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Abstract

Feathers, a byproduct of the poultry industry, are a rich source of keratin. Thus, the valourization
of feathers is highly relevant, considering the aspects of resource sufficiency and the circular
economy. This doctoral thesis aimed to convert feathers into keratin building blocks and evaluate
their utilization in material applications. Keratin as a structural protein has interesting properties,
considering applications in the medical, cosmetics, electronics, agriculture, textile and composite
industries. To produce molecular keratin, feathers were dissolved in an aqueous deep eutectic
solvent (DES). It was found that the DES used was able to disturb the interactions within the
feather keratin, cleave the disulfide bonds, alter the conformation and partially break down the
polypeptide backbone, and that the molecular weight of the keratin played an important role in its
solubility. Film structures were prepared from molecular keratin to study the physical properties
and reactivity of keratin. The conformation and molecular weight of keratin, as well as the addition
of plasticizers and cross-linkers, had determinant roles in the mechanical properties and water
sensitivity of the films. To compare the used DES process to a mechanical treatment, a simpler
alkaline pre-treatment combined with milling was carried out to produce fibrous keratin. A
comparison of films made of molecular and fibrous keratin showed that fibrous keratin is suitable
in applications such as composites, in which transparency, good barrier properties or reactivity are
not required, while molecular keratin is suitable in various applications. To evaluate the possibility
to combine keratin with other bio-based materials, the adsorption of keratin peptides obtained
from the used DES process on cellulose and lignin substrates was studied. The interactions between
cellulose and keratin peptides were found to be weak, while on lignin substrates, keratin peptides
had high adsorption. The structural properties of keratin—including the amino acid content,
molecular weight, and random coil conformation together with the negative net charge of lignin
surfaces—were demonstrated to be the determinanting factors in for the adsorption behaviour. In
particular, the combination of colloidal lignin particles and keratin is interesting, as the spherical
morphology of the nanoparticles is beneficial in many practical applications. Overall, the thesis
furthers our understanding of how the choice of the processing method affects the structural and
physical properties of the feather keratin as well as its interactions with lignocellulosics. These are
important for the utilization of keratin in macro- and nanoscale material applications.
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Tiivistelma

Hoyhenet, siipikarjateollisuuden sivutuote, ovat erinomainen keratiinin lahde, ja niiden
hyodyntdminen on olennaista resurssien riittavyyden ja kiertotalouden nakokulmasta.
Tamaén vaitoskirjan tavoitteena oli arvioida hoyhenkeratiinin sopivuutta
materiaalisovelluksissa. Proteiinina keratiinilla on mielenkiintoisia ominaisuuksia, joita
voi hyodyntaa esimerkiksi lannoitteissa, palonestoaineissa, imeytysaineissa seka
bioladketieteen, kosmetiikan ja elektroniikan sovelluksissa. Molekyylista keratiinia
valmistettiin liuottamalla héyhenii vesipitoiseen syviaeutektiseen liuottimeen (DES:iin).
Kéaytetty DES muutti keratiinin vuorovaikutuksia, katkaisi disulfidisidoksia, muokkasi
konformaatiota ja osittain hajotti polypeptidirunkoa. Keratiinin molekyylipainolla
havaittiin olevan tiarked rooli sen liukoisuudessa. Liukoisuuden lisiksi keratiinin
molekyylipainolla ja konformaatiolla oli tirkea rooli keratiinista valmistettujen
kalvorakenteiden mekaanisissa ominaisuuksissa seka vesivuorovaikutuksissa. Naita
ominaisuuksia voitiin kuitenkin kontrolloida my6s lisaiamalla kalvorakenteeseen
pehmittimia ja silloitusaineita. DES-prosessin lisiksi hoyhenia prosessoitiin
yksinkertaisemmalla mekaanisella kisittelylld kuitumaisen keratiinin tuottamiseksi.
Molekyyli- ja kuitukeratiinista valmistettujen kalvorakenteiden vertailusta todettiin, etta
kuitukeratiini sopii sovelluksiin, joissa lapindkyvyys, hyvat lapaisevyysominaisuudet tai
reaktiivisuus eivit ole olennaisia kuten komposiiteissa, kun taas molekyylikeratiini soveltuu
moniin erilaisiin sovelluksiin. Keratiinin molekyylipainon tarkeys havaittiin myds, kun
tutkittiin DES-prosessoitujen keratiinipeptidien adsorptiota selluloosa- ja
ligniinisubstraatille. Selluloosan ja keratiinipeptidien vilisten vuorovaikutusten havaittiin
olevan heikkoja, kun taas ligniinisubstraateille keratiinipeptideilld oli korkea adsorptio.
Keratiinin rakenteellisten ominaisuuksien, mukaan lukien molekyylipaino,
aminohappokoostumus ja satunnainen konformaatio seki ligniinin negatiivinen varaus,
huomattiin olevan tarkeédssa roolissa keratiinin adsorptiossa ligniinipinnoille. Erityisesti
kolloidiset ligniinihiukkaset keratiinin kanssa ovat mielenkiintoinen mahdollisuus, koska
nanohiukkasten pallomainen morfologia on hyédyllinen monissa kdytdnnon sovelluksissa,
kuten hydrogeeleissa. Kaiken kaikkiaan saadut tulokset parantavat ymmarrystimme siit4,
kuinka kisittelymenetelmin valinta vaikuttaa héyhenkeratiinin rakenteellisiin ja
fysikaalisiin ominaisuuksiin seka sen vuorovaikutuksiin lignoselluloosan kanssa.
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1. Introduction and aims

We need to create new, cost-competitive, bio-based materials that can address
the main challenges of our century, which include resource sufficiency and cli-
mate change. In 2020, the global annual production of plastics and synthetic
fibres were 367 and 74 million metric tons, respectively.2 This opens up huge
opportunities for new sustainable and advanced bio-based material solutions to
enter the markets to replace conventional fossil-based products. Lignocellulosic
building blocks are currently being studied extensively to replace fossil-based
ones. But realizing the needed volumes and the required properties, we cannot
exclude other bio-based alternatives, like proteins, as building blocks for future
materials.

One of the most underutilized protein sources is the feather side stream of the
poultry industry. In 2020, it was estimated that the poultry industry generated
13.6 million tons of meat in the European Union (EU)3, which is approximately
2 million tons of feather waste annually just in the EU4. Although feathers con-
tain about 90% of a protein called keratin, these feathers are mostly either
burned, buried in landfills or recycled as poorly digestible feed, leaving about
1.8 million tons of protein to be used in higher-value products.5¢ For compari-
son, the average pulp mill produces about 0.24 million tons of pulp annually.”

One of the reasons that limits the commercial use of feather keratin is the
strong and complex structure of the feathers. Feathers can rarely be utilized
without any processing. As feathers are resistant to the majority of chemical and
physical conditions, their processing, and thus the utilization of feather keratin,
is difficult.58 Hence, feasible processing methods to convert feathers into a use-
ful form should be developed. Moreover, to maximize the value addition for
feather keratin, the most suitable applications should be identified. This kind of
identification requires a deep understanding of keratin and how its structure
and interactions are linked to its properties.

Feather keratin, when processed in a sustainable and feasible manner, not
only could it bring additional value to bio-based materials, especially in the bi-
omedical, cosmetology, packaging, and textile industries, but could also serve
the principles of the circular economy through waste valourization. The aim of
the thesis was to understand how feathers could be converted into utilizable ker-
atin fractions and evaluate their potential as building blocks for future materials
(Figure 1). More specifically, the thesis aims to meet the following objectives:



e Generate molecular and fibrous keratin building blocks from the
feather sidestream via sustainable physical and chemical routes

e Understand the processability and chemical structure of molecular
keratin building blocks by studying feather processing with an envi-
ronmentally friendly aqueous deep eutectic solvent

e Explore the potential of molecular and fibrous keratin building blocks
as self-standing film structures and understand the mechanical prop-
erties of these structures, their interaction with moisture and the effect
of additives

e Recognize the opportunity to prepare combined materials by studying
the interactions of keratin building blocks with cellulose and lignin

& v
the g L
V,ous
keratin )
Tightly packed B-sheets > >
and a-helices tg:l;/tl\:l‘w 5 &) Paper i
Paper | y — Keratin building blocks in film structures
DES-treatment
:: for feather 4

l deconstruction

Paper lll
Interactions of keratin building blocks

Decomposed and deformed with cellulose and lignin

keratin fragments as keratin
Paper IV building blocks
Mechanically treated
feathers in film structures

Conversion of feathers into keratin building blocks for advanced bio-based materials >

Figure 1. Schematic summary of the dissertation with the aim of exploring the potential of feather
keratin as a building block for future materials.

The aim of Publication I was to define the molecular keratin building blocks
prepared via a chemical route. The keratin building blocks were prepared by
first dissolving the feathers in an aqueous deep eutectic solvent (DES) and using
water to regenerate the dissolved keratin. After adding water, the keratin frac-
tion with a higher molecular weight (Mw) distribution precipitated, while the
keratin fraction with a lower Mw distribution remained soluble in water to-
gether with the diluted DES components. An extensive structural study of the
high Mw keratin fraction was conducted to deduce its chemical structure.

In Publication II, high and low Mw keratin fractions were further used to
prepare self-standing films to understand the effect of keratin structure and the
effect of plasticizer and cross-linkers on the physical properties of keratin films.

In Publication IV, a simple alkaline pre-treatment and milling were used to
prepare fibrous keratin building blocks via a mechanical route to recognize the
advantages of molecular and fibrous keratin building blocks. More specifically,
in Publication IV, the effect of different additives on film formation and the
tensile properties of the fibrous keratin films was studied.
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Publication III utilized a thin film approach to study the adsorption of DES-
processed keratin peptides on lignocellulosic model films to obtain an under-
standing of how keratin can be integrated with other biomaterials for advanced
material properties. A quartz crystal microbalance with a dissipation monitor-
ing (QCM-D) technique revealed insights into the interactions between the ker-
atin building blocks and lignocellulosic materials as well as the role of water in
these interactions.



2. Background

2.1 Building blocks made of feather keratin

2.1.1 Feather keratin structure

Feathers are complex and hierarchical components as a result of biological
evolution?, and their main functions in nature include flight, camouflage, court-
ship, thermal insulation and water resistance.'® In general, feathers have low
density, good compressibility, and elasticity. They consist of two main structural
units: rachis and barbs (Figure 2a). Rachis and barbs are both fibre-like struc-
tures with a hollow honeycomb structure (Figure 2b—f).112 The study of feathers
is difficult due to their robust hierarchical structure and variation between dif-
ferent keratin structures.!3.14

Rachis _

SN
NN
\\;‘;:\?’ = > i X V- Gan
~ S ]
ST, - T— 0

Figure 2. Overall appearance of (a) a feather, (b) ground rachis and (c) ground barbs, showing the inner
honeycomb structure and fibrous outer layer, while Brightfield-imaged, diagonally cut and Ponceau S-
stained (d,e) rachis and (f) barb show the structures of the inner honeycomb structure and fibrous outer
layer in more detail.

Feathers consist of about 90% of a structural protein, keratin.5 Keratin is a
fibrous and tough protein.'° Besides feathers, other materials, such as wool and
hair, are also rich in keratin. Natural materials, which are rich in keratin, have
a similar fibre-reinforced composite structure in which crystalline highly axially
oriented intermediate filaments, microfibrils, are embedded in an amorphous
and non-fibrous keratin matrix (Figure 3).1013-15



Figure 3. Keratin microfibrils embedded in an amorphous protein matrix.

Keratin, like all proteins, is made up of amino acid residues that are bonded
by peptide bonds to form the main structure of the protein, a linear sequence of
amino acids—polypeptides. Polypeptides have free amine and carboxylic acid
groups at the ends of the polypeptide chains, also known as N- and D-terminal
domains (Figure 4). Depending on the amino acid sequence, these polypeptides
can form ordered secondary structures from which a-helix and (3-sheet are the
most common ordered conformations (Figure 5). In proteins, some polypep-
tides do not form an ordered and regular secondary structure; these regions are
known as random coils.
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"H3N | — N |—c N % —//—l\’l—(|:—c N | C I |—c—o*

R | B

R1 | H |o R3 | H O Ry O H O

Figure 4. Amino acid residues linked by peptide bonds forming a primary structure of a protein. R is the
side chain of an amino acid. The left end is the N-terminal domain, while the right end shows the D-
terminal domain.
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Figure 5. Polypeptides folded into the two most common ordered secondary structures: (a) B-sheets
and (b) a-helix.



Although feather keratin has both ordered secondary structures, it is consid-
ered hard keratin, which means that the dominant secondary structure is p-
sheet instead of a-helix.1 It has been suggested that hard feather rachis have
a higher content of B-sheets, while barbs have a higher a-helix content, thus
indicating a softer keratin structure.'¢ In keratin-rich materials, these ordered
structures are especially located in the microfibrils, while the amorphous matrix
consists mainly of unordered random coil keratin.'4!5 Furthermore, the central
domain of feather keratin is associated with the microfibrils, while the N- and
C-terminal domains are associated with the amorphous matrix. It is suggested
that the central domain has amino acid residues that favour [-sheets, while the
matrix is rich in amino acid residues related to the random coil confor-
mation.47:18 Overall, the complex filamentous hierarchy and the tight packag-
ing of ordered secondary structures play an important role in the mechanical
properties of feathers.10.14.15

It has been suggested that a single microfibril in a feather could consist of
about 15—21 keratin polypeptide chains and a single polypeptide chain ex-
tracted from a feather barb consists of 96 amino acid residues.'® The amino acid
sequence determines the properties and folding of the protein. In general, struc-
tural proteins such as keratin have a characteristic and repeating amino acid
sequence that enables a higher-order structure.2° The reported amino acid con-
tents vary, but it could be summarized that in feather keratin, amino acids such
as the hydroxyl group containing polar serine (Ser), non-polar and cyclic proline
(Pro), non-polar glycine (Gly), acidic asparagine (Asp) and glutamine (Glu),
basic arginine (Arg), and non-polar valine (Val) and leucine (Leu) are present
to some extent.!8:2122 Compared to other proteins, keratin also has a relatively
high concentration of sulphur-containing cysteine (Cys).8 Cys residues can form
disulfide inter- and intramolecular cross-linking within keratin.#23 These disul-
fide bonds play a major role in determining the physical properties of keratin.
In addition to disulfide bonds, amino acid residues present in keratin enable
hydrogen bonding, hydrophobic interactions as well as ionic bonds (Figure 6),

which again affects the chemical and physical properties of feather keratin.8-24-
26
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Figure 6. Schematic presentation showing the possible intermolecular and intramolecular bonding of
feather keratin (redrawn from Shavandi et al.8).

2.1.2 Defining keratin building blocks

Building blocks can be defined as structural components that can be further
used to produce intermediates or end products. Building blocks derived from
biomass are considered an alternative to fossil-based building blocks in material
applications striving toward a sustainable future. The preparation of building
blocks from biomass usually requires the deconstruction of the biomass source
into its structural components. For example, cellulosic building blocks derived
from wood are pulp fibres, cellulose nanofibres, polymeric cellulose and glu-
cose. By understanding the feather keratin structure, feathers could be decon-
structed into the following structural components: roughly disintegrated kera-
tin fibres and particles (from a honeycomb structure), finely disintegrated fi-
brils, extracted keratin polypeptides, oligopeptides and amino acids (Figure 7).

Figure 7. Deconstructing keratin building blocks from feathers. Top row: from complex and hierarchical
feather structure into fibrous and powdery form. Bottom row: microscopy image of roughly disinte-
grated feathers, finely disintegrated feathers and soluble molecular keratin in water.

Feather keratin has a wide range of possible applications that are strongly de-
termined by its structure and properties. The chemical structure of keratin could
allow its use in designed forms like micro and nanoparticles, composites, ther-
moplastics, films, fibres and filaments, hydrogels and sponges, while its natural



properties could make them suitable for feed, fertilizers, flame retardants, ab-
sorbents as well as biomedical, cosmetic and electronic applications.>27 Keratin
has shown potential in wound healing?8, tissue engineering2?, controlled drug
release2s, flame retardancys3*s3!, skin hydration and elasticity improvmentsz,
electronic materials33 and as a bioadsorbent for dye34, metal ions3s and o0il3e.

Roughly, keratin building blocks derived from feathers can be divided into two
categories: fibrous keratin building blocks (including different-sized fi-
bres, fibrils and particles) and molecular keratin building blocks (includ-
ing polypeptides, oligopeptides and amino acids). Figure 8 visualizes the differ-
ence between the morphologies and macroscale structure of the fibrous and mo-
lecular keratin building blocks when used in films. While fibrous keratin has a
clear macroscale structure, molecular keratin does not.

Figure 8. Scanning electron microscopy (SEM) images showing the macroscale structure of films pre-
pared from (a) fibrous and (b) molecular keratin building blocks. Pictures from publications Il & IV.

2.2  Preparation of keratin building blocks

The unique structure and properties of feathers, combined with their low cost
and wide availability, make them an attractive choice to be used as building
blocks for future materials. However, the feather structure as such is rarely ap-
plicable, and processing is required to deconstruct feathers into a suitable form
for applications. The structure of feathers is stable and resistant due to the ex-
tensive disulfide cross-linking, high content of hydrophobic residues and tight
packing of a-helices and [-sheets in polypeptide chains.2537 Thus, feasible and
sustainable processing methods to deconstruct feathers into keratin need to be
developed to enable their use. Efforts to process feathers have been carried out,
and in this chapter, the most prominent of them will be shortly introduced and
discussed. Roughly, the feather processing methods can be categorized into
three categories: physical, chemical and biological routes. Feathers should be
sanitized before any processing or use. The methods described in this chapter
are performed after sanitation.

2.2.1 Physical routes

Physical routes to prepare keratin include treatments like heating, grinding
and pressure.3® Grinding is a mechanical treatment in which mechanical force
is applied to crush, cut and break the raw material into smaller particles. Me-



chanical treatments are divided into the following levels depending on the par-
ticle sizes aimed: coarse grinding (from ¢cm to mm), intermediate micronization
(cm to 100 um), fine grinding (<100 um), ultrafine grinding (<30 um) and
nanogrinding (<1 nm).3%4° Thus, mechanical treatments allow the preparation
of various sizes of building blocks quite well. Ground fibrous keratin has been
used, for example, in composites together with synthetic polymers4-44, in ex-
trusion® and in thermally processed films4#s. For feathers, mechanical treat-
ments could provide a simple processing method when a small particle size or
uniform shape is not required.4¢ Furthermore, mechanical treatments are a
good choice for pretreatment before other processing methods to enhance their
performance, as it makes the raw material more accessible by improving the
mass and heat transfer, thus reducing the energy input.4° Other physical routes
that could allow the preparation of keratin building blocks are steam explo-
sion2547:48 and pyrolysis49:5°. These treatments are also simple and efficient and
could be considered especially when residual colour, extensive keratin degrada-
tion or even a rubbery structure is not a problem for the application. In general,
all physical routes have high energy consumption.

2.2.2 Chemical routes

Chemical routes to prepare keratin building blocks include the use of chemical
agents such as solvents.38 They are probably the most studied processing meth-
ods for feathers because they allow the preparation of molecular keratin. Mo-
lecular keratin has more versatile applicability than the keratin produced by me-
chanical means. Keratin is insoluble in water and common solvents, especially
due to disulfide bonds within the structure of the keratin.5! Therefore, feather
dissolution generally involves the step of cleaving these disulfide bonds by re-
duction or oxidation.8 Although these reactions can ensure good yield and
undegraded keratin, they usually require chemicals that have poor recyclability,
high production costs, and toxicity.3” Keratin could also be extracted by dissolv-
ing it in alkali, but this requires harsh conditions and causes extensive degrada-
tion of keratin.47

Green solvents including N-methylmorpholine N-oxide (NMMO), ionic lig-
uids (ILs) and deep eutectic solvents (DES) have been of interest in biomass
processing. NMMO is a commercial and recyclable solvent used in the Lyocell
process.52 It has also been used to dissolve feathers.2* Although feathers were
completely dissolved in NMMO, only a small part of keratin could be regener-
ated, and most of it remained in the filtrate as small peptides and amino acids.
NMMO appeared to be able to destroy disulfide bonds as well as peptide
bonds.2! Although NMMO can function as a direct solvent for biomass, the pro-
cess has some drawbacks, such as side reactions and by-product formation that
may cause unwanted effects such as biomass and solvent degradation, discol-
ouration of the fibres, weakened performance of the product, increased con-
sumption of stabilizers or thermal runaway reactions.53

To overcome the drawbacks of NMMO, ILs have gained interest in biomass
processing.54 As an example, Ioncell-F is a technology in which regenerated cel-
lulose fibres are produced using a superbase-based IL.55 ILs are defined as salts
that are liquid at room temperature. They usually consist of organic cations such
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as quaternized aromatic or aliphatic ammonium ions and organic or inorganic
anions that are usually either halide anions or anions in which the charge is dis-
tributed over several atoms.54 Thus, ILs involve large ions with conformational
flexibility, enabling the liquid state due to small lattice enthalpy and large en-
tropy changes. ILs are chemically and thermally stable, nonflammable and a
have low pressure.5¢ ILs have been used to dissolve feathers to obtain regener-
ated keratin.57-6! In general, after IL treatment, the yield of regenerated keratin
has been reported to be rather low (25—-88%), and the obtained keratin has lost
part of its molecular weight, secondary structure and crystallinity.37:57-59 Other
drawbacks with ILs are processing difficulties related to high viscosity and sol-
vent recycling.52

DESs are a newer type of solvent used in biomass processing; they were first
presented by Abbot et al.52 Unlike ILs, DESs consist of solid components that
together form a mixture with a melting point lower than its individual compo-
nents. DES is obtained when the components are mixed in the specific molar
ratio in which the system reaches its lowest melting point (Figure 9a), but mix-
ing with other molar ratios may also produce mixtures with lower melting tem-
peratures.®3 The drop in the melting point is due to the hydrogen bonding be-
tween the components, which delocalizes the charge and decreases the lattice
enthalpy of the system.®2 The most common DESs are formed between choline
chloride and carboxylic acids, and there the decrease in the lattice energy is
achieved by hydrogen bonding between the halide anion and the amide moi-
ety.52 However, in general, DESs are systems that are formed from a eutectic
mixture of Lewis or Bransted acids and bases that are capable of associating
with each other through hydrogen bonding.%3 For example, carboxylate salt-
urea DESs have been introduced.®¢ A small addition of water in DES is known
to decrease the melting point even further due to a decrease in the lattice en-
ergy.os

Like ILs, DESs usually have high stability and low vapour pressure and are
non-flammable. However, unlike ILs, DESs are commonly relatively easy and
inexpensive to prepare and are usually made of non-toxic, biodegradable and
biocompatible components.®3 Due to these advantages, they have also gained
interest in biomass processing, for example, in cellulose processing with urea-
based DESs.%5-67 Choline chloride-urea/oxalic acid DESs have also demon-
strated their potential in the extraction of keratin from wool%8-70, while carbox-
ylate salt-urea DESs have shown potential in protein extraction from Brewer’s
Spent Grain%+. From the studied carboxylate salt-urea DESs, an aqueous sodium
acetate (NaOAc)-urea DES was found to be the most efficient in protein extrac-
tion.®4 In NaOAc-urea DES, the hydrogen bonds needed for the melting could
be formed between urea (the hydrogen bond donor) and acetate anion (the hy-
drogen bond acceptor) (Figure gb). To my knowledge, feather keratin has not
been processed with DESs before.
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Figure 9. (a) Schematic presentation of how the melting temperature of the mixture changes when two
solid components are mixed in different molar ratios. The deep eutectic solvent is formed in the molar
ratio in which the eutectic point, the lowest melting point, is reached. (b) Components of sodium ace-
tate-urea DES in which urea acts as the hydrogen bond donor and acetate anion acts as the hydrogen
bond acceptor.

2.2.2.1 Dissolution theory

Solubility is determined as the molecular dispersion of a solute in a given sol-
vent in a way that the free energy of the system decreases.” Proteins are biolog-
ical macromolecules or polymers. Hence, their solubility can be described using
the Flory-Huggins theory for polymer solubility.”>-74 Flory-Huggins equation
describes the free energy change taking place when a non-crystalline polymer is
mixed with a solvent, as follows73:

AGm
Rm ningy + nylng, + xd1d,(ng + mny) ®

RT

where AG,, is the free energy of mixing, R is the gas constant, T is the absolute
temperature, y is the Flory interaction parameter, m is the ratio of molar vol-
umes of polymer and solvent, n; and n, are the number of moles of solvent and
polymer, while ¢, and ¢, are the volume fractions of solvent and polymer, re-
spectively.

The Flory interaction parameter is a dimensionless parameter that describes
the attraction between the polymer and solvent”2 and depends on the intermo-
lecular forces between the molecules in the system?s. If AG,,, is negative, polymer
and solvent mix and form a solution spontaneously. The first two terms in Equa-
tion 1 describe the entropy of mixing, which is always negative because mixing
the polymer and solvent increases the disorder of the system. Thus, to obtain
negative free energy, the Flory interaction parameter must either be negative or
have a small positive value.”s The Flory interaction parameter can be deter-
mined as follows72:

_ zAw

X=>F (2)

where k is the Boltzmann constant, z is the lattice coordinator number and Aw
is the increment energy.
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The interactions between the protein and the solvent depend on the properties
of the solvent and the structure of the protein.7s For example, the dielectric con-
stant, the chemical potential, the salt concentration, the viscosity and the sur-
face tension of the solvent are factors that influence the solubility of the pro-
tein.”s On the other hand, the polarity and hydrophobicity, the charge and the
molecular weight of the protein affect its solubility.”

Protein solubilization will not happen if protein-protein interactions are more
favourable than protein-solvent interactions. Some factors decreasing protein
solubility are electrostatic attraction between positively and negatively charged
moieties, the presence of hydrophobic interactions and a high degree of cross-
linking.76

Due to the complexity of the feather keratin chemical structure as well as DESs
as solvents, dissolution of keratin in DESs is not yet well understood. However,
when wool was dissolved in ChCl-urea DES, it was suggested that highly polar
Cl- anion and urea played an important role in disturbing the intra-molecular
hydrogen, disulfide and electrostatic bonds in keratin, allowing the dissolu-
tion.®8 Urea is well-established as a protein solvent with the ability to unfold
proteins.””

2.2.3 Biological routes

Biological routes utilize proteolytic enzymes to deconstruct the materials8, and
they have also been applied to feathers7879. However, considering the prepara-
tion of keratin building blocks for material applications, this route does not ap-
pear to be feasible in the near future. The feasibility is limited by the high cost
of enzymes.

2.3 Chemical composition and structure of keratin building
blocks

The utilization of keratin requires an understanding of its chemical composi-
tion and structure. Additionally, the realization of changes during and after pro-
cessing is critical to ensure optimized preparation methods of keratin for certain
applications. The insoluble nature of feather keratin complicates its characteri-
zation and decreases the suitability of traditional protein analysis methods. This
chapter will introduce different characterization methods that have been ap-
plied to study the chemical composition and structure of keratin. The focus will
be on methods that reveal information on the characteristics considered deter-
minative in the use of keratin in material applications. Table 1 summarizes the
chapter and introduces a toolbox for the characterization of the chemical com-
position and structure of keratin.
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2.3.1 Chemical composition

The amino acid composition and sequence define the interactions and prop-
erties of a protein. The amino acid content of feather keratin was already studied
in 196485, while the sequence was revealed in 19838. The amino acid composi-
tion of keratin building blocks is especially valuable when considering their in-
teractions with water or other materials. The amino acid composition can also
be used to predict the folding of a protein. In general, the determination of
amino acid composition includes the acid hydrolysis of polypeptide chains to
obtain its amino acid components, which are then separated with a chromato-
graphic technique. Although there are some differences in the amino acid com-
positions of keratin, depending on the extraction method or feather source, ra-
ther similar amino acid residues have been reported to appear in high concen-
trations, including Ser, Pro, Gly, Asp, Glu, Arg, Val and Leu.8:21-23.26.78,80,81

It is well known that disulfide bonds play an important role in determining the
properties of feather keratin.'4 In keratin, sulphur is located mainly in cystine
disulfide bonds (-S-S-) and cysteine-free thiol groups (-SH).5* Amino acid anal-
ysis could be used to analyse the content of cysteine residues. But probably the
simplest method to determine the sulphur content is elemental analysis in
which a sample is first combusted into simpler compounds, which are then de-
tected, giving percentages of carbon, hydrogen, nitrogen and sulfur. The ele-
mental composition has been determined for different structural components
of feathers2 and has been used to complement the results obtained from amino
acid analysis23. In addition to sulphur content, elemental analysis can be used
to determine nitrogen content, which in turn can be used to determine keratin
content in composite materials.°

Considering the properties of keratin, the separation of -S-S- and -SH contents
is valuable because disulfide bonds play such an important role in keratin prop-
erties. This kind of determination is difficult for insoluble feather keratin. How-
ever, a method has been developed to measure thiol and disulfide levels in hy-
drophobic and insoluble cereal proteins.8¢ The method is a direct colourimetric
method in which the sample is suspended in urea to enable a reaction with a
colour agent to release a soluble chromophore whose concentration can be de-
termined.8¢ This method has been applied for feather keratin to show the de-
crease in disulfide bonds when the pressure used in the steam explosion was
gradually increased.25-48
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2.3.2 Chemical structure

2.3.2.1 Molecular weight

In material design, the molecular weight of the building blocks plays an im-
portant role, especially in the physical properties of the end product. The mo-
lecular weight of feather keratin has been reported to be 10 kDa when extracted
with urea, phosphate and a reducing agent and measured using osmotic pres-
sure, turbidity, sedimentation rate, and viscosity techniques.8” Size exclusion
chromatography (SEC) and matrix-assisted laser ionization time-of-flight mass
spectrometry (MALDI-TOF MS) are common techniques to determine the size
or molecular weight of polymers.88 While SEC uses a column to sort the mole-
cules according to size, in MALDI-TOF MS, ionized molecules are separated ac-
cording to their mass-to-charge ratio (m/z). The SEC measures the hydrody-
namic volume, which is converted to standard molecular weight, while the
MALDI-TOF MS measures the mass directly.

When the molecular weight is determined, it is important to realize that it is
almost impossible to have a batch of polymers with the exact same molecular
weight, and the molecular weight variations are related to the synthesis or frac-
tionation method.?# Thus, it is important to determine the molecular weight dis-
tribution and its polydispersity, which describe the heterogeneity and broad-
ness of the distribution. The SEC gives the number and weight average molecu-
lar weights, which can be defined as follows74:

N;M;
M, = £ 3)
_ SwiM; _ SNMF
My, = Iwi | ZNM; )

where M,, is the number-average molecular weight, M,, is the weight-average
molecular weight, N; is the number of molecules with molecular weight M; and
w; is the weighting factor for each molecular weight species. The polydispersity
index is then determined from the ratio of the weight-average to the number-
average molecular weight. The monodisperse sample usually has a ratio of less
than 1.1.74 MALDI-TOF MS does not provide a separate value for the polydis-
persity, but its resolution and mass accuracy are known to be excellent.38
MALDI-TOF MS allows molecular ion spectra for individual m/z values, which
are based on the molecular weights of the molecular compounds.89

Both of these methods have been used to determine the molecular weight of
feather keratin. The molecular weight distributions of NMMO treated and
steam-exploded feather keratin were analysed with SEC. The distributions were
not uniform in their molecular weights, and everything from small peptides to
keratin polymers with Mw of 30 kDa was detected.2147.82 It was noticed that the
buffer that was used to dilute and elute the extracted keratin affected the re-
sults.#7 MALDI-TOF MS has been performed to analyse the molecular weight of
feather keratin that was extracted using ethanol and hydrochloric acid pretreat-
ments and 2-mercaptoethanol deoxidization. A rather uniform molecular
weight distribution of 20 kDa was reported.23 The results reported indicate that
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the molecular weight of keratin remains unclear, but there are methods availa-
ble that can give indicative information.

2.3.2.2 Conformation of keratin chains

Proteins fold in unique shapes depending on their amino acid content and
their order in the primary chain. Keratin is a structural protein, and its structure
is dominated by repetitive amino acid sequences that fold to form ordered sec-
ondary structures responsible for their properties.?® Thus, considering material
applications, characterization of secondary structures is important. Another in-
teresting aspect is the crystallinity. The organization of the chains is considered
to have a role in the physical, chemical, optical and thermal properties of kera-
tin.2 It is suggested that feather keratin is a semi-crystalline structure9 that in-
cludes crystalline areas with organized and tightly packed molecular chains and
amorphous areas with randomly orientated chains.

Spectroscopic techniques can be applied to characterize the secondary struc-
tures of keratin. This type of characterization usually means the qualitative
identification of a-helices, -sheets, B-turns and random coils present in the
keratin structure. From spectroscopic techniques, Fourier transform infrared
(FTIR), nuclear magnetic resonance (NMR) and circular dichroism (CD) spec-
troscopies are common techniques for analysing the secondary structures of
feather keratin.

FTIR spectroscopy is based on molecular vibrations as molecules in the spe-
cific bonds absorb infrared light characteristically based on their structure and
chemical environment. The spectra are presented in the form of intensity of ab-
sorbed light versus wavenumber. The interpretation of the secondary structures
is based on the vibrations of peptide bonds (-CHNO-), which have been sug-
gested as being more dependent on the secondary structures of the amino acid
backbone than the side chains.92 Interpretation of different individual second-
ary structures in feather keratin can be then done using deconvolution tech-
niques.93:94 Attenuated total reflectance Fourier transform infrared spectros-
copy (ATR-FTIR) is an especially recommend technique for different types of
solid keratin building blocks because no pre-treatment of the sample is required
as it is based on total internal reflection, which is enabled using a crystal that is
in close contact with the sample. Keratin gives a characteristic and identifiable
FTIR spectrum that can also be used to interpret the changes taking place in the
secondary structure of feather keratin after processing.22548:59 The results ob-
tained from the deconvolution show that feather keratin includes -sheets, a-
helices, turns and random coils, but in different studies, the percentages of dif-
ferent secondary structures vary.2-2548:59 Deconvolution data should always be
treated with caution as deconvolution of spectroscopic spectra is affected by a
variety of parameters, some of which are selected individually. However, all of
the studies show that after the feathers are processed, the ordered secondary
structures are reduced.2254859 Thus, FTIR could be especially useful to deter-
mine how the chemical structure of feathers changes during processing.

NMR is a technique based on the study of the energy levels of specific atomic
nuclei when the sample is placed in a strong magnetic field and excited by radio
waves. Certain nuclei resonate at a characteristic frequency when placed in a
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magnetic field, and variations in that resonant frequency reveal detailed infor-
mation about the chemical environment and thus the molecular structure of the
sample. The NMR spectra are based on the magnetic resonance of the nuclei,
most commonly 3C and 'H, and it is plotted as signal intensity as a function of
chemical shift. In NMR, the samples are usually dissolved, and NMR is carried
out in the liquid state, but it can also be performed for solid samples. However,
in the solid state, stronger interactions are present, and there is less motion of
the molecules, meaning that the measurement takes a longer time and broader
peaks are observed. Keratin has a characteristic NMR spectrum and has also
been used to interpret secondary structures of keratin.3” For example, the 13C
chemical shift of carbonyl gives a slightly different value depending on whether
it is in a-helix or B-sheet structure.? The deconvolution of the carbonyl peak of
feather keratin showed that random coil and (3-sheet conformations dominated
over a-helix, and after dissolution in IL, the regenerated keratin had a rather
similar structure.3” Again, the deconvoluted data should be interpreted with
caution.

CD spectroscopy measures the difference in absorbance and reflection be-
tween right-handed and left-handed circularly polarized light when the light
hits asymmetric molecules such as amino acids in proteins. When light adsorbs
and refracts, the amplitude decreases and the light wave rotates, leading to el-
liptically polarized light, which can be expressed as the degree of ellipticity as a
function of wavelength. The organized structures of a protein, such as the a-
helix or B-fold, give characteristic CD spectra. Common CD spectroscopy re-
quires samples in a liquid state, which makes its use with feather keratin diffi-
cult because dissolution of keratin will most probably cause changes in the or-
ganized structures of the native insoluble keratin. However, CD has been ap-
plied to solubilized feather keratin, and it is suggested that feathers are rich in
[B-sheets, but after extraction, the structure is changing towards a random coil.23

X-ray diffraction analysis (XRD) is a scattering technique usually used to iden-
tify the crystalline structure of samples. XRD is based on X-ray beams focused
on the sample. The interaction of incident X-ray beams with the sample creates
secondary diffracted X-ray beams that are related to the interplanar spacing in
the crystalline structure of the sample. When the diffraction angle and intensity
of the diffracted beams are detected, a specific diffraction pattern is formed.
XRD is a common and suitable technique for studying the crystallinity of feather
keratin in different structures such as powders, films and fibres.9* However,
studies on the crystallinity of cellulose have shown that XRD studies in semi-
crystalline samples may not be that straightforward.-98 Therefore, XRD stud-
ies on keratin should also be treated with caution.

In keratin, crystallinity and ordered secondary structures could be related be-
cause a-helices and [-sheets can be considered high-order crystalline struc-
tures. Thus, diffraction patterns obtained from XRD have also been used to
study a-helices and (-sheets structures in feather keratin together with crystal-
linity.25:37.79:83.84 Tt can be concluded that feather keratin has a characteristic dif-
fraction pattern with two clear peaks indicating two different crystalline struc-
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tures which could be assigned for a-helices and B-sheets. However, the inter-
pretations considering the degree of crystallinity and the relationship between
the crystallinity and ordered secondary structures are not consistent due to
overlapping signals.2537.79.83.84

2.4 Self-standing film approach to study keratin building
blocks

Preparation of self-standing films is a simple and common way to study the
physical properties of materials because they are very suitable for many charac-
terization techniques. The studied physical properties can be then used to com-
plement the structural characterization, allowing an understanding of the suit-
ability of keratin building blocks in different applications. This chapter will de-
scribe how self-standing films can be used to study keratin building blocks.

2.4.1 Film formation

To prepare keratin films from feathers, the feathers must be converted into a
form that enables the preparation of self-standing films. Suitable processing
technologies for feathers were discussed in Section 2.2. After different pro-
cessing methods, including mechanical and chemical routes, solvent casting is
a common and recommended method for preparing films from feather keratin.s
Solvent casting is a gentle method to prepare films and is therefore not expected
to induce additional damage to the structure of the keratin. It is a simple method
that can be applied to both fibrous and molecular keratin building blocks. To
ensure good quality of the films and, in particular, reproducibility between dif-
ferent samples, there are a few things to consider when preparing the films. The
suspension from which the film is cast should be stable with known solid con-
tent to form a homogeneous film. The casting support should prevent the film
from shrinking during drying and allow the film to be easily removed from it.
Self-standing feather keratin films could also be prepared by compression
moulding, but heat and pressure can cause changes in the keratin structure.99.100

2.4.2 Strategies to improve physical performance

Without any chemical modifications or additives such as plasticizers or cross-
linkers, keratin films are fragile.23:91101.102 When feathers are processed, keratin
partly loses its disulfide bonds, crystallinity, ordered secondary structures and
molecular weight, which leads to films with poor mechanical properties and sta-
bility.5+103 Common strategies to improve the film properties include plasticizers
and cross-linkers as additives in keratin suspension before casting. Also, chem-
ical modifications like acetylation% or carboxymethylationstto4 of feather kera-
tin or the incorporation of reinforcing nanoparticles into the film structureos
can be done, but these techniques are not covered in this work.

Plasticizers are usually small molecules that are able to incorporate and posi-
tion themselves into a protein network and disturb the protein-protein interac-
tions. The plasticizing effect is then gained through increased chain mobility
and free volume. Therefore, water also has a plasticizing effect.1o5 Feather kera-
tin films have been commonly plasticized with polyols, including glyc-
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erol2380.91.106 sorbitol!07, and polyethylene glycol (PEG)8:109. Plasticizers are es-
sential to prepare films from keratin, and they especially improve the elongation
at break. But on the other hand, they usually make the films more hydrophilic,
which is a drawback in most of the material applications.

While plasticizers are added to disturb the protein-protein interactions, cross-
linkers are added to the protein network to introduce new covalent bonds to the
keratin structure, making chain packing tighter and reducing chain mobility.
Cross-linking improves the mechanical and barrier properties of protein
films.105 Cross-linking feather keratin has not been extensively studied so far,
but protein films could be chemically cross-linked using aldehydesto or di-
epoxies2, It is reported that cross-linking keratin with formaldehyde and glu-
taraldehyde especially improved the wet tensile strength of the films°3, while by
cross-linking wool keratin films with diepoxies, the waterproof characteristics
were improved and the mechanical properties remained the same=,

2.4.3 Film characterization

To gain a general understanding of the suitability of keratin building blocks in
material applications, the effect of building block preparation methods and
added additives on the physical properties of self-standing keratin films should
be studied. Table 2 provides a toolbox for characterization of these kinds of
films. Methods have been chosen from the literature in a way that they allow a
comprehensive understanding of the durability and stability of the films.
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2.4.3.1 Evaluation of film-forming capacity

A rough estimation of the film formation capacity can be carried out by as-
sessing the visual appearance. If a nonuniform film is formed or there are clear
cracks, there is no film-forming capacity. In general, extracted keratin forms
fragile films, and additives are needed to form films that do not crack. However,
if a seemingly uniform film is formed, microscopic techniques can be used to
characterize the morphology of the films.

Scanning electron microscopy (SEM) is a very common and informative tech-
nique for visualizing the topography of films. In SEM, the image is formed when
a focused electron beam is scanned across the specimen. Electrons interact with
atoms on the surface of the specimen, and reflected signals are detected. The
formed signals are capable of resolving details with magnification up to 1 million
times.""¢ SEM has widely been used in the characterization of feather keratin in
film structures. 80.91.102,106-108 SEM images have revealed that the morphology of
the keratin films depends on the feather processing method and added addi-
tives. In general, keratin that is obtained via chemical routes enables the for-
mation of uniform films, and additives such as glycerol increase the uniformity.

Besides SEM, other techniques like optical microscopy and transmission elec-
tron microscopy may also be used to characterize keratin films. But SEM is rec-
ommended because of its high magnification, nondestructive evaluation and
simple sample preparation.

2.4.3.2 Mechanical properties

Measuring mechanical performance, including tensile strength, strain at
break, deformability and elastic modulus of keratin films, is a simple method to
evaluate and compare the effect of different building blocks and added additives
on film properties. Besides evaluating the suitability of keratin films for some
specific applications, the mechanical properties give an insight into the interac-
tions within the film. The mechanical properties of protein films depend on both
their composition and environmental conditions.!*5 For example, the addition
of plasticizers increases the strain at break and decreases the tensile strength by
increasing the free volume in the films, while cross-linkers usually increase the
tensile strength by introducing new cross-links in the films. In high humidity,
hydrophilic films usually adsorb moisture, and water molecules act as a plasti-
cizer in the film structure.’°s When mechanical properties are measured, a film
sample is placed between two grips that clamp the material, and force is loaded
on the material by stretching it. The change in length of the sample is measured.
The tensile test is a common method to test the mechanical properties of keratin
films.80:91.103,106,107 Tt can be concluded that keratin films give values comparable
to other protein films, and additives such as plasticizers and cross-linkers are
needed to obtain sufficient mechanical properties for film processing.

2.4.3.3 Interactions with moisture and water

Protein films are mostly hydrophilic, which means that moisture and water
have an impact on their performance. Therefore, understanding the interactions
with moisture and water is essential. Film structures allow the study of water
vapour permeability (WVP), solubility, swelling and water contact angle (WCA).
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WVP measures how water vapour is transmitted through a material. thus giv-
ing insights into the bulk properties of the film. Moisture permeation through
the protein film occurs in four steps. First, water vapour is absorbed on the sur-
face of the film. Secondly, water vapour penetrates the film structure followed
by the diffusion of water vapour through the structure. The final step is the de-
sorption of water vapour from the other side of the film surface. The partial dif-
ference in water vapour pressure between the two film surfaces is the driving
force for the penetration process.””? The WVP value (10° g/m?2 s Pa) can be cal-
culated using the following equation7.:18:

_ (WVTR'L)
WVP = =1 (5)

where WVTR is the measured water vapour transmission rate (g/(m2 s))
through the film, L is the mean thickness (m) and Ap is the partial water vapour
pressure difference (Pa).

WVP measurement has been used especially to study how plasticizers modify
the properties and structure of feather keratin film.80.107.108 In general, protein
films have high WVP but low gas permeability, and keratin is not an exception.
The addition of plasticizers to the film structure further increases the WVP val-
ues. 80,107,108

While WVP is used for bulk properties, WCA is used to study the wettability
of the film surface and thus the interactions of water with the film surface. In
this measurement, a water drop is placed on the film surface, and the angle be-
tween the film surface and a tangent drawn on the droplet surface is measured.
The following equation can be used to determine the angle9:

Yiv COSQeq =7VYsv —VsL (6)

where 6, is the contact angle at the equilibrium, and y,y, ysy and ys,liquid-
vapour, solid-vapour and solid-liquid interfacial tensions, respectively.

Equation 6 is accurate for an ideal surface that is smooth, homogenous, rigid,
insoluble and non-reactive, and the wetting dynamics of biopolymers are af-
fected by absorption and spreading of the droplet at the solid-liquid interface.!9
The level of hydrophobicity of feather keratin has been interpreted by measur-
ing the contact angle.57:83 In general, if the angle is below 90 degrees, the surface
is considered hydrophilic.

The determination of the solubility of the films can be simply carried out with
gravimetric determination. Solubility can be determined as a percentage of dry
matter solubilized in water. It can be simply carried out by immersing film with
a known mass (m,) in water for a certain time and weight the dried sample (m;)
after immersion in the water. The solubility was then calculated using the fol-
lowing equation:

Solubility (%) = 100 x (Mo — my) / Mo @)
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This method gives information about whether water can break the interac-
tions within the film and thus disintegrate and dissolve it. Although solubility
describes the interactions with water, measuring the swelling of the film can
give insights into the film-water vapour interactions. Swelling can be deter-
mined as a percentage of moisture content in the films after conditioning them
at different relative humidity (RH) levels. The mass of the film changes, depend-
ing on the uptake of water vapour in its structure. The water vapour uptake, and
thus swelling, can be calculated using the following equation:

Swelling (%) = 100 X (Mgue— Mru1) / M (€)]

where mgus is the mass of the film at the higher RH, and mgg, is the mass of
the film at the initial RH.

It seems that the measurement of the solubility and swelling of feather keratin
films has not been done extensively, but they are techniques used in protein film
characterization when the effect of cross-linking has been evaluated.3-15

2.5 Thin film approach to studying interactions between ker-
atin and lignocellulosic materials

A deep understanding of the interactions of keratin with other biomaterials
like lignocellulosic materials is critical to ensure the optimized development of
future keratin-based materials. Some attempts have already been made to com-
bine feather keratin with celluloseto120.12t and lignin*22, but the combination of
keratin and lignocellulosics is still relatively unexplored, and we are still lacking
a fundamental understanding of the interactions between keratin, cellulose and
lignin. This kind of nanoscale understanding of interactions between two mate-
rials can be obtained by studying the adsorption of keratin onto thin films made
of lignocellulosic building blocks. This chapter describes the preparation of the
thin films and how keratin adsorption onto them can be studied.

2.5.1 Preparation of cellulose and lignin thin films to study keratin ad-
sorption

Thin films can be considered as model films, allowing the study of complex
natural materials with sensitive surface techniques. Probably the most used
method to prepare thin films is the spin-coating technique. However, other
methods, such as Langmuir-Blodgett (LB) deposition and adsorption, have also
been reported.23

In the spin-coating process, the polymer-containing liquid is spread onto a
rotating substrate, whereafter the liquid is evaporated with the help of high-
speed spinning, leaving a uniform polymer film. The thickness and roughness
of the thin films can be controlled by altering parameters such as the solution
concentration and solvent choice and the acceleration, speed and duration of
the spinning.

Spin coating, as a fast and rather simple method, has been shown to enable
the preparation of smooth thin films of cellulose.’24125 The method introduced
by Kontturi et al.»24125 involves first spin-coating hydrophobic and well-soluble
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trimethylsilyl cellulose (TMSC) on the substrate, and then the TMSC is hydro-
lyzed to cellulose using hydrochloric acid . The method of using TMSC to pre-
pare cellulose thin films was first developed for the preparation of LB-films!26-127
and later also used for the faster spin-coating method.

Smooth and fully covered lignin thin films have also been successfully pre-
pared with the spin-coating technique.2® Actually, spin-coating is a good tech-
nique to prepare lignin thin films as the poor solubility of lignin limits the use
of the LB technique. The procedure is rather simple, as first lignin is dissolved
in 1.4-dioxane followed by spin coating on the substrate.'28

Lignin thin films can also be prepared in other ways. Farooq et al.29 intro-
duced a method to prepare lignin films from colloidal lignin particles (CLP).
Compared to dissolved lignin, CLPs have different orientations of functional
groups and a spherical nature. Direct adsorption was found to be an optimal
method to prepare CLP thin films. In this method, the CLP solution is allowed
to adsorb onto the substrate by simply submerging it for a certain time followed
by rinsing and drying.:2¢ Since the properties of the CLP particles are slightly
different from those of dissolved lignin, a study using both types of lignin sur-
faces could allow for a more comprehensive understanding of the interactions
in protein adsorption.

2.5.2 In-situ protein adsorption

Protein adsorption studies on thin films are usually carried out using a flow
chamber in which protein solution is passed over the surface. Quartz-crystal mi-
crobalance with dissipation monitoring (QCM-D) is a surface-sensitive tech-
nique that allows in-situ monitoring of the mass changes taking place at the
solid-liquid or solid-gas interfaces. Thus, QCM-D enables the measurement of
mass changes due to protein adsorption and desorption as well as water uptake.
In addition to mass changes, QCM-D provides information on viscoelastic prop-
erties and possible structural changes in the adsorbed layer.

The technique is based on an inverse piezoelectric effect. A quartz sensor os-
cillates in an electronic field at its resonance frequency (f5) and its overtones.
The resonance frequency changes when the mass on the sensor changes.!3° For
adsorbed layers that are evenly distributed, rigid, fully elastic and have a small
mass compared to the sensor itself, the frequency change is proportional to the
change in areal mass, as described in the Sauerbrey equation:3t132

Af = —Am/nC 9)

where Af = f — f; is the change in frequency (Hz), Am is the change in mass
(mg - m™2), C is the mass sensitivity constant (C = 0.177mg-m~2-Hz ') and n
is the overtone number (n=1,3,...).

When the voltage is turned off, the oscillation gradually decreases. The reso-
nance amplitude is reduced due to frictional losses at a rate that depends on the
viscoelastic properties of the layer attached to the surface of the sensor. Atten-
uation amplitude, dissipation (D), can be determined with the following equa-
tion:33
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where E;¢is the dissipated energy and Ej;is the stored energy during one os-
cillation cycle; AD = D — D, is the dissipation change, where D,is the dissipation
of the sensor in the buffer before the measurement; and D is the dissipation at
any given time during the measurement. Dissipation changes reveal insights
into the rigidity of the layer, which can be related to the hydration level or the
conformation of adsorbed proteins.

For a system in which large dissipation is observed, the Sauerbrey equation is
not suitable as it is only valid when the adsorbed layer is rigid. Siow et al.z34
justified the validity of the Sauerbrey equation by recording the frequencies of
five overtones and showing that the variations were less than 3 Hz after normal-
ization by the overtone numbers. This indicated rather rigid films. For systems
with a large dissipation, a Voigt viscoelastic model is more accurate. In the study
by Dutta et al.'35, the differences between the Sauerbrey equation and the Voigt
viscoelastic model to calculate the adsorbed mass were nicely demonstrated. It
was observed that the masses calculated with the Sauerbrey equation gave lower
values than the Voigt model, but the differences were smaller when the layer
was considered rigid. When the adsorbed mass is calculated from QCM-D data,
the calculated mass includes both adsorbed protein and the bound water in the
adsorbed protein layer.

Protein adsorption has been studied on both cellulose3%37 and lignin thin
filmss8-140 using QCM-D, but to my knowledge, keratin adsorption has not been
previously explored.

2.5.3 Protein adsorption on surfaces made of lignocellulosic materials

When the free energy of an interface between two phases is higher than the
free energy of a bulk phase, molecules accumulate at the interfaces to decrease
the energy. Hence, the surface of the substrate tends to adsorb any molecule
that differs from the solvent molecules to increase its stability.14:142 However, in
solution, simple and uncharged polymers adopt flexible and high entropy struc-
tures, which means that their entropy decreases when they adsorb. Thus, in or-
der for them to adsorb on the surface, the entropy gain due to the release of
solvent molecules and the free energy of the binding must be more favourable
to cover the loss of conformational entropy.43.144 However, proteins are complex
polymers, and their hydrophobicity, charge, size and structural stability affect
their adsorption.’5 In general, nonspecific protein adsorption in aqueous envi-
ronment on solid surfaces is driven by dehydration of the sorbent surface and
parts of the protein molecule, electrostatic interactions between the protein and
the sorbent, and structural arrangements of the protein. 43 Protein adsorption
occurs spontaneously if the Gibbs energy of the system decreases:'42

AgasG = (DgasH — TAggsS) <0 (11)

where A, 4H is the change in the enthalpy during the adsorption, A4S is the
change in entropy and T is the temperature.

25



The negative Gibbs energy and thus the spontaneous protein adsorption on
the hydrophobic surface are mainly driven by the increase in entropy due to sol-
vent molecule ordering. The gain in entropy is mainly obtained from dehydra-
tion of the surface since the bound solvent molecules and counter ions are re-
leased into the bulk phase and the loss of the ordered conformation of proteins
as they arrange themselves to match the binding sites of the surface.*42 On hy-
drophilic surfaces, the effect of dehydration is less distinct, and the gain in en-
tropy is obtained mainly from the reduction of the ordered structures of proteins
upon adsorption, leading to a higher gain in conformational entropy. Protein
flexibility is known to be beneficial for adsorption since they are more sensitive
to surface-induced structural changes, allowing the key residues to arrange ap-
propriately in relation to the binding site. 43 This effect has been observed when
proteins are adsorbed on lignin surfaces.38.146

Besides, the entropy changes, the interactions within the system play a role in
the adsorption. Electrostatic interactions can drive adsorption, and it has been
observed that negatively charged protein adsorption can increase when the cel-
lulose substrate is cationic.'37.147 However, ensuring the opposite charges does
not always guarantee the highest adsorption. Proteins carry a positive net
charge when pH is below their isoelectric point (IEP), while above their IEP,
they are negatively charged. When the pH of the system is at the IEP of the pro-
tein, it has a coiled conformation and the net surface charge is zero, causing poor
solubility. The adsorption of a protein at IEP on lignocellulosic surfaces has
been found to be higher compared to other pH levels!37:48, The high adsorption
was explained by the better packing capacity of neutral proteins, allowing
greater surface coverage.48 Another explanation could be decreased interac-
tions with the solvent since the layer formed at IEP was observed to be not as
hydrated as at other pH levels.™8 In addition to IEP, it is important to under-
stand that the adsorption environment affects the adsorption behaviour. For ex-
ample, soy protein adsorption on cellulose showed that at higher ionic strength,
the adsorbed layer was more compact and rigid compared to the layers adsorbed
at low ionic strength. When electrostatic interactions are screened, there is less
bound water, and protein chains do not extend out into the surrounding me-
dium but rather lie flat on the surface.3¢

The hydrophilicity of the surface affects the adsorption. Soy protein was ad-
sorbed to a lesser extent on hydrophilic cellulose!3® compared to hydrophobic
lignin4e surfaces. Besides the hydrophobicity, roughness*****” and swelling4 of
the substrate have been suggested as affecting the protein adsorption.
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3. Experimental

This chapter summarizes the materials and methods used in this work. The
preparation of molecular keratin fractions using a DES process is described
first. The methods to characterize these fractions are also covered. Secondly, the
alkaline pre-treatment followed by the milling of feathers to prepare fibrous ker-
atin is defined. The third section contains information about the self-standing
film approach for studying the prepared keratins and the thin film approach for
studying the adsorption of keratin on lignocellulosic materials. Detailed de-
scriptions of materials and methods can be found in the materials and methods
sections of the original publications I-IV.

3.1 Deep eutectic solvent (DES) process to produce molecular
Keratin

3.1.1 Effect of dissolution time and temperature

Sanitized chicken feathers supplied by Grupo Sada (Madrid, Spain) were
ground into 2—15 mm pieces using an E-compactor (VTT, Finland) in which the
feathers are pressed through a die using pan grinder rollers. The dissolution of
the feathers in the aqueous DES was carried out with the set-up presented in
Figure 10 (Publication I).

In brief, the aqueous DES and other low melting mixtures were prepared from
sodium acetate (NaOAc) or choline chloride (ChCl) and urea by mixing the solid
components in the specific molar ratios (1:2, 1:3) with water (10% by weight) in
a reaction flask at 80—100 °C under continuous stirring until a clear solution
was obtained.

Feathers (2 wt%) were added the the prepared DESs. The total weight of the
solution was 150 g. ChCl—urea (90 wt%) in the molar ratio of 1:2 and 8 M urea
were used as reference solvents for NaOAc—urea. The solution was mixed from
2 h to 24 h, as indicated later in the text. After the desired dissolution time was
reached, the solution was filtered through a metal wire mesh to separate the
undissolved particles from the solution. The solid residue was washed with wa-
ter and freeze-dried to obtain its gravimetric yield. The filtrate was added to 350
ml of water to regenerate and precipitate the dissolved feather keratin and dis-
solve the DES components. Some of the dissolved keratin remained soluble in
water together with diluted DES components. Regenerated keratin was then fil-
tered, washed with water and freeze-dried.
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1:20r1:3
NaOAc:Urea +
10wt% water

Preparation of the
aqueous DES,
80-100°C,~1h

Y

Dissolution,
80-100°C,2-24h
2 wt% consistency

Roughly ground >
feathers

Hot & pressurized

filtration —> Undl_ssolved
particles
Water —®| Filtrate
Vacuum filtration & Water + DES
washing > components + soluble
keratin

Drying (lyophilization)

Regenerated
keratin

Figure 10. Experimental setup to study the effect of dissolution time and temperature on the DES pro-
cess to dissolve feathers.

To elucidate the effect of dissolution time and temperature on keratin proper-
ties, regenerated keratin samples were extensively characterized using many
different methods, summarized in Table 3 (Publication I). First, the yields of
every fraction (undissolved particles, regenerated keratin and soluble keratin)
were determined by gravimetric analysis or using a commercial protein assay
kit. The effect of dissolution time and temperature on the chemical composition
and structure of regenerated keratin samples was also elucidated. Elemental
analysis was carried out to determine the sulphur content, while the direct col-
ourimetric assay was used to determine the SH and S-S content in the samples.
MALDI-TOF MS was used to follow the molecular weight of the keratin samples.
Secondary structures were studied using ATR-FTIR and NMR. Deconvolution
techniques were applied to the spectra to reveal each secondary structure ac-
cording to studies by Tsuboi et al.?3, Rintoul et al.94, Duer et al.95 and Idris et
al.37. Crystallinity of the samples was studied with XRD, and deconvolution was
carried out according to the study of Cao & Billows.!5°
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3.1.2 Molecular keratin for self-standing film structures and interaction
studies

DES-processed keratin was utilized to prepare self-standing film structures
and study its adsorption on thin films. The preparation procedure for the DES
process follows the procedure introduced in Section 3.1.1 with small modifica-
tions (Figure 11, publications II-III). NaOAc—urea DES was prepared in the
1:3 molar ratio and with 10 wt% water addition and sanitized chicken feathers
(Grupo Sada, Madrid, Spain) were added with 8 wt% consistency. The experi-
ment was carried out on a 15 kg scale. In this procedure, only two fractions were
obtained as regenerated keratin was combined with the undissolved particles.
The fraction was further dried and ball milled; it was called the high Mw keratin
fraction. The soluble keratin fraction was further collected from dialysis. The
soluble keratin fraction was freeze-dried and called the low Mw keratin fraction.
The Mw distributions of the fractions were determined with MALDI-TOF MS
(Table 3, Publication II). For the low Mw keratin fraction, CD spectra for the
secondary structure and SEC for the molecular weight distribution were also
analysed (Table 3, Publication III).

NaOAc— ureain Preparation of the
the molar ratio of —» aqueous DES,
1:3 + 10wt% water 70°C
A 4
Dissolution,
Coarsely ground .
feathers 95°C, 7h,
8 wt% consistency
Water —»
A
Vacuum filtration —  Solid fraction
, |
Dialysis Washing with water
Freeze-drying Freeze-drying
Ball-milling
Low Mw keratin High Mw keratin

Figure 11. Experimental setup of the DES process to prepare molecular keratin for self-standing film
structures and QCM-D adsorption studies.

3.2 Alkaline pre-treatment and milling of feathers to prepare
fibrous keratin

The experimental setup for alkaline pretreatment and feather grinding is pre-
sented in Figure 12 (Publication IV). Sanitized chicken feathers (Grupo Sada,
Madrid, Spain) were pre-treated with alkali followed by washing with water and
drying in an oven at 105 °C. The milling was carried out using a three-stage me-
chanical milling process consisting of crushing, grinding, and microfluidization.
Pre-treated feathers were compactor crushed into pieces 1-3 cm in length. The
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water was then added to form a suspension with 10% consistency. This suspen-
sion was then passed six times through a Masuko grinder. Finally, the suspen-
sion was passed four times through a microfluidizer.

Liquid/feather ratio of
5:1 (W/W) |[¢&—— Feathers
50°C for 40 min

I

Rough compactor
grinding

Water to 10 % consistency —1

Masuko grinding

Water to 6 % consistency —i

Microfluidization

I

Fibrous keratin

NaOH
(2 mol/kg dry feather)

Figure 12. Experimental setup of the alkaline pre-treatment and milling to prepare fibrous keratin for

self-standing film structures.

3.3 Solvent-cast keratin films to study the physical properties
of keratin

Self-standing films were prepared from molecular (DES-processed) and fi-
brous (alkaline pre-treated and milled) keratin by the solvent-casting method
(Figure 13).

Solvent
Homogenus Casting & drying Self-standing film
/\' f\ suspension
7 Q
- -
Feather D Additives > \ 7, .
keratin

Figure 13. Preparation of solvent-cast keratin films.

The experimental setup to prepare films from high and low molecular keratin
fractions obtained from the DES process is presented in Figure 14 (Publication
II). Figure 14 also shows the preparation of the suspension from which the films
were cast. Films were plasticized with glycerol and cross-linked with glutaralde-
hyde (GA) and 1.4-butanediol diglycidyl ether (BDE). The concentration of glyc-
erol in the film solution was 15 or 30 wt%. The mixtures were cast in silicone or
Teflon moulds, depending on the analysis carried out. Cross-linkers, GA and
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BDE were added at a concentration of 0.1 g per 1 g of keratin. To ensure an op-
timal cross-linking effect, GA was added to the mixtures when the pH was ad-
justed to 9 or 12, while BDE was added when the pH was adjusted to 9.5.

DES process

l l

Low Mw keratin High Mw keratin
Water
1 1M NaOH
Preparation of film dispersion Glycerol
Mixing 60 °C, 15 min «+—— Glutar aldehyde (GA)
Solvent casting, 23 °C and 50 % room humidity 1,4-Butanediol diglycidyl ether (BDE)

i

Self-standing keratin films

Figure 14. Experimental set-up to prepare self-standing film structures from molecular (low and high
Mw) keratin.

The suspensions made of alkaline pre-treated and milled feathers together
with additives were cast to prepare self-standing films (Figure 15, Publication
IV). The effect of various additives on film formation and properties was evalu-
ated. The additives used were 1.4-butanediol, calcium chloride (CaCl,), citric
acid, D-sorbitol, ethanolamine, ferric perchlorate (Fe(ClO,);- 9 H.O), forma-
mide, glycerol, glyoxal, magnesium chloride hexahydrate (MgCl. - 6 H,O), ma-
leic acid, sodium alginate, sodium hypophosphite monohydrate (NaPO.H. -
H.0) and urea. The additives were added at 20—45% by weight.

Alkaline pre-treatment &
milling

Fibrous keratin

lq— Water to 4 % consistency

Mixing at 50 °C, 15 min
Solvent casting, 50°Cair [«—— Additives
circulating oven

l

Self-standing keratin films

Figure 15. Experimental set-up to prepare self-standing film structures from fibrous keratin.

SEM and tensile testing were used to study the morphology and the mechani-
cal properties of the films prepared from molecular (DES process) and fibrous
(alkaline pre-treatment and milling) keratin (Table 3, Publication IT and IV).

Film structures prepared from molecular keratin also allowed more extensive
characterization (Table 3, Publication II). Besides SEM imaging, the films
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were visualized with optical microscopy. The moisture sensitivity of the film
structures was studied using the WVP measurement. The films prepared from
high Mw keratin were also tested for their solubility and swelling in water. Fur-
thermore, WCA measurements were carried out to study the wettability of the
surfaces. To get insights into the effect of the cross-linkers (GA and BDE) in the
chemical structure of the films, ATR-FTIR and NMR spectra were measured.

3.4 Quartz crystal microbalance with dissipation monitoring
(QCM-D) to study the interactions of keratin

The in-situ adsorption of DES-processed keratin peptides dissolved in aque-
ous buffers on the surfaces of thin films of cellulose, lignin and colloidal lignin
particles (CLPs) was monitored using a QCM-D device.

3.4.1 Thin film preparation

All the model films were prepared on QCM-D gold sensors (Publication III).
Cellulose thin films were made of trimethylsilyl cellulose (TMSC) using a spin-
coating technique.2s TMSC-coated sensors were then regenerated to cellulose
by simple acid hydrolysis. Two types of lignin films were produced. Lignin thin
films of dissolved lignin were prepared using a spin coating technique, while
thin films of CLP were prepared using an adsorption method (Figure 16).129

Spin-coating Rinsing and Spin-coating Rinsing and
anchoring drying lignin solution drying
layer

M
Y o .__\\
H\h E R R

Adsorption of Rinsing and Adsorption of Rinsing and
anchoring drying lignin solution drying
layer

Figure 16. Schematic illustration of the preparation of lignin thin films using (a) spin-coating and (b)
adsorption techniques. Adopted from Farooq et al.1?°
3.4.2 Insitu adsorption

Keratin solutions for QCM-D experiments were prepared from the low Mw
keratin fraction (Figure 11, Publication III). To measure the solubility and
zeta potential of the low Mw keratin fraction, it was dissolved in water and the
pH of the solution was adjusted to 3. 5 and 7 using HCI as well as NaOH. The
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insoluble keratin fraction was removed by centrifugation. The amount of soluble
protein and its zeta potential were measured from the supernatant.

For the QCM-D experiments, the low Mw keratin fraction was dissolved in
several buffers: sodium phosphate buffer (SPB) (pH 7, 50 mM, 150 mM,
500 mM), sodium acetate buffer (SAB) (pH 5, 50 mM) and Mcllvaine buffer
(pH 3, about 40 mM). Insoluble keratin was separated by centrifugation, and
solubility was measured to ensure that all samples had the same concentration
(0.1 mg/ml) in the adsorption studies.

Adsorption of keratin on the prepared model films was studied using a QCM-
D in continuous flow mode at room temperature. First, the used buffer, in which
keratin was dissolved, was injected to stabilize the system. The keratin solution
was then pumped with a 0.1 ml/min flow rate for 60 minutes. This was followed
by a rinsing step with buffer for approximately 60 minutes to remove reversibly
adsorbed keratin
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4. Results and discussion

This chapter responds to the aim of the thesis, which was to understand how
feathers could be converted into utilizable keratin fractions and to evaluate their
potential as building blocks for future materials. To improve the processability
of feathers, molecular and fibrous keratin building blocks were generated by the
DES process (publications I-IIT) and a simpler milling process (Publication
IV), respectively. The potential of molecular and fibrous keratin building blocks
as self-standing film structures was explored (publications II & IV). Finally,
to evaluate the opportunity to prepare combined materials, the interactions of
keratin peptides with cellulose and lignin were studied (Publication III). Fig-
ure 16 shows the studied keratin fractions and summarizes the work carried out.
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4.1 Preparation and characterization of molecular keratin
from DES-processed feathers

To enable the versatile utilization of feather keratin as a raw material in mate-
rial applications, processing is required. An optimal processing method is envi-
ronmentally friendly, technically and economically feasible and produces kera-
tin in a form suitable for a variety of applications. A scalable DES dissolution as
a chemical route was chosen to process the feathers in this study. The DES used
was composed of sodium acetate (NaOAc) and urea, which are inexpensive com-
ponents. While NaOAc is safer for the environment than many other chemicals
because it is not chloride-based and is used as a food additives4, urea can be
considered an environmentally friendly chemical because it is already used as a
fertilizer.

4.1.1 Effect of time and temperature on the dissolution and regeneration
of feather keratin

In Publication I, the DES process was first optimized by studying how the
treatment time and solvent temperature affected the yields of different keratin
fractions (Figure 10). The effects of dissolution time and temperature were also
studied by characterizing the chemical composition and structure of the regen-
erated keratin fraction using the characterization methods shown in Table 3.
The used NaOAc-urea DES was compared to 8 M urea and ChCl-urea DES with
respect to yields. ChCl-urea can be considered the most recognized DES.62

In the used DES process, yields of undissolved feathers, regenerated keratin
and soluble keratin were analysed to obtain mass balances. The part that not be
identified as one of the three fractions was called the unidentified part. Figure
18 shows the yields obtained for each keratin fraction when the dissolution time
and temperature varied from 2 h to 24 h and from 80 °C to 100 °C.

As expected, as the dissolution time and temperature increased, the yield of
undissolved particles decreased (Figure 18a,b). When the dissolution time was
increased from 2 h to 24 h, the yield of the soluble fraction increased from 10%
to 27%, while the unidentified fraction increased from 12% to 38% (Figure 18a).
When dissolution time was increased from 2 h to 14 h, the yield of regenerated
keratin also increased from 1% to 35% but then started to decrease, reaching the
value of 23% after a 24 h dissolution time (Figure 18a). In the beginning, the
increase of regenerated keratin, soluble keratin and unidentified fractions oc-
curred concurrently, but after the 14 h dissolution time, the increase of soluble
and unidentified fractions started to dominate. It is likely that the keratin poly-
peptides started to degrade more extensively as the dissolution time increased
and that the unidentified fraction was composed of keratin molecules that were
too small to be detected with the BCA protein assay kit that was used. The ex-
tensive degradation of feather keratin in NMMO dissolution has also been pre-
viously observed.2* When the dissolution temperature was 100 °C and the was 6
h (Figure 18b), 86% of the feathers were dissolved and the highest yield for re-
generated keratin (45%) was obtained. At the same time, the unidentified frac-
tion remained rather low, indicating that the increased temperature had a sig-
nificant effect on dissolution efficiency. This was mainly related to the decreased
viscosity of the DES, which improved dissolution by improving the transfer of
the DES component to the feather structure.9::5:152 Also, a small amount of wa-
ter enhanced dissolution by decreasing the viscosity of the mixture but most
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probably did not compete with hydrogen bonding between the DES components
and keratin, which is responsible for dissolution.'s3 The dissolution yield of 86%
is comparable with other previously reported methods. Sharma et al.»s4 dis-
solved feathers in 0.5 M sodium sulfide which can dissolve 80% of feathers,
while in the study of Yin et al.23, feathers were treated with ethanol pre-treat-
ment, hydrochloric acid pretreatment and 2-mercaptoethanol, allowing 90% of
the feathers to be dissolved.

For comparison, the dissolution effect of urea (8 M) and ChCl-urea was also
measured (Figure 18c). Although ChCl-urea has been reported to be capable of
dissolving wool keratin,8:%9 for feather keratin, the dissolution effect was negli-
gible (Figure 18c). 8 M urea was able to dissolve feathers, and the yield of un-
dissolved feathers was even lower than with the NaOAc-urea DES in the molar
ratio of 1:2 (Figure 18c). This was partly expected because urea is well-estab-
lished as a protein solvent. However, with 8 M urea, all dissolved keratin was in
soluble form, and precipitated regenerated keratin was not obtained. When the
ratio of urea in NaOAc-urea DES was increased from 1:2 to 1:3, its capability to
dissolve feathers improved. Thus, the yields of different fractions can be tuned
not only with the dissolution conditions but also by tuning the ratio of NaOAc
and urea.
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Figure 18. The yields of each keratin fraction when feathers were dissolved in the aqueous DES com-
prised of NaOAc and urea in the molar ratio of 1:2 (a) at 90 °C for 2-24 h and (b) at 80-100 °C for 6 h.
The dissolution was also carried out with 8 M urea, aqueous NaOAc-urea DES with a molar ratio of 1:3
and aqueous ChCl-urea DES in a molar ratio of 1:2 at 90 °C for 6 h. Adapted from Publication I.

The regenerated keratin was characterized by its disulfide and total sulphur
contents, molecular weight, secondary structure and crystallinity (Table 3). The
results obtained for secondary structures and crystallinity should be treated
with caution because they were obtained from the deconvolution of bands in
spectra, and the deconvolution of spectroscopic spectra is affected by a variety
of parameters, some of which are selected individually. Thus, several character-
ization methods were carried out to complement each other. Although disulfide
bonds, which are largely responsible for keratin stability, decreased (Figure

19d), and even smaller keratin fragments began to form upon increasing both
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dissolution time and temperature (Figure 19a), ATR-FTIR and NMR showed no
major chemical changes in the polypeptide backbone of regenerated keratin
(Publication I). However, after deconvolution of the bands, it was observed
that both the ordered secondary structures (Figure 19b,c) and the crystallinity
(Figure 19c) were partly lost. Similar effects have previously been observed
when feathers were dissolved in NMMO2! and ILs3759. Disulfide bonding, or-
dered secondary structures and crystallinity are believed to be important factors
in the strength and stiffness of keratin.2
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Figure 19. Effect of increased dissolution time and temperature on (A) molecular weight (from MALDI-
TOF MS), (B,C) secondary structures (from deconvolution of [B] ATR-FTIR & [C] NMR spectra), (D) S-S
and SH contents (from direct colourimetric method) and (E) crystallinity (from XRD) of the regenerated
keratin fraction when the feathers were dissolved in aqueous DES. Adapted from Publication I.
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The dissolution of keratin and the structural changes of regenerated keratin
seem to be due to the ability of the aqueous DES to disturb the interactions
within the feather keratin, including cleavage of the disulfide bonds and partly
breaking down the polypeptide backbone of keratin. The exact dissolution
mechanism is not known, but it can be speculated that the acetate anion, urea
and strong interactions between the DES components are important, as ex-
plained below.

NaOAc-urea dissolved the feathers better than ChCl-urea (Figure 18c¢). Acetate
anion is known to have higher basicity than chloridess, which could explain the
better solubilization in NaOAc-urea compared to ChCl-urea. Urea is known to
unfold protein structures.”” Although NaOAc-urea DES showed efficient solva-
tion capacity for feathers, regenerated keratin retained part of its ordered sec-
ondary structures and crystallinity (Figure 19). In some cases, DESs can stabi-
lize the secondary structure of proteins, as they increase the ionic strength of
the system.’s¢ Interactions between DES components may also limit the pene-
tration of urea into the protein core, allowing it to interact only with the surface
of the protein.’s”

As feathers started to dissolve, all three fractions (regenerated and soluble ker-
atin as well as the unidentified fraction) started to form. At dissolution times
greater than 14 h, the amount of regenerated keratin did not increase anymore,
while the soluble and unidentified fractions continued to increase, even though
the dissolution of the feather was not complete (undissolved feathers were still
observed) (Figure 18a). MALDI-TOF MS showed that with a longer dissolution
time and at higher temperatures, the keratin molecules started to degrade into
smaller-sized fragments (Figure 19a). Most probably, the molecular weight of
the smallest keratin molecules was too low for them to aggregate and precipitate
when water was added to the system as an anti-solvent to break the interactions
between keratin and DES components.

Thus, it appears that NaOAc-urea DES is able to gradually dissolve the feath-
ers and open the structure of keratin as a function of time, but simultaneously
keratin is cleaved into smaller fragments (Figure 20).

»
>

As the DES dissolution of feather keratin goes on, tight packaging of polypeptides starts to open
simultaneously with backbone breakage

Figure 20. Schematic illustration of a possible scenario for how the native keratin structure of a feather
dissolves, its ordered secondary structures open and the polypeptide chain decomposes when dissolved
in aqueous DES consisting of NaOAc and urea over time.
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4.1.2 Molecular weight of DES-processed molecular keratin

After studying the effect of the dissolution time and temperature of the DES
process, it was suggested that the solubility of keratin in water together with the
diluted DES components increased as keratin began to lose its molecular weight
and ordered conformation. It is well-known that polymer solubility depends on
its molecular weight.'s8.159 However, the solubility of proteins and peptides is
usually a complex process and is affected by many factors. Besides the size7®, the
solubility depends on conformation?s, charge”® and hydrophobicity7¢ of the pro-
tein.

To ensure enough keratin for further experiments (publications II & ITI), a
15 kg scale DES dissolution (1:3 NaOAc-urea at 95 °C for 7 h) was carried out.
Two keratin fractions were obtained: regenerated keratin (high Mw keratin) and
soluble keratin (low Mw keratin) (Figure 11). Figure 21 shows the molecular
weight distributions of these fractions obtained from MALDI-TOF MS. In re-
generated keratin, the high molecular weight peaks at ca. 7000, 8000 and
10,000 m/z were the most intense, while in the soluble fraction, these were pre-
sent but with substantially lower intensity. In addition to these peaks, several
smaller peaks were observed, especially around 4000—6000 m/z. This indicates
that the keratin fractions consisted of many different-sized keratin fragments.
The spectrum of soluble keratin is wide, with two clearer peaks around 5000
and 5600 m/z. The higher intensities at the smaller mass-to-charge ratios com-
pared to regenerated keratin indicate that the soluble keratin fraction consisted
of smaller keratin fragments. Thus, regenerated keratin fraction was called high
molecular weight (Mw) keratin, and soluble keratin was called low Mw keratin.
A similar division of different fractions has been observed when feathers were
dissolved in NMMO and keratin was regenerated with water.2! In the reported
work2!, the fraction that was regenerated after water addition was composed of
larger molecules than the fraction that remained soluble. The authors suggested
that a part of the keratin may have degraded into individual amino acids.2! It is
obvious that the molecular weight of keratin plays an important role in its frac-
tionation, especially when feathers are processed via chemical routes.
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Figure 21. Molecular weight distributions of DES-processed molecular keratin (regenerated and soluble
keratin fractions) measured with MALDI-TOF MS (Publication II).

The molecular weight of low Mw keratin was also analysed by SEC (Publica-
tion III). The weight average molar mass of the low Mw keratin fraction was
4476 + 71 Da with a polydispersity of 1.7. Although low Mw keratin remained
soluble in water together with diluted DES components, after dialysis and
freeze-drying, this fraction was not completely soluble in water. This is most
likely due to conformational changes that took place during freeze-drying.16°
The weight average molar mass of keratin that was soluble in sodium phosphate
buffer (SPB) (pH 7, 150 mM) was only 1192 + 269 Da with a polydispersity of
1.2, indicating that only the fraction with very low molecular weight was further
soluble in SPB. The average molecular weight of an amino acid is 110 Da. Thus,
in fact, the keratin fraction soluble in SPB was a peptide rather than a protein
because it is about 11 amino acids in length (1192 Da/110 Da = 11). For the low
Mw keratin fraction, the results obtained from MALDI-TOF MS and SEC are
well in line. The results obtained from SEC analysis complement the suggestion
that the fractionation of feather keratin may be strongly dependent on the mo-
lecular weight.

4.2 Physical properties of keratin building blocks through
film structures
To further understand the difference between the high and low Mw keratin
fractions as well as the difference between fibrous and molecular keratin types,
self-standing films were prepared and characterized. The effect of plasticizing
and cross-linking on film properties is also discussed in this section.

4.2.1 Films prepared from molecular keratin

DES-processed molecular keratin was used to prepare the films (Figure 14,
Publication IT). The films were plasticized with glycerol and cross-linked with
glutaraldehyde (GA) and 1.4-butanediol diglycidyl ether (BDE). The mechanical
properties and moisture sensitivity were characterized.
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4.2.1.1 Comparison of high and low Mw Kkeratin fractions in film structures

To evaluate the potential of high and low Mw keratin fractions in applications,
film structures were prepared from both fractions (Figure 14, Publication II).
The film properties were studied by their morphology, mechanical properties
and moisture sensitivity (Table 3), which are all important features for suitabil-
ity in material applications. The high and low Mw keratin fractions did not differ
only in molecular weight but also in conformation. CD spectroscopy revealed
that the low Mw keratin fraction had random coil conformation instead of an
ordered secondary structure (Publication III). The high Mw keratin fraction
had a partly ordered secondary structure (Publication I).

Plasticizing was needed to ensure sufficient mechanical properties. For low
Mw keratin, a concentration of 15 wt% glycerol was not enough to obtain films
with sufficient handling properties, while for high Mw keratin, it was enough.
Thus, the film comparison between low and high Mw keratin fractions was made
with 30 wt% glycerol concentrations. SEM images showed that films made of
low Mw keratin had small cracks on the surface (Figure 22a) even after glycerol
addition, indicating more fragile films compared to films made of high Mw ker-
atin without cracks on the surface (Figure 22b). Permeable imaging with confo-
cal laser scanning microscopy (CLSM) revealed that films made of low Mw ker-
atin were more homogeneous (Figure 22¢) than films made of high Mw keratin
that contained particle aggregates (Figure 22d).

Figure 22. Scanning electron microscopy images of the films made of the (a) low Mw and (b) high Mw
keratin fraction with 30 wt% glycerol, and permeable imaging with CLSM of the 30 wt% glycerol plasti-
cized keratin films of the (c) low and (d) high Mw keratin fractions. Adapted from Publication II.

Mechanical testing revealed that the films made of high Mw keratin had better
mechanical properties than films made of low Mw keratin (Table 4). The tensile
strength, Young's modulus and strain at break values for the films made of the
44



high Mw keratin fraction were 222%, 158% and 60% higher than the values ob-
tained for the low Mw keratin, respectively. Both the higher molecular weight
and the higher degree of ordered secondary structures can explain the better
mechanical performance. The mechanical properties of high Mw keratin (2.9 +
0.2 MPa tensile strength, 48.7 + 9.0% strain at break, 97.7 + 24.9 MPa Young’s
modulus) are comparable to those of glycerol plasticized keratin films and
slightly worse than those of glycerol plasticized peanut protein films. In the
study of Moore et al.8o, the tensile strength of 2.0 + 0.2 MPa and the strain at
break of 31.9 + 4.5% with 9% glycerol content have been reported for feather
keratin extracted with a reducing agent, while Reddy et al.1%¢ prepared peanut
protein films with 7.5% glycerol content and obtained values of 4.6 + 0.4 MPa
for tensile strength and 66 + 16% for strain at break and 102 + 18 MPa for mod-
ulus.

The moisture sensitivity of both films was determined by measuring their
WVP (Table 4). The films made of low Mw keratin showed 98% lower WVP val-
ues compared to high Mw keratin. Most probably, a low Mw keratin fraction
allowed tighter packaging of keratin molecules in the film network, thus allow-
ing the lower permeability since a denser molecule matrix decreases permeabil-
ity.’et Keratin has a hydrophilic nature, and the addition of small hydrophilic
glycerol molecules in the film structure not only makes the film even more hy-
drophilic but also increases the mobility and the free volume between the kera-
tin chains, making the films even more prone to water adsorption.°®¢ However,
the WVP values obtained for the films made of DES fractionated keratin are
lower (0.005 + 0.0003 - 10° g m m2 s Pa) than previously reported glycerol
plasticized feather keratin films (35.5 - 10° g m m=2 st Pa11°2 and 3.5 - 107° g m
m—= st Pa1162),

It is concluded that the high Mw keratin fraction gave better mechanical prop-
erties due to the higher molecular weight and ordered secondary structures
compared to low Mw keratin. However, due to the absence of ordered structures
and lower molecular weight, low Mw keratin was able to form a more homoge-
nous and denser film network, leading to better WVP values compared to those
of high Mw keratin.
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4.2.1.2 The effect of plasticizing and cross-linking

The need for plasticizers in keratin films is well-known.23:80.91.106-109 Glycerol
was used to plasticize high and low Mw keratin films (Figure 14, Publication
II). When the concentration of glycerol in high Mw keratin films increased from
15 to 30% by weight, the tensile strength and Young’s modulus of the films de-
creased by 65% and 85%, the strain at break increased by 2765% and they be-
came more sensitive to moisture as WVP values and swelling increased by
400% and 50%, respectively. The effect of the plasticizing was expected from
the literature since when introducing small hydrophilic glycerol molecules in-
side the film network, protein-protein interactions are disturbed and the free
volume increases.163

Films were also cross-linked with glutaraldehyde (GA) and 1.4-butanediol di-
glycidyl ether BDE (Figure 14). Although both cross-linkers showed some effect
on the film properties, GA did not show a clear cross-linking effect unlike BDE,
which was able to form new interactions within the film network. While the re-
action including BDE takes place between the epoxy and the amino groups and
involves the ring-opening of the epoxy'64165, GA reacts with the amino groups of
lysineuo:166, However, the lysine content in feather keratin is low2!, which could
explain the low degree of cross-linking. Figure 23 shows the suggested cross-

linking reaction with BDE.
NH, COOH

NH, NH SH NH,

|
H,C—CH—R—CH—CH, CH
\_/ N/ S
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Figure 23. Suggested reaction when keratin is cross-linked with BDE.

NMR and ATR-FTIR both showed indications of successful cross-linking with
BDE (Publication II). In *H-NMR spectra of BDE cross-linked low Mw keratin
films, the intensity of the peaks assigned to the amide protons of the glycine,
asparagine and glutamine residues®” decreased, indicating the possible reaction
of amides with BDE. In ATR-FTIR spectra of BDE cross-linked keratin films,
the relative intensity ratio between the amide II band at 1480-1570 cm™ (NH
bending and CH stretching vibrations) and the amide I band at 1600-1700 cm-
1 (C=0 stretching) increased compared to samples without cross-linking, which
may be due to changes in amine vibration after cross-linking. Besides these ef-
fects, no major changes in the keratin chemical structure took place during the
cross-linking according to the NMR and ATR-FTIR spectra.

SEM imaging revealed that the surface morphology of the films became
rougher and more heterogeneous after the BDE cross-linking, indicating some
rearrangements of the keratin molecules (Publication II). Table 4 shows the
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changes in the mechanical properties after the cross-linking. After the BDE
addition, the tensile strength of the films made of the high Mw keratin fraction
increased by 62% and the strain at break by 33%, while Young's modulus de-
creased by 46%. In the films made of the low Mw keratin fraction, the tensile
strength increased by 67%, the strain at break by 68% and Young's modulus
decreased by 58%. Although improvements in strength properties could be ex-
plained by the new cross-links within the network, the increase in the strain at
break is related more to the plasticizing effect. It has been suggested that BDE
can have a plasticizing effect due to hydroxyl groups and hydroxyl-terminated
pendant groups from the hydrolyzed un-reacted epoxides.:64

For high Mw keratin, WVP values did not show a significant difference before
and after cross-linking with BDE, while for low Mw keratin, a slight increase
was detected (Table 4). Although it is assumed that cross-linking can make the
film network denser and thus improve its permeability properties!¢164, it was
noticed that BDE had also a plasticizing effect, which, in turn, might repeal this
effect. Moreover, it is also suggested that accumulated water molecules in the
protein network can act as a plasticizer.168 The WVP value of the BDE cross-
linked gelatin film (0.197 - 10° g m -2 s* Pa!) has been reported to be in a sim-
ilar range.164

When immersed in water, films without cross-linking disintegrated. Only the
cross-linked films made of the high Mw keratin fraction remained intact. But
also in these cases, approximately 40% of the film weight disintegrated in water
(Table 4). Cross-linking has been reported to decrease the solubility of feather
keratin'®2 and other protein films!61168 in water, and it has been suggested that
in the cross-linked network, proteins interact less with water molecules?62. The
films in this study contained 30 wt% glycerol as a plasticizer, which means that
not only the small glycerol molecules exudated out of the films. From MALDI-
TOF MS data, it was seen that the DES-fractionated keratin consisted of many
different sizes of keratin fragments (Figure 21). Thus, it is likely that besides
glycerol, the keratin fragments with the lower molecular weight disintegrated
from the film structure. The low molecular weight of low Mw keratin could also
explain why the films made of the low Mw keratin did not remain intact even
after cross-linking.

Water acts as a strong plasticizer in hydrophilic films by accumulating in the
structure.2 The swelling of the films was followed by the increase in relative
humidity (RH), first from 50% to 75% and then to 90%. The films made of the
low Mw keratin became too gel-like to remain intact during the measurement.
Thus, the swelling could be measured only for the films made of the high Mw
keratin with and without the cross-linking (Table 4). Except for the BDE cross-
linked films, a significant dispersion in the results indicates that the films with-
out the cross-linker were not uniform. The BDE cross-linked films showed a
smaller scatter between parallel samples, which could indicate that BDE was
able to form a more uniform cross-linked keratin network in comparison to the
films without the cross-linker. At 90% relative humidity, the BDE cross-linked
film swelled only 21.42 + 0.47%, while the films without the cross-linking
swelled 32.73 + 0.86%. Also, in the study by Martucci et al.’®4, the swelling of
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the gelatin films decreased from 18% to 11% when the gelatin was cross-linked
with BDE. It is speculated that cross-linking forms a network in which the hy-
drophilic groups in the protein are not available for water sorption, thus de-
creasing the moisture content in the films. However, at the same time, BDE con-
tains hydroxyl groups that can bind to water.162

In WCA measurements, the films cross-linked with BDE showed hydrophobi-
city with low scattering (90.95 + 0.32, Table 4), again indicating that the addi-
tion of BDE formed a more uniform surface in which hydrophilic groups were
not exposed. All the samples, except the films cross-linked with BDE, had a
WCA value below 90 °, indicating that the surfaces of the films were wetted (Ta-
ble 4).

It can be concluded that a dense and uniform keratin network together with
high molecular weight is recommended to ensure good film properties (me-
chanical properties and properties related to interactions with water and mois-
ture). However, these properties can also be controlled by plasticizing and cross-
linking. Protein films of this type can be used for food packaging or medical ap-
plications such as wound care.

4.2.2 Comparison of molecular and fibrous keratin films

While the DES process was used to generate molecular keratin, alkaline pre-
treated and milled feathers (Figure 12, Publication IV) were considered as fi-
brous keratin. Both molecular and fibrous keratin were used to prepare films to
allow comparison (Figure 14, Figure 15, publications II and IV). The films
were compared by their uniformity and mechanical properties and how well
these properties could be modified with additives (Table 3).

Both films were prepared by the solvent-casting method from keratin suspen-
sions. While molecular keratin formed a fine dispersion with small particles
(Figure 24a), fibrous keratin included stiff and sharp fibres together with round-
shaped fines (Figure 24b). While films prepared from fibrous keratin were
opaque due to light scattering in a porous film structure (Figure 24d), films
made of molecular keratin were transparent (Figure 24c). SEM images revealed
that films made of fibrous keratin had a structure consisting of randomly ori-
ented, relatively stiff, flat fibers together with more round-shaped fines (Figure
24f), while molecular keratin allowed rather smooth film formation (Figure
24e).

Like films made of molecular keratin, films made of fibrous keratin were also
fragile without any additives. A variety of different additives were tested (Pub-
lication IV). The strongest films were obtained with maleic acid, sorbitol and
ethanolamine as single additives, while sodium alginate as a secondary additive
with ethanolamine had a positive impact on tensile strength with and without
cationic metal ions used to crosslink sodium alginate. The films were also plas-
ticized with 20% glycerol, and the values obtained from the mechanical testing
were in a similar range together with the films made of molecular keratin which
were plasticized with 15% glycerol.

Although the addition of additives was essential to improve the film formation
of fibrous keratin, the impact of additives was rather modest in the mechanical
properties. It seems that the porous film structure had a dominating role and
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the stiff fibers had limited reactivity toward additives. Compared to fibrous ker-
atin, molecular keratin showed better reactivity, and the effect of plasticizers
and cross-linker had a clear effect on the properties.

Alkaline pre-treatment, together with milling, was used to process feathers as
a simpler and less expensive alternative for the DES process. Although molecu-
lar keratin is more suitable in most applications, it is suggested that fibrous ker-
atin could be used in applications in which a more native feather structure is
preferred and transparency, good barrier properties or reactivity are not essen-
tial in biocomposites, non-wovens, and fibre boards.43-44.169.170

(A) (B) SR ;

Figure 24. Images of (a,c,e) molecular and (b,d,f) fibrous keratin when used in film structures. Light
microscopy images of (a,b) aqueous suspensions, images of (c,d) films prepared for those suspensions
and SEM images of (e,f) their macroscale structures. Adapted from publications Il and IV.

4.3 Interactions of keratin peptides with lignocellulosic mate-
rials

Keratin could bring additional properties to lignocellulosic materials, making
them more suitable for the medical, cosmetic, electronics, agriculture, textile
and composite industries.5 To obtain a fundamental understanding of this kind
of combination, keratin adsorption on thin films made of cellulose and lignin
was studied using the QCM-D technique (Publication III). The results are
summarized and discussed in this section. The keratin used in these adsorption
studies was obtained from the DES process (Figure 11), and the fraction that was
further soluble in buffers was used. After characterization with SEC, CD and
zeta sizer (Table 3), it was found that this buffer-soluble keratin fraction was a
peptide (Mw about 1000 Da) with a random coil conformation and an isoelectric
point (IEP) at pH 3. A random coil conformation makes this keratin fraction
labile, and it is able to unfold upon adsorption to adopt a conformation that is
favourable for adsorption. 4
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4.3.1 Interactions between Kkeratin and lignocellulosic materials

The frequency changes (Af; values) upon keratin adsorption on thin films
made of cellulose, lignin or colloidal lignin particles (CLPs) revealed that the
lignin and CLP substrates exhibited high keratin adsorption, while on a cellulose
substrate, keratin had low adsorption (Figure 25). Changes in dissipation (AD,
values) after keratin adsorption onto lignin and cellulose indicated that small
keratin peptides were rigidly adsorbed on surfaces, and dense films formed. On
the other hand, the AD;, value for the CLP substrate was negative, indicating that
the film on the sensor became denser, although the mass on the CLP substrate
increased after the keratin adsorption. The decrease in dissipation is related to
the release of bound water from CLPs upon the adsorption of keratin. 547,17t

Peptide adsorption on a solid substrate is affected by the properties of the pep-
tide, substrate and surrounding medium. Protein adsorption is often explained
by attraction between opposite charges or increased entropy due to either re-
leased solvent molecules from the surfaces or changes in the conformation of
the protein upon adsorption.'4143 At pH 7, keratin peptide (IEP at pH 3) as well
as cellulose'”2 and lignin surfaces'7s had a negative net surface charge, which
could suggest that the long-range electrostatic attraction between the oppositely
charged molecules did not dominate the adsorption. However, it must be noted
that at pH 7, some amino acids, such as glutamine, lysine and arginine, also
carry a positive charge which could allow attractive long-range electrostatic in-
teractions with negatively charged groups. However, the adsorption on cellulose
was low despite this possibility. One explanation for this could be the lower neg-
ative charge of cellulose!”2 compared to lignin'73.

It has been reported that the water contact angle (WCA) of regenerated cellu-
lose is 31° + 3°.772 This indicates a hydrophilic surface, which could explain the
absence of strong hydrophobic interactions and entropy gain and the poor ad-
sorption of keratin on cellulose. Furthermore, it is reported that the WCA of lig-
nin thin film made of dissolved lignin is 63° + 2°29, which could explain the
hydrophobic interactions and entropy gain due to release of ordered water mo-
lecules at the surfaces. However, the contact angle of the CLP surface has been
reported to be only 17° + 1°129, and the keratin adsorption on the CLP surface
was higher than on lignin and much higher than on cellulose, suggesting that
hydrophobic interactions did not alone drive keratin adsorption.

It is suggested that the keratin peptides contained amino acids that are able to
interact with lignin, while the random coil conformation of keratin peptides en-
abled these residues to be appropriately arranged in relation to the binding site
in lignin. Peptides that contain histidine, phenylalanine, proline, and serine res-
idues have been reported to have a high affinity for lignin surfaces.46 More de-
tailed, protein adsorption on lignin has been suggested to take place via short-
range interactions between the aromatic moieties of lignin and proline. 38 Solu-
ble feather keratin is relatively rich in proline and serine.2! The higher adsorp-
tion onto a CLP thin film compared to dissolved lignin could be explained by the
higher available surface with CLPs*29 and the higher degree of dehydration (as
seen from AD, values in Figure 25), which increase the entropy of the system.
Moreover, CLPs have more accessible carboxyl and hydroxyl groups on their
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surface, which could allow more favourable interactions with keratin. However,
it is also suggested that cellulose thin films are in an amorphous state, which
means that the hydroxyl groups of cellulose are available.'23.125 As the adsorption
on cellulose was low, it seems that the hydroxyl groups were not driving the ad-
sorption, but the interactions between the carboxyl groups of CLPs and keratin
cannot be excluded. The adsorption of proteins onto cellulose surfaces usually
takes place via specific cellulose-binding domains (CBDs)'74 that seem to be ab-
sent in the DES-processed keratin peptides.
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Figure 25. QCM-D detection of the adsorption of keratin onto CLP, dissolved (diss.) lignin and cellulose
model films: (A) frequency and (B) dissipation changes vs. time at the third overtone. Adapted from
Publication IIl.

4.3.2 The effect of pH and ionic strength on keratin adsorption

The conditions in the surrounding medium were altered in a controlled man-
ner to further understand the adsorption behaviour. On lignin substrates, kera-
tin had high adsorption, and the adsorption behaviour could be modified by al-
tering the pH and ionic strength of the aqueous media, while adsorption on cel-
lulose was not affected by these changes. Figure 26 shows the sensed mass cal-
culated from the Sauerbrey equation as a function of the ionic strength and pH.
Quite surprisingly, the adsorbed mass was lowest when the electrostatic inter-
actions were screened (high ionic strength or pH 3 when the net surface charge
of keratin was zero) and highest when both keratin and lignin had a negative net
surface charge. Moreover, at the lowest ionic strength of 50 mM, the dissipation
changes were the largest, indicating that the adsorbed films on both lignin (AD
= 4.0 - 10°) and CLP films (AD = 2.3 - 10-°) were the most hydrated and swollen
(Publication III).

It was expected that at pH 3 or high ionic strengths, the adsorption of keratin
would have been higher than at higher pHs or low ionic strengths because long-
range electrostatic interactions were screened, allowing a larger amount of pro-
tein to accommodate at the surface.43 Despite the negative net charge, some
amino acids in keratin can have a positive charge even at pH 7, which could al-
low for specific attractive electrostatic interactions with carboxyl groups in lig-
nin. As the pH increases from 3 to 7, lignin gets even more groups negatively
charged, which could interact with the amino acids carrying a positive charge.
However, the electrostatic double layer force is still repulsive since the counter-
ion distribution will be defined by the net charge. Moreover, the solubility of
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keratin depends on its molecular weight, and the solubility varied a lot depend-
ing on the pH and salt concentration of the buffer solution. At low ionic
strengths and high pHs, keratin fragments with a higher molecular weight were
dissolved. It has been suggested that polymer adsorption increases and becomes
more favourable when the molecular weight of the polymer increases.'44 This is
explained by a decreased loss of entropy on polymer adsorption when the mo-
lecular weight increases. Simpler systems like peptides have been found to fol-
low this prediction, while in more complex systems such as polyelectrolytes and
proteins, other factors dominate over molecular weight in adsorption.'44 It is
also speculated that molecules with higher molecular weight or extended con-
formation may have higher adsorption onto surfaces due to the higher number
of available sites'7s, which also includes hydrophobic and positively charged
amino acids. Thus, it can be speculated that the increased adsorbed keratin
mass at higher pHs and lower ionic strengths could be explained by the struc-
tural properties of keratin, but also the electrostatic interactions are suggested
to have a role.
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Figure 26. Adsorption of keratin calculated from the Sauerbrey equation on CLPs, lignin and cellulose
model films at different (A) ionic strengths and (B) pHs. Adapted from Publication III.

It was observed that the adsorption of keratin on lignin is a complex process.
But it is anticipated that the structure, especially the conformation, amino acid
content and molecular weight of keratin played an important role. Figure 27
summarizes the interpretations made of the DES-treated feather keratin on lig-
nin surfaces based on the QCM-D studies. When the long-range electrostatic
interactions were not present (screened by high ionic strength or at pH close to
the IEP of keratin), adsorption of keratin was minor, and adsorbed layers were
not very hydrated. However, when the long-range electrostatic interactions
were present (both keratin and lignin had a negative net charge, but keratin had
also positively charged groups), more and larger keratin molecules were ad-
sorbed, and the adsorbed layer was more hydrated and extended.
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Figure 27. lllustrative schematics summarizing the main observations regarding the adsorption of kera-
tin peptides on (A) surfaces made of dissolved lignin when the long-range electrostatic repulsion is
screened or keratin is non-charged, (B) CLP surfaces when the electrostatic interactions are screened or
keratin is non-charged, (C) surfaces made of dissolved lignin when both keratin and lignin have a nega-
tive net charge and (D) CLP surfaces when both keratin and lignin have a negative net charge. Adapted
from Publication Ill.
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5. Concluding remarks

Considering the replacement of fossil-based materials, and the aspects of re-
source sufficiency and the circular economy, valourization of feather keratin
should not be ignored.

This thesis demonstrated how feathers can be converted into utilizable keratin
fractions, and it evaluated their potential as building blocks for macro- and na-
noscale material applications. Overall, the thesis showed the importance of
choosing the processing method and how the structural and physical properties
of the feather keratin as well as its interactions with lignocellulosics can be af-
fected when keratin is produced for material applications.

For most applications, feathers require processing, and the choice of the
method to process feathers greatly depends on the intended application. The
morphology, as well as the molecular weight of keratin, play a critical role when
the applicability of keratin is considered. Molecular keratin can be produced via
chemical routes, and the powdered and soluble forms of the molecular keratin
allow their utilization in a variety of applications, including biomedical, packag-
ing, cosmetic, textile and electronic applications. While molecular keratin with
low molecular weight is suitable in applications in which solubility and a ran-
dom coil conformation are preferred, some polymeric structures like films and
filaments would require keratin with higher molecular weight and ordered sec-
ondary structures. Although molecular keratin is more suitable for applications
in which transparency, good barrier properties or reactivity are essential, fi-
brous keratin prepared via simpler mechanical routes could be used in applica-
tions in which more native feather structure is beneficial, for example in bio-
composites, non-wovens and fibre boards.

Although keratin could be suitable as a main component in material applica-
tions, combining keratin with other materials, especially cellulose and lignin, is
an attractive approach to achieve materials with sufficient properties to com-
pete with the fossil-based alternatives. Interactions between lignin and keratin
are good, while the interactions between cellulose and keratin should be im-
proved, for example, by covalently cross-linking them together or using cellulo-
sic materials where lignin is not removed. Keratin combined with colloidal lig-
nin nanoparticles appears as an especially interesting approach because the
spherical morphology of the nanoparticles is beneficial in many practical appli-
cations such as hydrogels and coatings.
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The potential of side-stream feather keratin should be recognized more widely
since its utilization in material applications would offer new essential and sig-
nificant improvements to the growing range of bio-based materials. The com-
mercialization of feather keratin in material applications still requires con-
sistent research work that would include the identification of the aimed appli-
cation and optimizing the process to produce the keratin. Also, life cycle, life
cycle cost and social life cycle assessments as well as market analysis for in-
tended applications would be required.
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