
increase the surface area of the jet. The surface tension of the solution tends to reduce the surface
area by breaking up the jet into spherical droplets; however, this phenomena is prevented by
viscoelastic forces of the polymeric solution (Ramakrishna et al., 2005; Aslanzadeh et al., 2015).
Proteins have shown to ptomote cell attachment and therefore there is increasing interest to
develop nanofiber scaffolds from them (Yoon and Fisher, 2009; Zhu and Marchant, 2011).

Keratins are naturally abundant proteins found in animal tissues including hair, wool,
horns, hooves, nails, reptile scales and bird beaks and feathers. Due to their remarkable
mechanical properties they have been widely explored for the fabrication of scaffolds showing
excellent biocompatibility, enhanced cell adhesion and proliferation and accelerated wound

healing (Reichl, 2009; Hill et al., 2010; Xu et al.,, 2013; Wang et al., 2017). However,
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electrospinning of keratins is challenging due to their poor viscoelastic properties, low molecular
weight, and insolubility in water and organic solvents. The addition of sodium dodecyl sulfate
(SDS) in the extraction of keratin is often used to improve its solubility (Park et al., 2015; Fan et
al., 2016; Aluigi et al., 2007; Aluigi et al., 2008; Ayutthaya et al., 2015; Xu et al., 2014). SDS
forms stable complexes with keratin but are difficult to remove during dialysis (Schrooyen et al.,
2001). Due to its toxicity the release of SDS might have negative effect in implanted scaffolds.
The treatment of feather keratin in aqueous alkaline solutions has been reported to improve their
solubility. It is also reported that released peptides can promote wound healing (Thilagar et al.,
2009; McPherson and Hardy, 2011).

In order to improve the viscoelasticity of keratin solutions, polymer aids are generally
used. However, in most cases polymer/keratin blends are dissolved in harmful solvents to
facilitate electrospinning such as 2,2,2-trifluoroethanol (Boakye et al., 2015), formic acid (Yen et
al.,, 2016; Li and Yang, 2014; Aluigi et al., 2013; Ayutthaya et al., 2015), chloroform/N-
dimethylformamide (Li et al., 2009), and 1,1,1,3,3,3-hexafluoro-2-isopropanol (Yuan et al.,
2009). In addition, harmful crosslinking chemicals including glutaraldehyde vapor (Yuan et al.,
2009) and glioxal (Park et al., 2015) are needed to impart water stability to keratin/polymer
fibers. It is highly desirable to develop keratin nanofiber scaffolds from electrospinning of
aqueous solutions by using environmentally friendly solvents and crosslinking reagents. This
would minimize the risk of toxicity for biomedical applications.

Polyvinyl alcohol is a water soluble polymer, biocompatible with human tissues
(Schmedlen et al., 2002). Due to its excellent viscoelastic properties, PVA has been investigated
for the fabrication of electrospun mats (Zhang et al., 2005). Wool keratin extracted with SDS

was mixed with PVA in formic acid solution and electrospun nanofibers were characterized;
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however, crosslinking was not performed and water stability of nanofiber was not evaluated (Li
and Yang, 2014). Preparation of hair keratin/PVA blend electrospun fibers were reported by Park
et al., (2015). Crosslinking of fibers with glioxal resulted in loss of the porous structure and
fusion of fibers. In both studies cell culture properties of PVA/keratin scaffolds were not
investigated.

The main objective of this study was to fabricate and characterize electrospun feather
keratin based nanofiber scaffolds using environmentally friendly solvents and crosslinking
methods. PVA was used as polymer aid for electrospinning of keratin in aqueous solution. The
rheology of feather keratin/PVA solutions was studied with relation to fiber morphology. Citric
acid was used for thermal crosslinking of nanofiber. Chemical and ultrastructural properties of
nanofiber were evaluated by FTIR, DSC, and XPS. The biological performance of keratin/PVA

electrospun mats was investigated in vitro by culture of human dermal fibroblasts.

7.2. Methodology

7.2.1. Feather keratin

White chicken feathers were obtained from the Poultry Research Centre of the University of
Alberta (Edmonton, AB, Canada), washed exhaustively with hot water and domestic soap, and
oven dried at 50°C. Dried feathers were ground in a cutting mill (Fritsch Pulverisette 15, Fritsch,
Germany) with an insert sieve of circular perforations of 1 mm diameter. Ground feathers were
defatted with petroleum ether for 5 h in a soxhlet apparatus. Defatted feather powder (10.0 g)
was stirred for 24 h in 250 mL 1 M NaOH. Soluble feather keratin (FK) was recovered by
filtration (53 pwm metallic mesh). The filtrate was neutralized with HCI and centrifuged (10,000¢g

x 15 minutes). The clear supernatant was desalted using a solid phase extraction cartridge (Sep-
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pak tC18 Vac 35cc 10 g, Waters, U.S.). Salt was eluted with a 0.1% trifluoroacetic acid (TFA)
solution in double distilled water (dd-H20). Keratin was recovered after elution with 50 and
100% acetonitrile aqueous 0.1% TFA solutions. Recovered keratin was freeze dried and stored at
-20°C until its use.

7.2.2. Cytotoxicity of feather keratin

Feather keratin (FK) powder was dissolved at different concentrations (from 0.4 to 1.6 mg/mL)
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS)
and antibiotic-antimycotic mix (ThermoFischer, MA, U.S.). Solutions were sterilized by
filtration through 0.2 um low protein binding syringe membranes (Pall Co. U.S.). Adult human
dermal fibroblasts (HDFa, Cell Applications, Inc. CA, U.S.) of passage 2 were subcultured by
trypsinization and grown in 24-well plates for 48 hours (in a humidified environment at 37°C
and 5% CO3). Then, cells were treated with feather keratin/media solutions and incubated for 48
hours. Cell viability was calculated from the relative fluorescence of Alamar Blue
(ThermoFischer, MA, U.S.) according to the manufacturer’s specifications (excitation 560
nm/emission 590 nm). A control solution of media without feather keratin was considered as
100% viability.

7.2.3. Preparation of electrospinning solutions

Polyvinyl alcohol (PVA, 87-89% hydrolyzed with a molecular weight of 85,000-124,000 g/mol;
Sigma-Aldrich, MO, U.S.) solution was prepared by slowly adding 5 g of PVA into 50 mL of
deionized water (10% w/v). PVA was dissolved by stirring overnight at 80°C in a stirring plate.
After cooling down at room temperature, 1.2 g of citric acid were added and the final pH was
adjusted to 6.0 with 6 M NaOH. Citric acid was added as a post-processing PVA crosslinking

agent (See section 2.5). A 10% w/v solution of feather keratin (FK) was prepared by dissolving
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1.0 g of freeze dried FK powder in 10 mL of deionized water at room temperature.
Electrospinning solutions were prepared as described in Table 1. The total solid content was
maintained at 10% w/v. The mass ratio of FK to PVA was varied from 0 (PVA) to 30% (FK30)
as summarized in Table 7.1. Solutions were stirred overnight to ensure homogeneity before
electrospinning. Conductivity of solutions was measured with a handheld conductivity meter

(EC-3, HM Digital, Inc., CA, U.S.).

Table 7.1. Composition of electrospinning solutions and mean fiber diameter of electrospun

fibers.
Solution | PVA 10% FK 10% @ Conductivity Mean fiber diameter
FK 10% - 10mL | 3265 puS/cm Spraying
PVA 10 mL - 14160 uS/cm 565 £ 154 nm
FK10 9mL I mL 13190 pS/cm 469 + 144 nm
FK20 8 mL 2 mL 9615 uS/cm 274 £ 42 nm
FK30 7 mL 3 mL 8855 uS/em | 353 +£ 102 nm (beads 1.4 £ 0.5 um)

7.2.4. Rheological properties of FK/PV A solutions

Steady shear measurements of solutions (0.1-100 s') were performed on a Physica MCR 301
(Anton Paar, Graz, Austria) equipped with a 50 mm diameter plate/plate measuring tool, using a
sample gap of 1 mm. Small amplitude oscillatory shear measurements were performed at 5%
which was in the linear viscoelastic region of solutions. Angular frequency was varied from
0.628 to 628 s’'. All rheological measurements were performed after equilibrating solutions at

25°C. Measurements were performed in duplicate.
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7.2.5. Electrospinning

A horizontal electrospinning apparatus setup was used (Figure 7.1). Solution was loaded into a
10 mL syringe with an attached 20 G flat-tip needle that served as spinneret. A syringe pump
(Geneq, Inc., Canada) was used to deliver a constant solution flow of 5 pL/min. The spinneret
was connected to a high voltage source (Gamma High Voltage Research, Inc., FL, U.S.)
providing a positive voltage of 20 kV. A stationary flat collector plate covered in aluminum foil
was positioned 15 cm from the spinneret. Electrospinning was run for 3 hours. Electrospun fibers
were oven dried at 60°C overnight to remove any residual moisture. In order to render fibers
insoluble, non-woven mats were crosslinked by heating at 140°C for two hours in a convection
oven. Mats were carefully peeled off from the aliminium foil, cut into circles of 16 mm diameter

with help of a metal cap, and stored at 4°C for further utilization.

1

e

Figure 7.1. Schematic of the electrospinning setup.

7.2.6. Scanning electron microscopy (SEM)

Crosslinked electrospun fiber mats were soaked for 1 h in double distilled-H2O, dehydrated with
70 and 100% ethanol solutions and mounted in SEM stubs with help of double coated carbon
adhesive tabs. Mats were analyzed using a Zeiss Evo LS15 EP-SEM (Zeiss, Germany) equipped
with a Bruker energy dispersive X-ray spectroscopy (EDXS) system. Samples were coated with

carbon and analyzed under an accelerating voltage of 20 kV. The diameter of fibers, and average
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pore size was determined on at least 50 fibers and pores, respectively, using ImageJ 1.51h image
analysis software.

7.2.7. Characterization of keratin/PV A nanofibers

Infrared spectra of nanofiber mats, PVA, citric acid and feather keratin were obtained using a
FT-IR Nicolet iS50 spectrometer (Thermo Scientific Inc., WI, U.S.) using a single bounce
diamond ATR accessory. Samples were analyzed at 128 scans with a resolution of 4 cm™ from
400-4000 cm™!, spectra were corrected for ATR using Omnic 8.1 software. Thermal properties
were studied by differential scanning calorimetry (DSC) in a DSC Q2000 instrument (TA
Instruments, DE, U.S.). DSC analysis was carried out using dry samples of ~2-3 mg heated from
25 to 300°C at a heating rate of 10°C/min. A first run from 25 to 210°C was performed in order
to remove the thermal history of samples containing PVA.

X-ray photoelectron spectroscopy (XPS) of samples was carried out on a Kratos Axis 165 X-ray
spectrometer (Kratos Analytical Ltd., UK) equipped with a monochromatic Al Ko radiation
(1486.6 eV). The binding energy (BE) was calibrated taking Cls main peak at 284.5 eV as a
reference. XPS spectra were analyzed with CasaXPS software package V2.3.16 PR 1.6 (Casa
Software Ltd.). Curve fitting of high resolution Cls was performed assuming a Shirley
background and considering a Gaussian/Lorentzian (70%/30%) distribution shape.

7.2.8. Cell culture

Adult human dermal fibroblasts (HDFa) cell (Cell Applications, Inc. CA, U.S.) were used for in
vitro culture on electrospun keratin/PVA mats. Cells of passage 3 were harvested by
trypsinization and re-suspended in DMEM containing 10% FBS and antibiotic-antimycotic mix
(ThermoFischer, MA, U.S.). Electrospun mats were secured with CellCrown™ inserts (Sigma-

Aldrich, MO, U.S.), placed in 24-well culture plates and sterilized by soaking in ethanol
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solutions. First, gradually from 10 to 70%, at increasing rate of 20%, for 30 min each, and then
washed with ethanol solutions (gradually from 70 to 10%, in reverse order as above) and sterile
PBS pH 7.4 three times. Sterile scaffolds were soaked in 1 mL of media and incubated overnight
in humidified environment at 37°C and 5% CO>. Four media-soaked scaffolds were seeded with
10 puL of HDFa suspension (2 x 10° cells/mL); the other two scaffolds were not seeded and used
control samples. Cells were allowed to adhere to scaffolds by incubation for 4 hours. Then,
scaffolds were washed gently with sterile PBS to remove non-attached cells and transferred with
forceps to sterile 24-well culture plates containing 1 mL media per well. Media was replaced
every other day. Cell growth was quantified after 1, 7, and 14 days of incubation. The scaffolds
were transferred to new 24-well culture plates with media containing 10% Alamar blue® probe.
After further incubation for 4 h the fluorescence of reduced Alamar blue was measured at
560/590 ex/em and cell growth was quantified according to the manufacturer specifications.
Results are reported as mean of two independent experiments. Differences were determined from
analysis of variance and Tukey test at 95% confidence using Minitab 17 software.

7.2.9. Cell imaging

After 14 days of cell culture cells on electrospun mats were treated with 4% formaldehyde
solution for 20 minutes at room temperature. A set of samples was stained for nuclei imaging
with 4’ 6-diamidino-2-phenylindole, dihydrochloride (DAPI) following manufacturer’s protocol
(ThermoFischer, MA, U.S.). Images were taken in a florescence microscope (Zeiss Axio, Zeiss,
Germany). A second set of fixed samples was dehydrated gradually with ethanol solutions (10,
30, 50, 70 and 100%) and mounted in SEM stubs with double coated carbon adhesive tabs. SEM

analysis was performed as described in section 7.2.6.
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7.3. Results and discussion
7.3.1. Feather keratin (FK)
Chicken feathers were treated with 1 M NaOH to obtain soluble keratin. The final recovery of
keratin was 54.5% based on the dry weight feathers. The nitrogen content of FK was 14.9%. Cell
cytotoxicity assay showed that FK at different concentrations did not affect the normal growth of

fibroblasts (Figure 7.2).

150
100

Control

50

Cell Viability (%)

0.4 0.8 1.2 16
Concentration (mg/mL})

Figure 7.2. Cell cytotoxicity of alkaline treated feather keratin (FK).

7.3.2. Electrospinning of FK/PVA

Electrospinning of FK resulted in spraying of the solution. This is mostly due to the poor
viscoelasticity of low molecular polymer solutions, unable to hold the electrostatic repulsion
caused by the high voltage (Ramakrishna et al., 2005). Polyvinyl alcohol (PVA) was used as
polymer aid for the electrospinning. Citric acid was added to PVA solution as a post-
electrospinning crosslinker. The PV A/citric acid solution had high conductivity (14160 uS/cm),

which is mainly due to the addition of citric acid (Table 7.1). The conductivity of FK/PVA
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solutions decreased at increasing FK/PVA ratio from 10 to 30. This is due to lower conductivity
of the FK solution (3265 uS/cm).

The steady state shear viscosity of PVA and FK/PVA solutions is shown in Figure 7.3A.
The viscosity of PVA solution without citric acid showed little dependence on the shear rate.
This is typical of PVA solutions with low degree of hydrolysis (72-90%), where hydrogen bond
interactions are partially prevented by the presence of hydrophobic acetate groups (Briscoe et al.,
2000; Liu et al., 2012). Addition of citric acid resulted in slight increased viscosity of PVA
solution. This has also been determined by Shi and Yang, (2015); however, the effect of citric
acid on viscosity of PVA solutions has not been explained. The viscosity of FK/PVA solutions
decreased as the concentration of FK increased. This is mainly due the dilution of the PVA
solution with low molecular weight FK (Gao et al., 2010). FK10 (FK/PVA mass ratio 10/90)
showed little dependence on shear rate, whereas, FK20 and FK30 showed shear thinning
behavior at low shear stress (Figure 7.3A).

Linear viscoelastic properties with frequency sweeps of PVA and FK/PVA solutions are
shown in Figures 7.3B and 7.3C. All solutions had G’ > G’ (loss modulus > storage modulus) at
all frequencies and showed increasing values of G’ and G’ at increasing frequencies. At low
frequency (long time scale) polymer chains have sufficient time to disentangle, whereas at high
frequency (short time scale) polymer entanglements (physical crosslinking points) cannot
dissociate (Riedo et al., 2015). G’ and G’ decreased at decreased PVA concentrations (addition
of FK), which is explained by a decreased amount of entanglements as well as inter- and intra-
hydrogen bond interactions of PVA (Gao et al., 2010). Possibly, small keratin peptides interfere

with intermolecular PV A interactions.
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Figure 7.3. Logarithmic plot of shear viscosity versus shear rate (A) and frequency sweeps of

FK/PVA solutions showing storage (B) and loss modulus (C).

Electrospinning of 10% PVA solution (0% FK) resulted in nanofibers with an average
diameter of 565 nm. Increasing the concentrations of FK to 10 and 20% resulted in the reduction
of the fiber diameter to 469 and 274 nm respectively. FK at 30% resulted in beads on fiber
structures with an average fiber diameter of 353 nm and containing beads of 1.4 um (Table 7.1
and Figure 7.4A). The reduction of fiber diameter could be attributed to the reduction in the
viscosity of the FK10 and FK20 solutions (Figure 7.3A). Reduced viscoelastic forces result in

less resistance to axial stretching during whipping of the electrospinning jet, leading to smaller
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diameter fibers (Nezarati et al., 2013). However, if the viscoelastic forces are further reduced and
surpassed by the capillary action of surface tension, the jet tends to break into droplets
(Thompson et al., 2007; Aslanzadeh et al., 2016). This result in formation of beads and junctions
of fibers as seen in FK30 (Figure 7.4A).

Higher conductivity facilitates the formation of thinner fibers (Ramakrishna et al., 2005).
However, electrospun FK/PVA fibers showed an opposite trend, being smaller diameter at lower
conductivities (Table 7.1). This could be explained by a stronger effect of viscoelastic properties
on fiber diameter as discussed above.

After collecting fibers for 3 hours on a grounded plate, the resultant mats had a thickness
of 400-500 pm. Cross section SEM images revealed that fibers were packed and randomly

oriented in the thickness directions (Figure 7.4B).
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Figure 7.4. SEM images of FK/PVA electrospun fibers (A, magnification is 6 kX), and cross

section of FK 10 electrospun fibers (B, at 300X [left] and 6 kX [right] magnification).
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7.3.3. Characterization of FK/PV A nanofiber mats

Crosslinking of PVA nanofibers increase the stability of mats in aqueous systems; however, it is
generally achieved through exposure to glutaraldehyde and glyoxal solutions and vapors.
Nevertheless, besides toxicity, these crosslinking agents cause fibers fuse each other, collapsing
the porous structure (Taepaiboon et al., 2007; Wang and Hsieh, 2010). Citric acid has been
considered a safer and environmentally friendly crosslinker for PVA. Citric acid has three
carboxyl groups that can react with hydroxyl groups of PVA, forming ester bonds (Shi and
Yang, 2015; Zhao et al., 2015). Thermal crosslinking of PV A/citric acid yielded water insoluble
nanofiber mats. The structure and morphology of electrospun fiber mats was not altered due to
crosslinking (Figure 7.4A and 7.4B). Chemical and ultrastructural changes of PVA and FK/PVA
fibers after crosslinking were studied by FTIR, DSC, and XPS. FTIR of neat PVA, citric acid
and crosslinked PVA mat is shown in Figure 7.5A. The broad band observed between 3000-3500
cm’! is in response of stretching vibration of O-H bonds participating in H-bonding. The sharp
absorption band at 3494 cm™ in neat PVA corresponds to the stretching vibration of free OH
groups (not forming hydrogen bond) (Ali et al., 2009). Free OH absorption band was absent in
the PVA mats. Possibly after electrospinning free OH groups previously hindered in the
crystalline structure of PVA, were more exposed and able to participate in hydrogen bonds.
Absorption bands related to ester groups (COO-R) were located at 1736 and 1710 cm™! in neat
PVA. These bands arise from acetate groups remaining from polyvinyl acetate in the
manufacture of 87-89% hydrolyzed PVA. The asymmetric and symmetric stretching vibrations
of carboxyl groups (COOH) of citric acid were observed at 1742 and 1697 cm™!, respectively
(Figure 7.5A). After electrospinning and thermal crosslinking of PVA and citric acid, the

stretching vibration of new ester bonds was located at 1735 and 1716 cm™'. However, these also
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can arise from ester bonds of the neat PVA acetate groups (1736 and 1710 cm™). A new intense
band centered at 1585 cm™ was observed in PVA mats. This corresponds to the presence of
carboxylate (COQO") groups from citric acid and the release acetate groups (CH3COO") of PVA
after the thermal treatment (Awada et al., 2014). Stretching vibration of C-O arising from alcohol
and ester functional groups were attributed to multiple bands between 1300-1000 cm™ (1241,
1140, 1082, 1047, 1021 cm™). The crystalline structure of PVA was maintained after
electrospinning and crosslinking (Figure 7.5B). The glass transition temperature of amorphous
PVA was determined at 71°C, whereas the melting temperature peak of crystalline regions of
PVA was 186°C (Figure 7.5B). Thermal crosslinking of PVA and citric acid resulted in a slight
shift of glass transition and melting temperatures to 75 and 189°C, respectively. This can be

attributed to a reduced mobility of crosslinked PVA chains.
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Figure 7.5. FTIR spectra (A) and DSC thermograms (B, Tg: glass transition, Tp,m: melting peak
temperature; Td: decomposition temperature) of neat PVA, citric acid, and crosslinked PVA

electrospun fiber mats.
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Changes in the infra-red (IR) spectra of electrospun mats after the incorporation of
feather keratin (FK) are shown in Figures 7.6A and 7.6B. The carbonyl band at 1735 cm™! shifted
slightly to 1732 cm™ in FK30. A more prominent peak at 1714 cm™ was observed in FK20 and
FK30 samples. Carboxyl groups of proteins can react with hydroxyls of PVA. In addition amine
groups can react with carboxyl groups of citric acid (Xu et al., 2015). Characteristic amide I and
amide II protein absorption bands were observed for FK powder (Figure 7.6A and 7.6B). Amide
I band results in response to stretching vibrations of C=0 (vC=0) and C-N (vC-N) bonds.
Increasing the concentration of FK in PVA mats resulted in a gradual increase of intensity at
around 1650 cm™. Amide II band arises from in plane bending vibration of N-H (§N-H) and
stretching vibration (v) of C-N and C-C bonds. The appearance of a sharp shoulder in the amide
II region at around 1540 cm™ is also ascribed to the presence of FK in PVA mats. The
incorporation of keratin in PVA fibers was also confirmed by XPS (Figure 7.7). A peak
attributed to amide groups was detected from the Cls spectra of FK/PVA mats. The intensity of
the peak increased with the concentration of keratin in the mats. DSC thermograms showed a
small shift to lower temperatures in the melting temperature of PVA with the addition of FK

(Figure 7.8). This can be explained by a plasticizing effect of small keratin peptides.
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nanofiber mats.
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Figure 7.8. DSC thermograms of FK/PV A nanofiber mats.

7.3.4. Cell proliferation on FK/PVA nanofiber mats

The proliferation of human dermal fibroblasts (HDFa) on electrospun FK/PVA fibers was
evaluated. Scaffolds were attached to plastic rings in order to prevent wrapping and floatation in
the media. It is well known that the effective transfer of mechanical load to the substrate have
important effects on proliferation and morphology of fibroblasts. For instance, fibroblasts
cultured on collagen substrates unable to develop tension enter into a quiescent state and a
significant proportion of cells undergo apoptosis (Grinnell, 2003; Hadjipanayi et al., 2009).
Figure 7.9 shows the proliferation of HDFa on electrospun mats, quantified by the relative
fluorescence of Alamar blue after 0, 7, and 14 days of incubation. Cells showed similar initial
adhesion (time 0) on mats containing feather keratin (FK10 and FK20) and PVA alone. Cell
proliferation increased after 14 days of incubation, being the highest in FK20 mats. This can be
explained by the incorporation of keratin in PVA nanofibers. Proteins increase the adhesion and
proliferation of cells by presenting integrin binding motifs and also by modifying the surface
properties of scaffolds (Arima and Iwata, 2007; Thevenot et al., 2008). Although FK30 had

higher content of keratin, the average fiber diameter was higher and contained beads, which
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reduced the surface area to volume ratio for cell proliferation. Fibroblasts grew scattered and
forming discrete groups in electrospun mats (Figure .10, left). After 14 days of incubation cells
were fixed with glutaraldehyde and analyzed by SEM (Figure 7.10, right). Cells adhered to the
surface of mats; however the small pore size and packed structure affected cell infiltration. This
is a well-known limitation of electrospun scaffolds. Different techniques such as air deposition,
special collectors, and manipulation of the charge of the polymer solution could be used to obtain

less packed electrospun scaffolds (Blakeney et al., 2011; Wu and Hong, 2016; Cai et al., 2013).
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Figure 7.9. HDFa proliferation on FK/PVA electrospun mats quantified by Alamar blue relative

fluorescence.
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Figure 7.10. Fluorescence micrographs of cell nuclei (left) and SEM images (right) of HDFa

after 14 days of incubation on FK/PVA electrospun mats.

7.4. Conclusions

Keratin from chicken feathers was solubilized in alkaline conditions. Hydrolysis of keratin into
soluble peptides did not result in cytotoxic effect on fibroblasts. Aqueous solutions of
keratin/PVA/citric acid containing up to 30% keratin were successfully electrospun into
nanofiber mats. FTIR and XPS results confirmed that feather keratin was successfully
incorporated in PVA nanofibers obtained by electrospinning. Thermal crosslinking between
hydroxyl groups of PVA and carbonyl groups of citric acid improved the stability of nanofibers
in aqueous solution. The fiber diameter and morphology of electrospun mats was affected by the
viscoelastic properties of FK/PVA solutions. Reduction of viscosity of FK10 and FK20 solutions
resulted in smaller diameter nanofibers. Incorporation of 30% FK (FK30) resulted in beads on
fibers type of morphology, which was attributed to poor viscoelasticity of the solution..
Electrospun mats supported the growth of fibroblasts. After 14 days cell proliferation was higher

in mats containing 20% feather keratin, which can be attributed to the enhanced biocompatibility
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of proteins. Cells grew predominantly on the surface of electrospun mats, with limited
infiltration. Further directions to enhance cell infiltration are required towards the preparation of

less packed nanofibers scaffolds.
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CHAPTER 8. Conclusions and Recommendations

8.1. Conclusions
Chicken feathers are considered a low-value by-product or waste from the poultry industry. It is
estimated that 8-9 million tons are generated annually worldwide. Keratin is a fibrous protein
that makes up to 90% of the composition of chicken feathers. Keratin is characterized by unusual
amounts of cysteine residues (7-10%) forming disulfide bonds, which confers strength and
impermeability to chicken feathers. It was hypothesized that feather keratin can be transformed
into different materials including plastics, hydrogels and nanofibers. The study of keratin
chemistry and technology resulted in the novel materials with adequate mechanical stability.
Keratin-based plastics are a renewable alternative to petroleum-based plastics. They can
compete in term of cost and performance with bio-based plastics made from food sources such as
starch- and soy protein-plastics. Several efforts have been made to turn feathers into a
thermoplastic material (Barone et al., 2006; Barone and Arikan, 2007; Ullah et al., 2011);
however the mechanical strength and sensitivity to moisture are still aspects that have not been
improved. In the first part of this research, chicken feather, with the aid of glycerol and
propylene glycol plasticizers, was processed into plastic films through extrusion at high
temperature (150°C) and compression molding (120°C). Feather films were improved by the
incorporation of graphite oxide (GO) during extrusion processing. Three batches of graphite
oxide were synthesized containing different carbon to oxygen ratios (C/O 2.48, 2.07, and 1.55).
C/O ratio 2.07 at 1% incorporation resulted in the highest tensile strength, which was explained
by its higher content of hydroxyl groups than GO with 2.48 and 1.55 C/O. The effect of GO
concentration was determined to affect the tensile properties of feather plastic films. The

maximum tensile strength (9.61 MPa) was obtained after incorporation of 1% GO, which was
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attributed to intercalation of keratin into graphene sheets as determined by XPS analyses, and
molecular interactions between oxygen functionalities of GO with keratin and plasticizers. GO is
an inexpensive reinforcement nanoparticle for hydrophilic polymers such as keratin. Possible
applications of feather plastics as agricultural films and biodegradable containers needs to be
evaluated, considering the performance of the material under different environmental conditions.
Keratin is also a valuable protein for the fabrication of biomaterials. Materials in which
cells can adhere, proliferate and ultimate regenerate tissue structure and function are a great
medical advance in healing of skin and other tissues and organs. Keratin has demonstrated to be
biocompatible with human tissues and to accelerate wound healing (Rouse and Van Dyke, 2010;
Cavaco-Paulo et al., 2013). Hydrogels from hair and wool keratin have been investigated (Ozaki
et al., 2014; Aboushwareb et al., 2008; Hill et al., 2010). The modulation and understanding of
hydrogel viscoelastic properties and its effect on cell growth performance have not been widely
explored. In this research hydrogels from feather keratin were fabricated through self-assembly
during controlled dialysis. The re-formation of disulfide bonds during dialysis was determined as
the main stabilizing force in hydrogels, although hydrophobic and hydrogen bond interactions
were important as well. Viscoelastic properties of hydrogels were controlled by quantitative
blocking of cysteine thiols. Storage modulus G’, decreased as the content of blocked cysteine
thiols increased. Gelation of feather keratin was prevented by blocking 82% of keratin thiols. pH
of the keratin solution previous dialysis affected the gelation process and appearance of gels. pH
3 and 9 resulted in fast gelation that led to opaque gels, which was explained by increased
protein aggregation due to isoelectric precipitation and increase of disulfide exchange reactions,
respectively. Homogenous gels were obtained from keratin solutions adjusted to pH 7 and pre-

heated at 50°C. These conditions were used to prepare hydrogels at different keratin
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concentrations (5, 7.5, 10 and 12.5% w/v). Increasing keratin concentrations resulted in
hydrogels with higher storage modulus. The storage modulus of our feather keratin hydrogel at
5% wt. was in the range of 2x10° to 7x10° Pa. Keratin hydrogels prepared at concentrations of 10
and 12.5% had modulus in the range of 10°-10° Pa, which is within the range of viscoelasticity of
dermis, connective tissue and contracted muscle (Vanderhooft et al., 2008). The viscoelastic
properties of feather keratin hydrogels were superior to those reported in the literature (Wang et
al., 2017). This is mainly due to the use of keratin with fully reduced disulfide bonds in this
research. That is without use of thiol blocking agents. Hydrogels scaffolds supported the growth
of dermal fibroblasts for 21 days; although there were not important differences in cell
proliferation, it was observed that cells were more able to penetrate in hydrogels prepared at 5
and 7.5%, which is mainly explained by their higher porosity.

Other sources of keratin such as hair and wool have been more often investigated than
feather for the fabrication of hydrogels. However, the literature lacks of studies of hydrogels
fabricated under same keratin extraction and gelation conditions, which makes comparisons
difficult. Since feather keratin differ in chemical and conformational properties to mammalian
keratin different hydrogel properties were expected. Keratins from feathers, human hair, and
sheep wool were used to fabricate hydrogels by self-assembly dialysis at a concentration of 7.5%
under conditions established in Chapter 4 and Chapter 5. The viscoelastic properties of hydrogels
differed greatly. Feather keratin hydrogels had storage modulus of 7600-11000 Pa, while hair
and wool keratin hydrogels had modulus below 1000 Pa. This difference was explained by
differences in molecular weight and conformation of avian feather and mammalian keratins.
Mammalian keratins are mostly a-helical proteins that can be stretched when swelled; therefore,

their gels had superior swelling capacity but weaker viscoelastic properties. Feather keratin are
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smaller B-sheet proteins that cannot be stretched, therefore, that assembled into a rigid gel
structure. Dermal fibroblasts proliferate at higher rates on feather keratin hydrogels, which was
explained by their superior mechanical properties, which are more representative of viscoelastic
properties of normal human dermis.

The fabrication of keratin nanofiber scaffolds was also investigated. Nanofiber scaffolds
can mimic the microstructure of the extracellular matrix of tissues; therefore, they can modulate
cell behavior for effective tissue regeneration (Barnes et al., 2007; Abrigo et al., 2014). Keratin
was hydrolyzed with 1 M NaOH and the resultant peptides (< 2000 g/mol) were electrospun
using poly(vinyl alcohol) (PVA) and citric acid as polymer aid and crosslinking agent,
respectively. Nanofibers containing up to 30% keratin were fabricated and crosslinked without
the use of harmful solvents and crosslinking chemicals. The diameter of fibers decreased from
565 nm in PVA to 274 nm in PVA fibers containing 20% keratin. Dermal fibroblasts showed the
highest proliferation on electrospun mats containing 20% keratin which was explained by the
superior biological properties of keratin, but also due to a higher surface area to volume ratio
than mats containing 30% keratin. Infiltration of cells was impaired by the dense packed

structure of nanofibers.
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8.2. Recommendations for future studies

The nanostructure and chemistry of graphene oxide layers in the CF-GO composites needs
further characterization. It is possible that partial or complete delamination of graphene oxide
layers occurred during processing. In addition, graphene oxide nanosheets could be transformed
into graphene due to thermal processing.

Feather plastics could be studied for their application as agricultural films and biodegradable
pots. However, their mechanical strength could be affected by the relative humidity of the
environment. Their performance needs to be evaluated in terms of mechanical stability and
biodegradability under conditions of use. In addition, strategies to reduce the moisture sensitivity
should be investigated. In this regard, replacement of hydrophilic plasticizers, such as glycerol,
for more hydrophobic plasticizers is suggested. Feather keratin could be modified to increase the
compatibility with hydrophobic plasticizers and prevent phase separation. For instance partial
grafting of vinyl monomers or PEGylation onto hydroxyl or thiol groups could increase the
hydrophobicity of keratin.

Hydrogels from feather keratin showed remarkable viscoelastic properties. Evaluation of
other mechanical properties would support their application in skin dermis or other tissues. For
instance, compression, bending, torsion and tearing properties of keratin hydrogels need to be
evaluated. One of the limitations of hydrogels was their compacted microstructure when
prepared at higher concentrations (10 and 12.5%), which limited cell infiltration. It would be
desired that cells are seeded and embedded during the gelation of keratin. This would ensure
homogenous dispersion of cells in the scaffold. One of the challenges in trapping the cells during
gelation, is their survival due to the presence of high concentration of urea, thiourea and sodium

metabisulfite. A possible approach would be incorporating an aliquot of cell suspension at an
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intermediate stage of keratin dialysis, when lower concentration of salts are present. In addition,
gelation could be performed at 37°C instead of 4°C. Cell viability after gelation can be
quantified to optimize cell seeding during gelation.

Hydrogels can be evaluated in in vivo experiments. Procedures in animal models include
the implantation of hydrogel scaffold in induced full-thickness wounds. In order to evaluate the
properties of hydrogels it would be necessary to characterize the formation of granulation tissue
surrounding the implant, cytotoxicity, infiltration of cells, wound closure, formation of scar, and
tissue regeneration over time.

Electrospinning of keratin at higher concentrations or even keratin alone is highly
desirable. Xu et al., (2014) achieved electrospinning of feather keratin mixed with SDS.
Unfortunately, SDS is a harmful detergent that is hard to remove due to the formation of keratin
complexes. In addition fibers were thick with diameter of few micrometers. Feather keratin
dissolved in urea, thiourea and sodium metabisulfite has low viscoelastic properties and protein-
protein interactions; however increasing the concentration to above 40% keratin can result in
high viscoelasticity. The concentration of salts (urea, thiourea, and sodium metabisulfite) would
spike the conductivity of the solution which could result in reduction of fiber diameter. However,
if the viscoelastic properties are surpassed by electrostatic repulsion the jet can break into
droplets. The study of electrospinning conditions of keratin in this solution has not been
investigated. Salts in electrospun fibers can be washed out later by exhaustive soaking in water.
Keratin can be crosslinked during aqueous removal of salts or accelerated by exposure to

hydrogen peroxide.
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