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p )

(57) ABSTRACT

This disclosure relates to processes for preparing a keratin
fiber, for example, continuous process. In some embodi-
ments, a process as described herein can comprise extrudin
a keratin solution into a first solution to form a first fiber:
drawing the first fiber and oxidizing the first fiber to form a
treated fiber; drawing the treated fiber and oxidizing the
treated fiber one or more times; and setting the treated fiber
to form the keratin fiber. Such processes can be usetul for
preparing a keratin fiber with a high draw ratio.
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CONTINUOUS PRODUCTION OF KERATIN
FIBERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 62/963,968, filed on Jan. 21, 2020, the
contents of which are incorporated by reference in their
entirety herein.

FEDERALLY SPONSORED R.
DEVELOPMENT

(1]

SEARCH OR

[0002] This invention was made with government support
under Grant No. 2019-67021-29940, awarded by the United

States Department of Agriculture, National Institute of Food
and Agriculture. The government has certain rights in the
invention.

TECHNICAL FIELD

[0003] The present disclosure relates to continuous pro-
cesses for preparing a keratin fiber. Such processes can be
usetul for preparing a keratin fiber with a high draw ratio, for
example.

BACKGROUND

[0004] Research on the preparation of high-end materials
through green synthesis technology has recerved more and
more attention [1-3]. At the same time, the preparation of
common products for daily use via green and sustainable
approaches 1s gaining popularity, such as the use of renew-
able monomers to prepare sustainable polyester [4, 5]. But
many of these sustainable polymers are hardly degradable
[6]. Long-term accumulation of such materials will inevita-
bly affect the environment and human health. It 1s reported
that synthetic polymers are circulating 1n the atmosphere and
ocean aiter turning into nano- or microparticles [7]. For
instance, precipitations have been found to contain polymer
particles 1n many districts even in the Artic [8]. Recently
people found that plastic particles fell out of the sky with
snow 1n the Arctic. These plastic particles will inevitably
enter the human body and accumulate [9]. Recent studies
show that synthetic polymer particles can cause various
hazards to human health such as cancer, chronical illness,
and damage to the reproductive system [10]. Therefore, the
utilization of wastes to develop quality products with good
degradability should also receive equal attention i1n the
tuture [11], especially 1in the textile field which can be
plagued by environmental pollution. In terms of textile
fibers, more than 80 million tons of synthetic fibers are
produced every vear globally [12]. Almost all synthetic
fibers are petroleum-based and hardly degradable i the
environment [13]. Therefore, 1t 1s desirable to find alterna-
tives to replace petroleum-based fibers [ 14, 15]. Alternatives
should be sustainable, environmentally responsible and
affordable.

[0005] Although studies for the utilization of keratinous
wastes began decades ago, very few regenerated products
with high quality have been developed due to damages to the
primary structures during extraction and recovery of the
secondary structures in the regeneration of keratin materals.
Among the regenerated keratin products, fibers have high
quality specifications, including resistance to repeated laun-
derings and high toughness.
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SUMMARY

[0006] Provided herein are processes for preparing a kera-
tin fiber. In some embodiments, the methods comprise
extruding a keratin solution into a first solution to form a first
fiber; drawing the first fiber and oxidizing the first fiber to
form a treated fiber; drawing the treated fiber and oxidizing
the treated fiber one or more times; and setting the treated
fiber to form the keratin fiber.

[0007] In some embodiments, the keratin fiber has a draw
ratio of above about 500%. In some embodiments, the
keratin fiber has a draw ratio of about 800% to about 1000%.
In some embodiments, the keratin fiber has a draw ratio of
about 1500%.

[0008] In some embodiments, the diameter of the keratin
fiber 1s about 5 micrometers to about 30 micrometers. In
some embodiments, the diameter of the keratin fiber 1s about
15 micrometers.

[0009] In some embodiments, the keratin fiber comprises
at least about 70% keratin. In some embodiments, the
keratin fiber comprises at least about 85% keratin.

[0010] In some embodiments, the keratin fiber has a
tenacity greater than about 0.8 g/den. In some embodiments,
the keratin fiber has a tenacity of about 1 g/den to about 2
g/den.

[0011] In some embodiments, the keratin fiber has a strain
greater than about 5%. In some embodiments, the keratin
fiber has a strain of about 10% to about 30%. In some
embodiments, the keratin fiber has a strain of about 15%. In
some embodiments, the keratin fiber has been dried prior to
measuring the strain.

[0012] In some embodiments, the Kkeratin fiber has a
toughness higher than about 15 J/cm®.

[0013] In some embodiments, the keratin solution has a
consistency coeflicient (K) of about 2 Pa-s” to about 6 Pa-s”,
wherein the keratin solution 1s at 25° C. and comprises
keratin at about 18% w/w of the composition. In some
embodiments, the keratin solution has a consistency coetli-
cient (K) of about 4.2 Pa s”, wherein the keratin solution 1s
at 25° C. and comprises keratin at about 18% w/w of the
composition. In some embodiments, the keratin solution has
a flow behavior index of about 0.9 to about 0.94, wherein the
keratin solution 1s at 25° C. and comprises keratin at about
18% w/w of the composition. In some embodiments, the
keratin solution has a flow behavior index of about 0.91,
wherein the keratin solution 1s at 235° C. and comprises
keratin at about 18% w/w of the composition.

[0014] In some embodiments, the keratin solution com-
prises a reducing agent. In some embodiments, the keratin
solution comprises an electrolyte. In some embodiments, the
clectrolyte 1s a sulfate, an acetate, a chloride, a citrate, a
carbonate, a phosphate, or a combination thereof. In some
embodiments, the keratin solution comprises sodium
dodecyl sulfate (SDS). In some embodiments, the keratin
solution 1s prepared from a keratinous material.

[0015] In some embodiments, the process further com-
prises preparing the keratin solution. In some embodiments,
preparing the keratin solution comprises: extracting keratin
from a keratinous material to form extracted keratin; and
dissolving the extracted keratin in an aqueous solution
comprising a reducing agent to form the keratin solution. In
some embodiments, the aqueous solution further comprises
SDS.

[0016] In some embodiments, the keratinous material
comprises one or more of: animal hair, horn, and feather. In
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some embodiments, the hair 1s the hair 1s wool, camel hatir,
alpaca hair, rabbit hair, or a combination thereof. In some
embodiments, the feather 1s a duck feather, a goose feather,
a chicken feather, or a combination thereof.

[0017] In some embodiments, the keratin fiber comprises
at least 70% of the disulfide crosslinkages compared to the
amount of disulfide crosslinkages 1n the keratinous material.
In some embodiments, the keratin fiber comprises at least
85% of the beta-sheet crystallimty compared to the amount
of beta-sheet crystallinity 1n the keratinous material. In some
embodiments, the reducing agent comprises a thiol group. In
some embodiments, the reducing agent comprises mercap-
toethanol, cysteine, dithiothreitol, 1,2-ethanedithiol, 1,3-
benzenedithiol, bis(2-mercaptoethyl) ether, ethylene glycol
bisthioglycolate, or a combination thereof.

[0018] In some embodiments, the step of extruding a
keratin solution into a first solution comprises using a
spinneret to extrude the keratin solution. In some embodi-
ments, the spinneret comprises a hole, wherein the hole has
a diameter of about 50 micrometers.

[0019] In some embodiments, the first solution comprises
sodium sulfate, zinc sulfate, and acetate buffer. In some
embodiments, the pH of the first solution 1s about 2. In some
embodiments, the first solution comprises sodium sulfate 1n
an amount of about 15% w/w of the composition, zinc
sulfate 1n an amount of about 5% w/w of the composition,
and acetate bufler with a pH of 2.

[0020] In some embodiments, the step of oxidizing com-
prises exposing the fiber to an oxidizing solution comprising,
an oxidant selected from the group consisting of: a peroxide,
a halogen oxoacid or salt thereof, a high-valent metal salt,
and a combination thereof. In some embodiments, the per-
oxide 1s an alkali metal peroxide, an alkaline earth metal
peroxide, or a combination thereof. In some embodiments,
the oxidant 1s sodium periodate. In some embodiments, the
oxidizing solution further comprises a bufler. In some
embodiments, the oxidizing solution further comprises
acetate bufler. In some embodiments, the pH of the oxidizing
solution 1s about 2. In some embodiments, the temperature
of the oxidizing solution 1s about 35° C.

[0021] In some embodiments, the step of drawing the
treated fiber and oxidizing the treated fiber 1s repeated two
times. In some embodiments, the process further comprises
drawing the treated fiber prior to setting the treated fiber.

[0022] In some embodiments, setting the treated fiber
comprises exposing the treated fiber to a wash solution
comprising a surfactant. In some embodiments, the surfac-
tant 1s selected from the group consisting of: ammonium
lauryl sulfate, SDS, sodium laureth sulfate, sodium myreth
sulfate, sodium stearate, sodium lauroyl sarcosinate, per-
fluorononanoate, perfluorooctanoate, (3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate), cocamidopro-
pyl hydroxysultaine, cocamidopropyl betaine,
phosphatidylserine, phosphatidylethanolamine, phosphati-

dylcholine, a sphingomyelin, cetrimonium bromide
(CTAB), cetylpyridinium chloride (CPC), benzalkonium
chlonide (BAC), benzethonium chloride (BZT), dimethyl-
dioctadecylammonium chloride, dioctadecyldimethylam-
monium bromide (DODAB), and a combination thereof.

[0023] In some embodiments, the wash solution further
comprises an acetate builer. In some embodiments, the wash
solution has a pH of about 2. In some embodiments, the
wash solution 1s at a temperature of about 40° C.
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[0024] In some embodiments, setting the treated fiber
comprises winding the treated fiber and oxidizing the treated
fiber.

[0025] In some embodiments, exposing the treated fiber to
a wash solution comprising a surfactant 1s performed prior
to winding the treated fiber and oxidizing the treated fiber.
In some embodiments, winding the treated fiber 1s at a rate
of about 15 meters/minute.

[0026] In some embodiments, the keratin fiber 1s dried at
about 85° C. for about 1 hour. In some embodiments, the
keratin fiber 1s annealed at about 125° C. for about 1 hour.

In some embodiments, the keratin fiber 1s annealed after it
1s dried.

[0027] In some embodiments, the process 1s a continuous
Process.
[0028] In some embodiments, the process further com-

prises exposing the keratin fiber to a solution comprising an
oxidized saccharide. In some embodiments, the keratin fiber
1s exposed to the solution comprising an oxidized saccharide
for about 3 to about 25 hours. In some embodiments, the
oxidized saccharide 1s a sucrose polyaldehyde.

[0029] In some embodiments, the step of exposing the
keratin fiber to a solution comprising an oxidized saccharide
1s performed prior to exposing the treated fiber to a wash
solution comprising a surfactant.

[0030] Also described herein are keratin fibers prepared by
any of the processes described herein.

[0031] In some embodiments, the term “about” 1s used
herein to mean approximately, 1 the region of, roughly, or
around. When the term “about” 1s used 1n conjunction with
a numerical range, 1t modifies that range by extending the
boundaries above and below the numerical values set forth.
In general, the term “about” 1s used herein to modily a
numerical value above and below the stated value by a
variance of 10%.

[0032] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Methods and matenals are described
herein for use 1n the present invention; other, suitable
methods and materials known 1n the art can also be used.
The materials, methods, and examples are illustrative only
and not intended to be limiting. All publications, patent
applications, patents, database entries, and other references
mentioned herein are incorporated by reference in their
entirety. In case of contlict, the present specification, includ-
ing definitions, will control.

DESCRIPTION OF DRAWINGS

[0033] FIG. 1 1s a diagram of a wet spinning line
employed with stepwise oxidation and drawing.

[0034] FIG. 2 1s a reducing SDS-PAGE gel with Lane 1
containing standard protein markers; Lane 2 containing
regenerated keratin; and Lane 3 containing chicken feathers.
[0035] FIG. 3A 1s a comparison of disulfide bonds 1n
keratin between chicken feathers and spun keratin fibers
using Raman spectra.

[0036] FIG. 3B shows recovery of disulfide bonds 1n
keratin fibers measured by HPLC at different oxidation
stages via controlled disulfide bond assembly.

[0037] FIG. 3C shows the eflect of controlled disulfide

bond assembly on spinnability of keratin fibers. Fine control
of disulfide bond assembly was achieved using stepwise
oxidation and drawing on a continuous spinning line.
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[0038] FIG. 4A shows the relationship between recovery
ratio of disulfide bonds in fibers and highest draw ratio.
[0039] FIG. 4B shows the morphologies of spun keratin
fiber from highest draw ratio (scale bar=>50 um).

[0040] FIG. 5 shows a morphological change in keratin
fibers on a continuous spinning line with controlled disulfide
bonds assembly.

[0041] FIG. 6A shows a continuous line for keratin pro-
duction.

[0042] FIG. 6B shows spun keratin fibers.

[0043] FIG. 7A i1s a plot showing typical stress-strain

curves for feather barbs and continuously spun keratin

fibers.
[0044] FIG. 7B 1s a keratin filament that endured a high
degree of twisting.

[0045] FIG. 8A1s an XRD spectra of chicken feathers and
keratin fibers.
[0046] FIG. 8B shows deconvolutions of the '°C NMR

spectra (around 170 ppm) of chicken feathers and keratin

fibers.

DETAILED DESCRIPTION

[0047] Keratinous wastes, especially poultry feathers, are
abundant, safe, cost-eflective and readily available materials
that could be used to produce fibers [16]. Among all poul-
tries, chicken has the largest consumption worldwide [17].
With an annual chicken consumption of about 65 million
tons and a subsequent generation of chicken feathers of 3
million tons worldwide annually [18], the potential produc-
tion of protein fibers from chicken feathers 1s already 2.5
times higher than the current output of both wool and silk.
Chicken feathers are also rich 1n protein (keratin) content as
high as 90-92% [19]. Having linear polymeric backbones
and an average molecular weight higher than 10 kDa [20],
teather keratin meets the molecular specifications for fiber
spinning. With around 7% cysteine served as crosslinking
sites, feather keratin 1s expected to possess good tensile
propertiecs and aqueous stabilities [21]. Fibers made of
teather keratin are very likely to have smooth touch, mois-
ture transmission and thermal insulation due to similar
chemical structures to those of wool and silk [15].

[0048] Unsuccessful continuous fiber production can
result from the difliculty 1n keratin extraction from feathers,
incomplete re-dissolution of keratin, limited alignment of
molecular chains of protein, and ineilicient recovery of
disulfide crosslinkages. For a long period of time, strong
alkal1 solutions were used to dissolve and extract keratin
[22]. However, high pH not only hydrolyzes the backbone of
the protein but it can also reduce amounts of sulthydryl
groups on the keratin [23, 24]. Damaged protein backbones
and a decline 1n sulfur groups can make 1t challenging to
produce high-quality fibers. Ionic liquids have been used to
extract keratin from wastes [25, 26]. Recently, 1onic liquids
were used to dissolve keratin for spinming. However, the
properties of obtained fibers were not satisfactory [27]. One
reason for such low mechanical property 1s poor dissolution
of keratin. Liquids could break 1onic interactions and hydro-
gen bonds; they are not able to mterrupt disulfide bonds and
hydrophobic interactions among keratin molecules. A non-
destructive extraction system was developed and regener-
ated chicken keratin fibers on a lab-scale [28]. However,
such fiber spinnings lacked techniques to efliciently recover
the disulfide bonds and secondary structures. As a result, the
spinnability of keratin fibers was not good. The stretchability
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of the regenerated fiber was also remarkably limited. The
linearity of the regenerated fiber was poor, leading to long-
distance between keratin backbones and low chances for the
formation of intermolecular disulfide crosslinkages. The
resulting fibers had a large diameter, low strength, and poor
flexibility. The tenacity of the regenerated fiber was only
50% of the original chicken feathers and strain was only 4%.
In addition, the regenerated keratin fiber did not inherit good
wet properties of chicken feathers. Although the research
regarding the fiber production from keratinous waste began
in the 1940s [29], there are few ellicacious processes devel-
oped to continuously produce regenerated pure keratin fibers
with high quality. It 1s desirable for fibers to have stress
higher than 100 Mpa and strain higher than 10%. To achieve
this, most research focuses on either post crosslinking or
addition of high-performance polymers such as PVA and
cellulose 1nto keratin fibers to improve the properties [27,
30-33].

[0049] Accordingly, the present application provides kera-
tin fibers and processes for preparing the keratin fibers. Such
fibers can include keratin fibers produced on a continuous
line via stepwise oxidation and drawing. Stepwise oxidation
and drawing of a fiber can result in one or more of:
controlled assembly of disulfide crosslinkages, optimum
recovery ol secondary structures, satisfactory mechanical
properties, and scalable production of keratin fibers. For
example, the properties of the regenerated keratin fibers can
be close to that of chicken feathers. Furthermore, through
the use and recycling of sate and inexpensive chemicals, the
continuous keratin fiber production disclosed herein 1s sus-
tainable, environmentally responsible, and affordable. Con-
tinuous keratin fiber production via eflicient recovery of
secondary structures and disulfide bonds can minimize the
use and generation of hazardous substances 1n the manufac-
turing process and can open a new window for the utilization
ol keratinous wastes.

[0050] A “keratin fiber” as used herein 1s a fiber compris-
ing at least about 70% keratin. As used herein, the term
“fiber” or *“‘textile fiber” means a unit of matter which 1s
capable of being spun 1nto a yarn or made into a fabric by
bonding or by interlacing in a variety of processes including
weaving, kmtting, braiding, felting, twisting, or webbing,
and which 1s the basic structural element of a textile product.

[0051] In some embodiments, a keratin fiber described
herein has at least about 70% keratin. For example, the
keratin fiber can have about 70% to about 99%, about 70%
to about 95%, about 70% to about 90%, about 70% to about
85%, about 70% to about 80%, about 70% to about 75%, or
about 95% to about 99%, about 90% to about 99%, about
85% to about 99%, about 80% to about 99%, about 75% to
about 99%, or about 75% to about 95% keratin. For
example, the keratin fiber can have about 70%, about 75%,
about 80%, about 85%, about 90%, about 95%, or about
99% keratin.

[0052] In some embodiments, a process for preparing a
keratin fiber includes extruding a keratin solution 1nto a first
solution to form a first fiber; drawing the first fiber and
oxidizing the first fiber to form a treated fiber; drawing the
treated fiber and oxidizing the treated fiber one or more
times; and setting the treated fiber to form the keratin fiber.
In some embodiments, the process 1s a continuous process.

[0053] A keratin solution as described herein includes
keratin, e.g., extracted keratin. In some embodiments, the
keratin solutions further includes sodium dodecyl sulfate
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(SDS), and/or a reducing agent. Reducing agents as
described heremn can include a thiol-based group, e.g.,
monothiols and dithiols. Non-limiting examples of such
reducing agents include mercaptoethanol, cysteine, dithio-
threitol, 1,2-ethanedithiol, 1,3-benzenedithiol, bis(2-mer-
captoethyl) ether, and ethylene glycol bisthioglycolate. In
some embodiments, the keratin solution includes a reducing
agent at a concentration of about 0.5% to about 3% w/w of
the keratin. For example, about 0.5% to about 2.5%, about
0.5% to about 2%, about 0.5% to about 1.5%, about 0.5% to
about 1%, about 2.5% to about 3%, about 2% to about 3%,
about 1.5% to about 3%, about 1% to about 3%, about 1.5%
to about 2.5%, or about 1.75% to about 2.25% w/w of the
keratin. In some embodiments, the keratin solution includes
a reducing agent at a concentration of about 1.4%, about
1.6%, about 1.8%, about 2%, about 2.2%, about 2.4%, about
2.6%, or about 2.8% w/w of the keratin.

[0054] In some embodiments, the keratin solution includes
extracted keratin at about 20% to about 35% w/w of the
solution. For example, about 20% to about 25%, about 20%
to about 30%, about 30% to about 35%, or about 25% to
about 35% w/w of the solution. In some embodiments, the
keratin solution include extracted keratin at about 25% to
about 30% or about 26% to about 28% w/w of the solution.
In some embodiments, the keratin solution includes
extracted keratin at about 24%, about 25%, about 26%,
about 27%, about 28%, about 29%, or about 30% w/w of the

solution.

[0055] Insome embodiments, the keratin solution includes
SDS. In some embodiments, the keratin solution includes
SDS at about 3% to about 15% w/w of the solution. For
example, about 5% to about 8%, about 5% to about 10%,
about 5% to about 12%, about 12% to about 15%, about
10% to about 15%, about 8% to about 15%, or about 8% to
about 12% w/w of the solution. In some embodiments, the
keratin solution includes SDS at about 5%, about 6%, about
7%, about 8%, about 9%, about 10%, about 11%, about
12%., about 13%, about 14%, or about 15% w/w of the

solution.

[0056] In some embodiments, the pH of the keratin solu-
tion 1s adjusted to be about 7 to about 10. For example, about
7/ to about 8, about 7.5 to about 8.5, about 8 to about 9, about
8.5 to about 9.5, or about 9 to about 10. Any buller suitable
for maintaining the desired pH can be used. Non-limiting
examples of such buflers include carbonate-bicarbonate
butler, glycine-sodium hydroxide bufler, sodium borate bui-
ter, TRIZMA® bufler (e.g., 2-Amino-2-(hydroxymethyl)-1,
3-propanediol bufler), and diethanolamine bufler. In some
embodiments, the keratin solution includes a bufter at about
0.1 M to about 0.3 M. For example, about 0.1 M to about
0.15 M, about 0.1 M to about 0.2 M, about 0.1 M to about
0.25 M, about 0.25 M to about 0.3 M, about 0.2 M to about
0.3 M, about 0.15 M to about 0.3 M, about 0.15 M to about
0.2 M, about 0.18 M to about 0.22 M, or about 0.2 M to
about 0.25 M.

[0057] In some embodiments, the amount of reducing
agent 1 a keratin solution described herein 1s optimized
such that the keratin 1s fully dissolved and/or the molecular
entanglement 1s low. In some embodiments, the degree of
molecular entanglement 1s indicated by the flow behavior
index (n), which can be determined by measuring shear
stress using a rotational rheometer (see Equation 1). The
consistency coeflicient (K) for the keratin solution, which 1s
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directly proportional to polymer viscosity in solution, can
also be determined by measuring shear stress using a rota-
tional rheometer.

=Ky Equation 1

[0058] where V' is the shear rate (s™) measured in the
range of 0-1000 s~

[0059] In some embodiments, the keratin solution has a
flow behavior index of about 0.8 to about 0.95. For example,
about 0.8 to about 0.82, about 0.8 to about 0.84, about 0.8
to about 0.86, about 0.8 to about 0.88, about 0.8 to about 0.9,
about 0.8 to about 0.92, about 0.8 to about 0.94, about 0.92
to about 0.95, about 0.9 to about 0.95, about 0.88 to about
0.95, about 0.86 to about 0.95, about 0.84 to about 0.95,
about 0.82 to about 0.95, about 0.88 to about 0.92, or about
0.90 to about 0.94. In some embodiments, the Kkeratin
solution has a flow behavior index of about 0.88, about 0.89,
about 0.9, about 0.91, about 0.92, about 0.93, about 0.94, or
about 0.95. In some embodiments, the keratin solution 1s at
about 25° C. and includes extracted keratin at about 18%

w/w of the solution during the measurement of the shear
Stress.

[0060] In some embodiments, the keratin solution has a
consistency coeflicient (K) of about 2 Pa-s” to about 6 Pa-s”.
For example, about 2 Pa-s” to about 6 Pa-s”, about 3 Pa-s” to
about 6 Pa-s”, about 4 Pa-s” to about 6 Pa-s”, about 5 Pa-s”
to about 6 Pa-s”, about 4 Pa-s” to about 6 Pa-s”, about 3 Pa-s”
to about 6 Pa-s”, about 3 Pa-s” to about 5 Pa-s”, about 3.5
Pa-s” to about 5.5 Pa-s”, about 3.5 Pa-s” to about 4.5 Pa-s”,
or about 4 Pa-s” to about 4.5 Pa-s”. In some embodiments,
the keratin solution 1s at about 25° C. and includes extracted
keratin at about 18% w/w of the solution during the mea-
surement of the shear stress.

[0061] In some embodiments, a process described herein
turther includes preparing the keratin solution, e.g., any of
the keratin solutions as described herein. In some embodi-
ments, preparing the keratin solution includes extracting
keratin from a keratinous material to form extracted keratin;
and dissolving the extracted keratin 1n an aqueous solution
comprising a reducing agent, ¢.g., any of the reducing agents
described heremn to form the keratin solution. In some
embodiments, Keratin can be extracted from any keratinous
matenal, e.g., a material comprising keratin. Non-limiting
examples of keratinous materials include: hair, horn, and
feather. In some embodiments, the keratinous material
includes wool, camel hair, alpaca hair, rabbit hair, duck
teather, goose feather, chicken feather, or a combination
thereol. In some embodiments, the step of extracting keratin
from a keratinous material to form extracted keratin includes
exposing a keratinous material to an extraction solution. The
extraction solution can include one or more of SDS, urea,
and a reducing agent.

[0062] In some embodiments, the extraction solution
includes SDS. In some embodiments, the extraction solution
includes SDS at about 5% to about 15% w/w of the solution.
For example, about 5% to about 8%, about 5% to about 10%,
about 5% to about 12%, about 12% to about 15%, about
10% to about 15%, about 8% to about 15%, or about 8% to
about 12% w/w of the solution. In some embodiments, the

extraction solution includes SDS at about 5%, about 6%,
about 7%, about 8%, about 9%, about 10%, about 11%,
about 12%, about 13%, about 14%, or about 15% w/w of the

solution.
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[0063] In some embodiments, the extraction solution
includes urea at about 1 M to about 3 M. For example, about
1 M to about 1.5 M, about 1 M to about 2 M, about 1 M to
about 2.5 M, about 2.5 M to about 3 M, about 2 M to about
3 M, about 1.5 M to about 3 M, about 1.5 M to about 2 M,
about 1.8 M to about 2.2 M, or about 2 M to about 2.5 M.

[0064] In some embodiments, the extraction solution
includes a reducing agent, e.g., any of the reducing agents
described herein. In some embodiments, the extraction solu-
tion 1ncludes the reducing agent at about 5% to about 15%
w/w of the solution. For example, about 3% to about 8%,
about 5% to about 10%, about 5% to about 12%, about 12%
to about 15%, about 10% to about 15%, about 8% to about
15%., or about 8% to about 12% w/w of the solution. In some
embodiments, the extraction solution includes the reducing
agent at about 5%, about 6%, about 7%, about 8%, about
9%, about 10%, about 11%, about 12%, about 13%, about
14%., or about 15% w/w of the solution. In some embodi-
ments, the reducing agent 1s cysteine.

[0065] In some embodiments, the pH of the extraction
solution 1s adjusted to be about 9 to about 11.5. For example,
about 9 to about 11, about 9 to about 10.5, about 9 to about
10, about 11 to about 11.5, about 10.5 to about 11.5, about
10 to about 11.5, about 9.5 to about 11.5, or about 10 to
about 11. In some embodiments, the pH of the extraction
solution 1s adjusted to be about 9, about 9.5, about 10, about

10.5, about 11, or about 11.5.

[0066] In some embodiments, the step of extracting kera-
tin from a keratinous material to form extracted keratin
includes exposing a keratinous material to an extraction
solution for a period of time. In some embodiments, the
pertod of time 1s about 8 hours to about 15 hours. For
example, about 8 hours to about 9 hours, about 8 hours to
about 10 hours, about 8 hours to about 11 hours, about 8
hours to about 12 hours, about 8 hours to about 13 hours,
about 8 hours to about 14 hours, about 14 hours to about 15
hours, about 13 hours to about 15 hours, about 12 hours to
about 15 hours, about 11 hours to about 15 hours, about 10
hours to about 15 hours, about 9 hours to about 15 hours,
about 10 hours to about 14 hours, or about 11 hours to about
13 hours. In some embodiments, the period of time 1s about
8 hours, about 9 hours, about 10 hours, about 11 hours, about
12 hours, about 13 hours, about 14 hours, or about 15 hours.

[0067] In some embodiments, the temperature of the
extraction solution 1s held at about 60° C. to about 80° C. For
example, about 60° C. to about 65° C., about 60° C. to about
70° C., about 60° C. to about 75° C., about 75° C. to about
80° C., about 70° C. to about 80° C., about 65° C. to about
80° C. In some embodiments, the temperature of the extrac-
tion solution 1s held at about 65° C., about 66° C., about 67°
C., about 68° C., about 70° C., about 71° C., about 72° C.,
about 73° C., about 74° C., or about 75° C.

[0068] In some embodiments, the step of extracting kera-
tin from a keratinous material to form extracted keratin
turther includes centrifuging the extraction solution com-
prising the keratinous material to form a centrifuged extrac-
tion solution comprising the keratinous material. In some
embodiments, the supernatant of the centrifuged extraction
solution comprising the keratinous materal 1s adjusted to the
1soelectric point using any suitable acid (e.g., hydrochloric
acid). In some embodiments, sodium sulfate 1s added to the
supernatant of the centrifuged extraction solution compris-
ing the keratinous material to precipitate the extracted
keratin. In some embodiments, the extracted keratin 1is
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washed to remove impurities. In some embodiments, the
extracted keratin 1s vacuumed dried.

[0069] A Kkeratin solution as described herein can be
installed on a spinning line prior to the step of extruding the
keratin solution 1nto a first solution to form a first fiber. The
spinning line can be any suitable spinning line, e.g., a wet
spinning line. In some embodiments, the step of extruding a
keratin solution into a first solution comprises using a
spinneret to extrude the keratin solution. For example, the
keratin solution 1s extruded into the first solution using a
spinneret. In some embodiments, the spinneret comprises
one or more holes, wherein the holes have a diameter of
about 50 micrometers.

[0070] Insome embodiments, the first solution includes an
clectrolyte. Non-limiting examples of suitable electrolytes
include sulfate, acetate, chlonide, citrate, carbonate, and
phosphate. The electrolytes can be paired with any suitable
cation. Non-limiting examples of such cations include alkali
metals and transition metals such as lithtum, sodium, mag-
nesium, and zinc. Accordingly, in some embodiments, the
first solution includes lithium sulfate, sodium sulfate,
sodium acetate, zinc sulfate, zinc acetate, zinc chloride,
sodium carbonate, sodium phosphate, zinc carbonate, or a
combination thereof.

[0071] Insome embodiments, the first solution includes an
clectrolyte 1n an amount of about 10% to about 30% w/w of

the composition. For example, about 10% to about 15%,
about 10% to about 20%, about 10% to about 25%, about

25% to about 30%, about 20% to about 30%, about 15% to
about 30%, about 15% to about 20%, or about 18% to about
22% w/w of the composition. In some embodiments, the first

solution includes an electrolyte 1n an amount of about 10%,
about 12%, about 14%, about 16%, about 18%, about 20%,

about 22%, about 24%, about 26%, about 28%, or about
30% w/w of the composition. In some embodiments, the first
solution includes sodium sulfate at 15% w/w of the com-
position, zinc sulfate at 5% w/w of the composition.

[0072] In some embodiments, the first solution further
includes a bufler. Any bufler suitable for maintaining the
desired pH can be used. Non-limiting examples of such
buflers include hydrochloric acid (HCl)-potassium chloride
bufler, glycine-HCl bufler, and acetate bufler. In some
embodiments, the first solution includes a buflfer at a con-

centration ol about 0.1 M to about 0.3 M. For example,
about 0.1 M to about 0.15 M, about 0.1 M to about 0.2 M,

about 0.1 M to about 0.25 M, about 0.25 M to about 0.3 M,
about 0.2 M to about 0.3 M, about 0.15 M to about 0.3 M,
about 0.15 M to about 0.2 M, about 0.18 M to about 0.22 M,
or about 0.2 M to about 0.25 M.

[0073] In some embodiments, the pH of the first solution
1s adjusted to be about 1 to about 4. For example, about 1 to
about 1.5, about 1 to about 2, about 1 to about 2.5, about 1
to about 3, about 1 to about 3.5, about 3.5 to about 4, about
3 to about 4, about 2.5 to about 4, about 2 to about 4, about
1.5 to about 4, or about 1.5 to about 2.5. In some embodi-
ments, the pH of the first solution 1s adjusted to be about 1,

about 1.4, about 1.6, about 1.8, about 2, about 2.2, about 2.4,
about 2.6, about 3, about 3.5, or about 4.

[0074] In some embodiments, the first solution 1ncludes
sodium sulfate, zinc sulfate, and acetate bufler. In some
embodiments, the first solution includes sodium sulfate at
15% w/w of the composition, zinc sulfate at 5% w/w of the
composition, and acetate buitler.
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[0075] Stepwise drawing and oxidizing after extruding a
keratin solution into a first solution to form a first fiber can
help establish disulfide bonds and ordered structures 1n the
first fiber. In some embodiments, the step of oxidizing
comprises exposing the first fiber to an oxidizing solution
comprising an oxidant selected from the group comprising a
peroxide, a halogen oxoacid or salt thereof, a high-valent
metal salt, or a combination thereof. Non-limiting examples
of a peroxide include alkali metal peroxides and alkaline
carth metal peroxides such as sodium periodate, hydrogen
peroxide, chlorite, hypochlorite, and sodium ferrate(VI). In
some embodiments, the oxidant 1s present in an amount of
about 2 g/L.to about 6 g/L.. For example, about 2 g/L. to about

2.5 g/L, about 2 g/L to about 3 g/L, about 2 g/L. to about 3.5
g/L., about 2 g/L. to about 4 g/, about 2 g/ to about 4.5 g/L,
about 2 g/LL to about 5 g/L., about 2 g/L to about 3.5 g/L,
about 5.5 g/LL to about 6 g/L, about 5 g/LL to about 6 g/L,
about 4.5 g/L to about 6 g/L, about 4 g/L. to about 6 g/L,
about 3.5 g/L to about 6 g/L, about 3 g/LL to about 6 g/L,
a
R

bout 2.5 g/L. to about 6 g/L., about 3 g/LL to about 5 g/L, or
bout 3.5 g/L. to about 4.5 g/L.. In some embodiments, the

oxidant 1s present 1n an amount of about 2 g/L., about 2.5 g/L,
about 3 g/L, about 3.5 g/L, about 4 g/L., about 4.5 g/L., about

5 g/L., about 5.5 g/L, about 6 g/L.

[0076] In some embodiments, the oxidizing solution fur-
ther comprises a bufler. In some embodiments, the first
solution further includes a bufler. Any bufler suitable for
maintaining the desired pH can be used. Non-limiting
examples of such buflers include HCl-potassium chloride
butler, glycine-HCI bufler, citrate bufler, and acetate butler.
In some embodiments, the first solution includes a bufler at
a concentration of about 0.1 M to about 0.3 M. For example,
about 0.1 M to about 0.15 M, about 0.1 M to about 0.2 M,
about 0.1 M to about 0.25 M, about 0.25 M to about 0.3 M,
about 0.2 M to about 0.3 M, about 0.15 M to about 0.3 M,
about 0.15 M to about 0.2 M, about 0.18 M to about 0.22 M,
or about 0.2 M to about 0.25 M.

[0077] In some embodiments, the pH of the first solution
1s adjusted to be about 1 to about 4. For example, about 1 to
about 1.5, about 1 to about 2, about 1 to about 2.5, about 1
to about 3, about 1 to about 3.5, about 3.5 to about 4, about
3 to about 4, about 2.5 to about 4, about 2 to about 4, about
1.5 to about 4, or about 1.5 to about 2.5. In some embodi-
ments, the pH of the first solution 1s adjusted to be about 1,
about 1.4, about 1.6, about 1.8, about 2, about 2.2, about 2.4,
about 2.6, about 3, about 3.5, or about 4.

[0078] In some embodiments, the temperature of the oxi-
dizing solution 1s about 30 to about 40. For example, about
30° C. to about 35° C., about 35° C. to about 40° C., or about
33° C. to about 38° C. In some embodiments, the tempera-
ture of the oxidizing solution 1s about 30° C., about 31° C.,
about 32° C., about 33° C., about 34° C., about 35° C., about
35° C., about 36° C., about 37° C., about 238° C., about 39°
C., or about 40° C.

[0079] In some embodiments, the step of drawing the
treated fiber and oxidizing the treated fiber 1s repeated two
or more times. For example, the step of drawing the treated
fiber and oxidizing the treated fiber is repeated two, three,
four, or five times. In some embodiments, the step of
drawing the treated fiber and oxidizing the treated fiber i1s
repeated two times. In some embodiments, the process
turther comprises drawing the treated fiber prior to setting
the treated {fiber.
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Setting and Enhancing the Fiber

[0080] In some embodiments, setting the treated fiber
comprises exposing the treated fiber to a wash solution
comprising a surfactant. Non-limiting examples of suitable
surfactants include ammonium lauryl sulfate, SDS, sodium
laureth sulfate, sodium myreth sulfate, sodium stearate,
sodium lauroyl sarcosinate, perfluorononanoate, pertluo-
rooctanoate, (3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulionate),  cocamidopropyl  hydroxysultaine,
cocamidopropyl betaine, phosphatidylserine, phosphatidy-
lethanolamine, phosphatidylcholine, a sphingomyelin, cet-
rimonium  bromide (CTAB), cetylpyridintum chlonide
(CPC), benzalkomium chloride (BAC), benzethonium chlo-
ride (BZT), dimethyldioctadecylammonium chloride, and
dioctadecyldimethylammonium bromide (DODAB). In
some embodiments, the surfactant 1s present in an amount of
about 0.2 to about 2 g/L.. For example, about 0.2 g/L to about
0.6 g/L, about 0.2 g/L to about 1 g/L, about 0.2 g/L to about
1.4 g/L, about 0.2 g/L. to about 1.8 g/L., about 1.6 g/LL to
about 2 g/L, about 1.2 g/LL to about 2 g/L., about 0.8 g/L. to
about 2 g/L, about 0.4 g/L to about 2 g/L, about 0.5 g/L. to
about 1.5 g/L, or about 0.8 g/LL to about 1.2 g/L.

[0081] In some embodiments, the wash solution further
comprises a buller. Any bufler suitable for maintaining the
desired pH can be used. Non-limiting examples of such
buflers include HCl-potassium chloride bufler, glycine-HCI
buffer, citrate bufler, and acetate buffer. In some embodi-

ments, the wash solution includes a bufter at a concentration
of about 0.05 M to about 0.3 M. For example, about 0.05 M

to about 0.1 M, about 0.05 M to about 0.15 M, about 0.05
M to about 0.2 M, about 0.05 M to about 0.25 M, about 0.25
M to about 0.3 M, about 0.2 M to about 0.3 M, about 0.15
M to about 0.3 M, about 0.1 M to about 0.3 M, about 0.15
M to about 0.2 M, about 0.18 M to about 0.22 M, or about
0.2 M to about 0.25 M.

[0082] In some embodiments, the pH of the wash solution
1s adjusted to be about 1 to about 4. For example, about 1 to
about 1.5, about 1 to about 2, about 1 to about 2.5, about 1
to about 3, about 1 to about 3.5, about 3.5 to about 4, about
3 to about 4, about 2.5 to about 4, about 2 to about 4, about
1.5 to about 4, or about 1.5 to about 2.5. In some embodi-
ments, the pH of the wash solution 1s adjusted to be about
1, about 1.4, about 1.6, about 1.8, about 2, about 2.2, about
2.4, about 2.6, about 3, about 3.5, or about 4.

[0083] In some embodiments, the wash solution 1s at a
temperature of about 35° C. to about 45° C. For example,
about 35° C. to about 40° C., about 40° C. to about 45° C.,
or about 38° C. to about 42° C. In some embodiments, the

wash solution 1s at a temperature of about 35° C., about 36°
C., about 37° C., about 38° C., about 39° C., about 40° C.,

about 41° C., about 42° C., about 43° C., about 44° C., or
about 45° C.

[0084] In some embodiments, setting the treated fiber
comprises winding the treated fiber and oxidizing the treated

fiber.

[0085] In some embodiments, exposing the treated fiber to
a wash solution comprising a surfactant 1s performed prior
to winding the treated fiber and oxidizing the treated fiber.
In some embodiments, winding the treated fiber 1s at a rate
of about 15 meters/minute.

[0086] In some embodiments, the keratin fiber 1s dried at
about 85° C. for about 1 hour. In some embodiments, the
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keratin fiber 1s annealed at about 125° C. for about 1 hour.
In some embodiments, the keratin fiber 1s annealed after it
1s dried.

[0087] In some embodiments, the process further com-
prises exposing the keratin fiber to a solution comprising an
ox1idized saccharide. Non-limiting examples of suitable sac-
charides include glucose, sucrose, ratlinose, cellobiose, dex-
tran, and alginate. A saccharide can be oxidized using any of
the oxidants described herein. In some embodiments, the
keratin fiber 1s exposed to the solution comprising an
ox1dized saccharide for about 3 to about 235 hours. For about
3 to about 5, about 3 to about 10, about 3 to about 15, about
3 to about 25, about 20 to about 23, about 15 to about 23,
about 10 to about 25, about 5 to about 25. In some embodi-
ments, the keratin fiber 1s exposed to the solution comprising,
an oxidized saccharide for about 1 hour, about 2 hours, about

-

3 hours, about 4 hours, about 5 hours, about 6 hours, about
7 hours, about 8 hours, about 9 hours, about 10 hours, about
15 hours, or about 20 hours. In some embodiments, the

oxidized saccharide 1s a sucrose polyaldehyde.

[0088] In some embodiments, the step of exposing the
keratin fiber to a solution comprising an oxidized saccharide
1s performed prior to exposing the treated fiber to a wash
solution comprising a surfactant.

[0089] A keratin fiber produced using the processes
described herein can have a high draw ratio. The draw ratio
1s the ratio of the drawing rate and extrusion rate. In some

embodiments, the keratin fiber can have a draw ratio of at
least about 500%, e.g., at least about 600%, about 700%,

about 800%, about 900%, about 1000%, about 1100%, about
1200%, about 1300%, about 1400%, about 1500%, about
1600%, about 1700%, about 1800%, about 1900%, or about
2000%. In some embodiments, a keratin fiber produced
using the processes described herein can have a draw ratio
of about 500% to about 2500%. For example, about 500%
to about 2300%, about 500% to about 2100%, about 500%
to about 1900%, about 500% to about 1700%, about 500%
to about 1500%, about 500% to about 1300%, about 500%
to about 1100%, about 500% to about 900%, about 500% to
about 700%, about 2300% to about 2500%, about 2100% to
about 2500%, about 1900% to about 2500%, about 1700%
to about 2500%, about 1500% to about 2500%, about
1300% to about 2500%, about 1100% to about 2500%,
about 900% to about 2500%, or about 700% to about
2500%. In some embodiments, a keratin fiber produced
using the processes described herein can have a draw ratio
of about 3500%, about 600%, about 700%, about 800%,
about 900%, about 1000%, about 1100%, about 1200%,
about 1300%, about 1500%, about 1600%, about 17000%,
about 1800%, about 1900%, about 2000%, about 2100%,
about 2200%, about 2300%, about 2400%, or about 2500%.

[0090] In some embodiments, a keratin fiber produced
using the processes described herein can have a diameter of
about 5 micrometers to about 30 micrometers. For example,
about 5 micrometers to about 25 micrometers, about 5
micrometers to about 20 micrometers, about 5 micrometers
to about 15 micrometers, about 5 micrometers to about 10
micrometers, about 25 micrometers to about 30 microm-
eters, about 20 micrometers to about 30 micrometers, about
15 micrometers to about 30 micrometers, or about 10
micrometers to about 30 micrometers.

[0091] Several processes can be used to assess the tenacity
and stramn of a fiber as described herein. Non-limiting
examples ol such processes include the ASTM standard
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D-3822 and the ISO 5079:1995. In some embodiments, the
keratin fiber 1s equilibrated at 21° C. and 65% relative
humidity for 24 h prior to the test. In some embodiments, the
gauge length and extension speed are 1 inch and 18 mm/muin,
respectively.

[0092] In some embodiments, a keratin fiber produced
using the processes described herein can have a tenacity at
least about 0.8 g/den. For example, about at least about 1
g/den, about 1.2 g/den, or about 1.4 g/den. In some embodi-
ments, a keratin fiber produced as described herein can have
a tenacity ol about 0.8 g/den to about 2.5 g/den. For
example, about 0.8 g/den to about 2.4 g/den, about 0.8 g/den
to about 2.2 g/den, about 0.8 g/den to about 2.0 g/den, about
0.8 g/den to about 1.8 g/den, about 0.8 g/den to about 1.6
g/den, about 0.8 g/den to about 1.4 g/den, about 0.8 g/den to
about 1.2 g/den, about 0.8 g/den to about 1 g/den, about 2.4
g/den to about 2.5 g/den, about 2.2 g/den to about 2.5 g/den,
about 2 g/den to about 2.5 g/den, about 1.8 g/den to about
2.5 g/den, about 1.6 g/den to about 2.5 g/den, about 1.4
g/den to about 2.5 g/den, about 1.2 g/den to about 2.5 g/den,
about or about 1 g/den to about 2.5 g/den.

[0093] In some embodiments, the keratin fiber has a strain
of at least about 5%. For example, at least about 5%, at least
about 6%, at least about 7%, or at least about 8%. In some
embodiments, the keratin fiber has a strain of about 10% to
about 30%. For example, about 10% to about 15%, about
10% to about 20%, about 10% to about 25%, about 25% to
about 30%, about 20% to about 30%, or about 15% to about
30%. In some embodiments, the keratin fiber has a strain of
10%, about 11%, about 12%, about 13%, about 14%, about
15%, about 16%, about 17%, about 18%, about 19%, or
about 20%. In some embodiments, the keratin fiber has been
dried prior to measuring the strain.

[0094] Toughness of a keratin fiber described herein can
be determined by measuring total area under the stress-strain
curve of keratin fibers. Any method that can obtain a
stress-strain curve can be used. In some embodiments, the
keratin fiber 1s equilibrated at 21° C. and 65% relative
humidity for 24 h prior to the test. In some embodiments, the
gauge length and extension speed are 1 inch and 18 mm/muin,
respectively. In some embodiments, the keratin fiber has a
toughness of at least about 15 J/cm®. For example, at least
about 20 J/cm”, or at least about 25 J/cm”. In some embodi-

ments, the keratin fiber has a toughness of about 15 J/cm® to
about 30 J/cm®.

[0095] Beta-sheet crystallimty of a keratin fiber and/or
keratinous material can be determined using, for example,
X-ray diffraction. In some embodiments, the keratin fiber
comprises at least 85% of the beta-sheet crystallinity com-
pared to the amount of beta-sheet crystallinity 1n the kera-
tinous materal.

[0096] Daisulfide bonds 1n a keratin fiber and/or keratinous
material can be determined using, for example, using Raman
spectroscopy. In some embodiments, the keratin fiber com-
prises at least 70% of the disulfide crosslinkages compared
to the amount of disulfide crosslinkages 1n the keratinous
material.

[0097] Also provided herein are keratin fibers prepared by
any ol the processes described herein. For example, pro-
vided herein 1s a keratin fiber prepared by extruding a keratin
solution into a first solution to form a first fiber; drawing the
first fiber and oxidizing the first fiber to form a treated fiber;
drawing the treated fiber and oxidizing the treated fiber one
or more times; and setting the treated fiber to form the
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keratin fiber. In some embodiments, the process 1s a con-
tinuous process. In some embodiments, provided herein 1s a
keratin fiber prepared by extracting keratin from a kerati-
nous material to form extracted keratin; dissolving the
extracted keratin 1n an aqueous solution comprising a reduc-
ing agent to form the keratin solution; extruding a keratin
solution into a first solution to form a first fiber; drawing the
first fiber and oxidizing the first fiber to form a treated fiber;
drawing the treated fiber and oxidizing the treated fiber one
or more times; and setting the treated fiber to form the
keratin fiber.

[0098] Additional details of the embodiments provided
herein can be found, for example, 1n references 39 and 40,
both of which are incorporated by reference 1n their entire-
ties herein.

EXAMPLES

Example 1. Continuous Production of Keratin Fiber
from Chicken Feathers

Materials

[0099] Feather fiber corporation, Nixa, Colo. provided the
chicken feather barbs. Other chemicals, with ACS reagent
grade, such as sodium dodecyl suliate (SDS), cysteine,
mercaptoethanol and urea, were purchased from VWR Inter-
national (Radnor, Pa.). Chemical reagents used i SDS-
PAGE analysis, including LDS sample bufler (4x), Nupage
20x MES running bufler and NuPAGE 4-12% Bis-Tris gel,
were purchased from Invitrogen, Inc., Grand Island, N.Y.
Keratin Extraction from Chicken Feathers

[0100] The extraction of keratin from chicken feathers was
conducted using an aqueous solution contaiming different
amounts of urea and SDS. To determine the optimal recipe,
viscosity of supernatant of extraction and keratin yield were
measured. Detailed results are 1n Table S1. 2 M urea and
10% SDS based on weight of feathers were chosen. 10% of
cysteine was used to fully cleave the disulfide bonds 1n
teathers for optimal keratin dissolution. According to the
previous work, the pH of the extraction solution was
adjusted to 10.5 using 15 wt % NaOH solution. The extrac-
tion was held for 12 hours at 70° C. After the extraction, the
dispersion was centrifuged at 9800 rci for 20 minutes to get
the supernatant, which was adjusted to the 1soelectric point
using hydrochloric acid accompanied by sodium sulfate to
precipitate the keratin inside. The precipitated keratin was
turther washed to remove other impurities before being
vacuumed dried.

TABLE S1

Viscosity and keratin vield from wvarious extraction systems

Specific
viscosity of

Extraction systems supernatant Yield

8M urea 2.52 68.64 £ 2.52%
4M urea 2.14 58.40 = 3.42%
10% SDS 1.46 31.20 = 2.51%
2M urea 5% SDS based on feather 1.72 48.50 £ 2.43%
2M urea 8% SDS based on feather 2.01 61.80 £ 3.56%
2M urea 10% SDS based on feather 2.52 66.90 + 3.14%
2M urea 15% SDS based on feather 2.73 67.14 = 2.97%
2M urea 20% SDS based on feather 3.04 67.51 = 3.25%
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Preparation of Keratin Spinning Dope

[0101] Spinming dope for continuous pilot-scale spinning
was prepared by dissolving 27% extracted keratin and 10%
SDS based on weight of keratin 1n 0.2 M carbonate-bicar-
bonate butler at pH of 8. To fully dissolve keratin and obtain
the optimal molecular entanglement 1n solution, different
amounts of a reducing agent (mercaptoethanol), were added
for controlled cleavage of disulfide bonds 1n keratin mol-
ecules.

[0102] Stepwise oxidation and drawing were applied to
continuous wet spinning lmmes (ALEX JAMES AND
ASSOC, US) for controlled assembly of disulfide bonds in
keratin fibers. Stepwise oxidation and drawing can help
improve the spinnability, keratin molecular alignment,
degree of crosslinkages and fiber properties. Detailed design
1s demonstrated 1n FIG. 1. Prepared keratin spinming dope
was centrifuged before being installed onto the spinming
line. Keratin solution was extruded via a spinneret with
multiple 50 um-diameter holes to the coagulation bath
containing 15 wt % sodium sulfate, 5 wt % zinc sulfate and
acetate buller with pH 2. Fibers from the coagulation bath
were drawn for the first time before entering the first
oxidation bath. The oxidation bath contained 4 g/I. sodium
periodate as the oxidation agents and acetate buller with pH
2. Oxadation temperature was 35° C. to ensure the fast
disulfide bond assembly and fine fiber stretchability. Fibers
then went through multiple drawings and oxidations before
going to the washing bath. Multiple oxidation and drawing
steps can help the establishment of disulfide bonds and
ordered structures in keratin fibers. The washing bath con-
tained surfactants with concentrations from 1 g/L. and acetate
bufler with a pH of 2. The temperature was 40° C. to ensure
high washing etliciency. Reaching the final winding roller,
the fibers went through the oxidation bath once again for the
immobilization of ordered molecular structures 1n keratin
fibers. The final speed of fiber collecting was 15 meters/min.
The dry fibers obtained were dried 1n an oven at 85° C. for
1 h and later annealed at 125° C. for about 1 h. Annealing
was done to improve the mechanical properties of the fibers.

Characterizations

Rheological Properties of Spinnming Dope

[0103] Shear stress (T, Pa) of keratin spinning dopes with
various concentrations of reducing agents was measured
using a rotational rheometer, R/S plus (Brookfield, U.S.A.)
for determination of consistency coethicient (K, Pa-s”) and
flow behavior index (n) based on Equation 1. K 1s directly
proportional to polymer viscosity 1n solution and n indicates
the degree of molecular entanglement in solution. The
smaller the value of n, the better the molecular entangle-
ment. To precisely measure the rheological properties, 18 wt
% of keratin solution was used.

T=KY"

[0104] where V' is the shear rate (s™) measured in the
range of 0-1000 s,

Equation 1

Molecular Weight of Keratin Backbones

[0105] About 1 mg of feather and keratin fiber was dis-
solved 1 100 ul. of NuPAGE LDS sample bufler (1x) with
excess mercaptoethanol, heated at 70° C. for 5 h. The
solution was centrifuged prior to loading. Each sample of 10
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ul was loaded 1nto an individual slot of the gel. A molecular
marker from Spectra Multicolor Low Range Protein Ladder
was used. The molecular weights of the protein standard
mixture ranged from 4.6 to 42 kDa.

Mechanical Properties

[0106] Keratin fibers were conditioned at 21° C. and 65%
relative humidity for 24 h prior to tests. Tensile properties of
keratin fibers were obtained according to ASTM standard
D-3822 using an Instron tensile testing machine (Norwood,
Mass.). Gauge length set for testing was 1 inch and cross-
head speed was 18 mm/min. Denier of fibers was used to
describe the fineness of keratin fibers. For each test, at least
20 specimens were used.

Qualitative Measurement of Disulfide Bonds i Keratin
Using Raman Spectroscopy

[0107] Feathers and keratin fibers were characterized on a
Raman spectrometer (The DXR Raman microscope,
Thermo, USA). The laser wavelength was set at 332 nm with
a power of 10 mW. The sample collect exposure time was 15
seconds with 15 cycles of exposures per sample. To compare
the disulfide bonds 1n keratin, the ratio of peak areas around

500 cm™" (S—S) and 1450 cm™' (C—H) was used.

Quantification of Cystine 1n Fibers

[0108] Fibers collected from each step of continuous spin-
ning line were frozen immediately after washing 1n distilled
water and then freeze-dried. The cystine content in fibers
was determined based on the process developed by Cam-
panella et al [34]. In detail, dried fibers were hydrolyzed
using 6 N HCI under 110° C. for 24 hours to obtain amino
acids. Phenylisothiocyanate was used for pre-column quan-
titative derivatization of amino acids by a HPLC, UltiMate
3000 series, USA equipped with a C-18 column (Acclaim
120, 120 A, 4.6x250 mm, 5 pm) and UV detector with
wavelength set at 254 nm. The flow rate was 1 mL/min and
a ternary gradient was employed using 0.7 M sodium acetate
with pH 6.4 (phase A), water (phase B) and acetomtrile/
water with volume ratio of 8:2 (phase C). The gradient 1s
shown 1n Table 1. Total retention time was 30 min with
additional 10 min for column re-equilibration.

TABLE 1

(Gradient for HPLC analysis

Time Phase A Phase B Phase C
0 20 75 5

25 20 30 50

26 10 10 RO

[0109] We used mercaptoethanol as the reducing agent 1n
the spinning dope, therefore, newly formed cystine on
regenerated fibers could be considered as intra or inter
molecular crosslinkings. In addition, cystine was formed
during the fiber drawing. Drawing could increase the degree
of linearity of molecular chains. Therefore, majority of
cystine came from intermolecular crosslinking.

Analysis of Secondary Structures

[0110] X-ray diffraction and solid '°C NMR studies were
carried out for secondary structure analysis of feathers and
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keratin fibers. X-ray diflraction was obtained using a Rigaku
D/Max-B X-ray diflractometer with Bragg-Brentano parafo-
cusing geometry, diflracted beam monochromator, and con-
ventional copper target X-ray tube set (A=1.54 A) to 40 kV
and 30 mA at 26° C. Diflraction intensities were recorded
with 20 ranging from 3° to 40° at a scan speed of 0.05° per
second. The degree of crystallinity was calculated using Jade
6.0 software (Materials Data Incorporated: Livermore,
Calif., USA) with Gaussian peak fittings. The '°C solid-state
NMR spectra were obtained using a triple-resonance (1H/
13C/15N) magic angle spinning probe (3.2 mm) was

equipped on the NMR spectrometer (Bruker, Avance 600,
USA).

Statistical Analysis

[0111] Omne-way analysis of variance using Schelle test
with a confidence interval of 95% was used for all obtained
data. The statistical analysis was conducted on SAS 9.4
software (Cary, N.C.) and survey procedures of PROC
GLIMMIX.

Results and Discussion

[0112] FIG. 2 compares molecular weights of protein
backbones from regenerated keratin and the chicken feather.
The results show that the damages to backbone of regener-
ated keratin 1s minimized. Compared to the chicken feather,
contents of proteins with 21 kDa of regenerated keratin were
slightly lower than that of the chicken feather while contents
of protein with molecular weight from 8 kDa and 12 kDa
were higher than those of chicken feathers. The results in
FIG. 2 also indicate that the regenerated keratin contained a
high amount of y-keratin, which has a molecular weight of
11 kDa [35] and contains high sulfur content. y-keratin
would facilitate formation of disulfide bonds in the process
of fiber regeneration. The above results indicate that molecu-
lar structures 1n keratin fibers could be optimized via con-
trolled cleavages and assembly of disulfide bonds on con-
tinuous production line. As a result, the final properties of
keratin fibers were improved.

TABLE 2

Rheological properties of 18% w/w keratin solution at 25° C.

Concentration of reducing
agent (wt% based on

keratin) K value (Pa - §") n value
0.5 18.90 0.97
1 14.23 0.97
2 4.19 0.91
3 1.50 0.95
4 1.31 0.96

K 1s the consistency coellicient, directly proportional to
polymer viscosity. n 1s the flow behavior index. The smaller
value of n indicates the better molecular entanglement.

[0113] Table 2 shows the eflect of different concentrations
of reducing agents on the rheological properties of keratin
spinning dope. The results show that cleavage degrees of
disulfide linkages in the spinning solution directly aflect the
viscosity and entanglement of the keratin molecule 1n the
solution. Specifically, as the concentration of the reducing
agent 1n dope increased, the viscosity of the solution gradu-
ally decreased, but the degree of molecular entanglement
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increased first and then decreased. Increase in concentra-
tions of reducing agent led to cleavage of disulfide bonds. As
a result, as the molecular weight of keratin gradually
decreased, so did the viscosity. In terms of degrees of
molecular entanglement, when the amount of the reducing
agent increased from 0.5% to 2%, most ordered structures
became uncoiled as the cleavage of disulfide bonds, leading,
to the better solubility of keratin molecules. Therefore, the
entanglement of molecules increased. When the concentra-
tion of the reducing agent continued to rise, the molecular
weight was further lowered while the solubility of keratin
remained unchanged. As a result, degrees of molecular
entanglement decreased.

[0114] In order to ensure better spinnability of keratin
fibers on a continuous spinning line, the disulfide bonds 1n
keratin should be partially retained because of the following
three benefits: 1) ensuring that the protein still has good
solubility; 2) ensuring that the protein molecules are most
entangled; and 3) keeping the molecular weight of the
protein high enough to allow the spinmng dope to be
solidified rapidly in the coagulation bath. Therefore, 2%
reducing agent was selected to partially cleave the disulfide
linkages 1n spinning dope.

[0115] FIG. 3 shows the eflicient recovery of disulfide
bonds 1n keratin fibers via controlled disulfide bond assem-
bly on a continuous spinning line and resultant spinnability
of keratin fibers. The results show that the rapid establish-
ment of disulfide crosslinkages in continuous spinning 1s an
important factor ensuring the good spinnability of keratin
fiber. FIG. 3A qualitatively compares disulfide bonds 1n
keratin fibers and chicken feathers. Results show that keratin
fibers recovered high degree of disulfide crosslinkages. The
peaks at about 500 and 1450 cm™" were considered to be
S—S bonds and C—H bonds, respectively. The Raman
spectra were normalized according to the C—H band, whose
peak area was relatively large and not aflected by the
chemical treatments. Keratin fibers had an intensity of S—S
band slightly lower than chicken feathers, demonstrating
high recovery of disulfide crosslinkages. Disulfide linkages
were quantified using HPLC. FIG. 3B shows that less than
10% of the crosslinkage bonds 1n fibers were recovered by
stretching 1n the coagulation bath. After initial drawing and
introduction of the first oxidation bath, nearly 20% of the
disulfide bonds 1n the fiber were recovered. As further
introductions of oxidation baths accompanied by constant
fiber drawing, the degree of disulfide linkages recovery
could further increase. When fibers reached the final collec-
tion roller on a spinning line, nearly 70% of the disulfide
bonds have been recovered, with a degree of crosslinking of
about 5%. The rapid and high recovery in degrees of
disulfide linkages 1n the continuous spinning process
ensured good fiber spinnability. As shown 1 FIG. 3C, the
spinnability of the fibers was substantially higher via fine
control of disulfide bond assembly than that via non-control
and simple control of disulfide bond assembly. The only
oxidation process for non-control of disulfide bond assembly
1s the air oxidation. Simple control only contained single-
step oxidation. Via controlled disulfide bond assembly, the
final collection speed of the fiber can reach 15 m/min, 160%
of spinning using simple control of disulfide bond assembly,
300% of spinning with the air oxidation.

[0116] FIG. 4A shows that recovery of degree of cross-
linkages 1n the keratin fibers determined the maximum draw
ratio on the continuous spinning line. The results show that
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the high disulfide linkages recovery was the key to high
drawing ratios of fiber. A high drawing ratio 1s useful for
producing high-quality fibers. As shown in FIG. 4A, when
the degree of the disulfide bond recovery was less than 10%,
the drawing ratio of the fiber was only 2 times. As recovery
degree of disulfide bonds increased, the maximum draw
ratio of the fiber can be increased to 10 times. FIG. 4A also
shows that draw ratio of fibers on continuous spinning line
had a linear relationship with the degree of recovery of the
disulfide bond. Specifically Maximum drawing ratio=0.2%*
Disulfide bond recovery ratio+0.5 with R* 0.98. The increase
in draw ratio substantially reduced the diameter of spun
fibers. As shown in FI1G. 4B, fibers after 10 times of drawing
had diameter of only 15 um which 1s lower than most natural
wool fibers (30) and slightly larger than silk fibers (10). The
fine fibers ensure a good hand, breathability and dyeability.
The results further indicate that continuous production of
quality keratin fibers was heavily dependent on the rapid
formation of crosslinkages via controlled disulfide bond
assembly. Without controlled disulfide bond assembly, the
recovery degree of the disulfide bond was not more than
20%, resulting 1n a limited fiber draw ratio and subsequently
poor fiber properties.

[0117] FIG. S 1s the description of how high degree of
ordered protein structures was formed in keratin fibers via
controlled disulfide bond assembly under external stretch
force. The distance between protein backbones in newly
solidified fiber can be reduced to some extent because of the
existence of limited disulfide linkages inside. The reduced
distance between protein backbones can facilitate the for-
mation of mtermolecular disulfide bond linkages during the
first oxidation process. Then the formed crosslinkages 1n
oxidation bath can help to improve the fiber stretchability
and drawing ratios. High draw ratio can contribute to the
linearity of molecular chains i keratin fibers and the
decrease 1n distance between protein backbones. In turn,
formation of intermolecular disulfide bonds was further
facilitated. Via the controlled cleavage and assembly of
disulfide bonds, intermolecular disulfide crosslinkages were
gradually increased and secondary structures were gradually
recovered 1n keratin fibers. At the last step of continuous
spinning, collection step, fibers were once again oxidized to
immobilize ordered structures of keratin.

Recovered Secondary Structure in Keratin Fibers

[0118]
TABLE 3
Comparison of secondary structures between
chicken feather and keratin fibers
Degree of crystallinity
Total Portion Portion

Materials crystallinity of a-helix of P-sheet

Chicken feathers 31% 11% 20%

Keratin fibers 24% 5% 19%
[0119] The data obtained from XRD and '°C solid NMR.

These spectra are shown 1 FIGS. 8A and 8B, respectively.
In XRD, two peaks, a minor peak at around 9° and a major
peak at around 19° are used to analyze the secondary
structure. In NMR, the crystalline structures of chicken
teathers and keratin fibers were analyzed using the chemaical
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shift of carbonyl groups. The deconvolution of carbonyl
groups usually results 1n two peaks at 176 ppm, attributed to

a.-helix and 172 ppm, attributed to both random coil and
(p-sheet conformations.

[0120] Table 3 compares the secondary structure of keratin
fibers with chicken feathers. The results showed the beta-
sheet secondary structure and total crystallinity of keratin
fibers recovered 95% and 80%, respectively. The high
crystallinity in keratin fiber 1s due to the high degree of
ordered structures resulting from fast controlled disulfide
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force, the overall orientation of the molecular segment 1n
fibers would increase, contributing to the strain hardening.
[0122] Keratin fibers possessed high ductility due to the
strain hardening process. FIG. 7B shows that keratin fibers
can endure a high degree of twisting. The other two Sup-
porting videos further demonstrate the high ductility of
keratin fiber. The fiber ductility was high because of the high
toughness of the fiber, stemming from substantial restoration
of the secondary protein structures via controlled disulfide
bond cleavage and assembly in the continuous spinning

Proccss.

TABL.

L1

4

Mechanical properties of keratin fibers compared to other common fibers.

D1y state Wet state
Fiber Strength Toughness  Strength Toughness
source (Mpa) Strain (J/em?) (Mpa) Strain (J.cm?)
Feather barbs 161 £27.5 9.7 = 3.3% 21 =2 127 £ 245 18 £ 3% 31.5 £ 3
Keratin fibers 138 + 30.5 11 + 2.8% 18.5 + 2 81 + 23 25 + 3% 28.7 = 4
Wool 173 = 23 36 = 5% 32 £ 5 140 £ 22 46 = 5% 36 = 4
Cotton'? 420+46 62+15% 1055 472 + 34 0 +1%  24.6 + 6
Line'? 700 =45 3.1 = 0.4% 51 800 = 40 5+ 1% 7+1
Viscose!'? 276 = 20 21 £5.2% 246 120 £20 25 +4%  21.1 =43
Our work 1s shown 1n bold font.
bonds cleavages and assembly. The reason for high degree [0123] Table 4 shows the mechanical properties of the

of beta-sheet recovery 1s as below. Controlled disulfide
assembly contributed to the high stretchability of fibers and
increase 1n the fiber drawing ratios. As a result, a portion of
the alpha-helix structures in the fiber transformed into
beta-sheet structures. The degree of crystallinity in keratin
fiber was lower than that of the original chicken feathers
mainly because the disulfide bond in the chicken feathers
cannot be completely recovered, and the ordered structures
in keratin fibers were less than those in chicken feathers. In
addition, slight damages on keratin backbone also contrib-
uted to the lower degree of crystallinity 1n keratin fibers.

[0121] FIG. 6 A shows the continuous production of kera-
tin fiber was achieved via controlled cleavage and assembly
of disulfide bonds. FIG. 6B shows a specimen of continu-
ously spun keratin fibers. FIG. 7A compares stress-strain
curves of the original feathers and keratin fibers from
continuous spinning. The results show that although the
feather barbs had a strain of about 10%, the feather barbs
demonstrated a curve of brittle pattern. However, keratin
fibers underwent a “strain hardening” stage before break.
The reason 1s that chicken feathers had a high degree of
cross-linkages and ordered molecular structure, providing a
strong interaction between intermolecular chains. Theretore,
under external forces, the molecular segment was unlikely to
have dislocation. As a result, fibers broken before yielding
point. In keratin fibers, interaction between molecular chains
was relatively weak but most of the protein backbones were
connected via controlled recovery of disulfide crosslinkages.
Weak imteraction can help the movement of protein chains
while long molecular chains could help increase the slip
distance between two molecular chains. Under the external
torce, dislocation was likely to happen between molecular
segments, resulting 1n the strain hardeming. In addition, the
keratin fibers were through high drawing ratios, leading to
the molecular chains 1n stretched state. Therefore, the degree
of molecular entanglement was high. Under the external

fibers with restored secondary protein structures via con-
trolled cleavage and assembly of disulfide bonds in the
continuous production process and compares properties with
other commonly fibers. The results show that keratin fibers
recovered 86% of stress properties at dry state, 64% of wet
stress, 89% of dry toughness and 91.55 of wet toughness of
original chicken feathers. The good properties of the feathers
were preserved. Keratin fibers with restored secondary
structures had a slightly lower strength than feather barbs
because of damages of the protein backbone and a decrease
in the degree of disulfide crosslinkages. The strain of keratin
fibers was slightly higher than the original feathers because
of easier dislocation of the protein segments. Compared with
other commonly used fibers, keratin fibers had merits. For
example, keratin strain and toughness were substantially
higher than cotton and linen. The toughness was close to
viscose libers. The above results show that keratin fibers
with restoration of secondary structures from continuous
production meet the specifications for actual uses.

TABLE 5

Comparison of properties of regenerated keratin fibers
developed from various approaches.

Continuous
Approach to Properties production
regeneration recovery on pilot scale  Reference
Controlled disulfide 86% of tenacity Yes This
cleavage and assembly 113% of strain work
Control of disulfide 48% of tenacity No [28]
cleavages 41% of strain
Regeneration from 14% of tenacity No [36]
ionic liquids Strain not

reported
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TABLE 5-continued

Comparison of properties of regenerated keratin fibers

developed from various approaches.

Continuous
Approach to Properties production
regeneration recovery on pilot scale  Reference
Applied glycerol as 4% of tenacity No [37]
plasticizer 280% of strain
Blend poly(ethylene 3% of tenacity No [38]

oxide) (containing 1100% of strain

10% keratin)

Property recovery based on the original keratin materials,
such as feathers and wool.

[0124] Table 5 compares the properties of keratin fibers
from various regeneration approaches. All keratin fibers
except this work were regenerated on a lab-scale. Results
show that due to the low recovery of secondary structures,
tenacity recovery was low, with the highest was less than
50%. With poor recovery of secondary structure, the strain
ol regenerated fibers was even poor. To increase the strain,
incorporation of plasticizer or other polymers into keratin
was developed. As a result, the strain increases at the cost of
sacrifice of fiber tenacity. For example, aiter incorporation
of glycerol, the tenacity of regenerated keratin fibers was
only 4% of raw fibers.

B

Cost-Effective Production with Minimal Environmental
Impact

[0125] Continuous fiber production via controlled cleav-
age and assembly of disulfide bonds used non-toxic chemi-
cals. Furthermore, baths such as coagulation and oxidation
on spinning lines could be reused. Therefore, the discharges
of continuous spinning have minimal discharges. Keratin
content 1 continuous spun fibers was higher than 98%,
indicating the full degradability of fibers. Our process to
produce keratin fibers from chicken feathers does not con-
tain toxic chemicals that impose negative impacts on the
environment. In order to estimate market potential of the
regenerated keratin fibers, the material consumption and
costs 1n our process are assessed, as shown 1n Table S2.

TABL.

L1l

S2

Material cost to produce 1 kg of pure keratin fibers

Consumption
Unit to produce Total
Materials & price 1 kg of keratin material
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TABLE S2-continued

Material cost to produce 1 ke of pure keratin fibers

Chemicals  ($/kg) ¥ fibers (kg) Cost ($) cost ($)
Extraction § Chicken 09 1.33 0 0.83

feathers

Cysteine 5.5 0.09 0.495

Urea & SDS 0.39 0.28 0.11

Alkali 0.2 0.20 0.040

Hydrochloric 0.10 0.07 0.007

acid (31%)

Sodium 0.06 0.08 0.005

sulfate

Consumption
Unit to produce Total
Materials & price 1 kg of keratin material

Chemicals  ($/kg) ¥ fibers (kg) Cost ($) cost ($)
Spinning Sodium 0.13 0.016 0.002

carbonate

Sodium 0.9 0.05 0.045

dodecyl

sulfate

Mercapto- 4 0.02 0.08

ethanol

Acetic acid 0.2 0.02 0.004

Sodium 0.17 0.15 0.003

sulfate

Zinc sulfate 0.62 0.05 0.03

Oxidants 0.8 0.004 0.003

Surfactant 0.3 0.001 0.003

§ Calculation 1s based on our previous urea-cysteine based extraction method
t All the prices of chemicals were obtained from Alibaba.com or 1688.com (accessed on

Sept. 30, 2019).

4| Chicken feathers are deemed as wastes and thus could be obtamed at no cost.

[0126] As shown i Table S2, the total material cost to
produce 1 kg of pure keratin fibers is about $0.83. Since it
1s unable for us to obtain the matenial cost of commercial
protein fibers and compare with that of the regenerated
keratin fibers, the retail prices of commercial proteins such
as wools and silk are used. Comparing to the bulk price
(metric ton scale) of wool at about $7-30/kg and silk at about
$45-80/kg, keratin fibers from chicken feathers have its cost
at least 91% and 99% lower than sale prices. Considering
other costs 1n large-scale production, the final price of
keratin fibers from chicken feathers will be competitive. IT
keratin fibers from poultry feathers are sold at about $4 per
kg, which 1s close to some natural cellulose fibers like linen,
a ton of poultry feathers will produce fibers worth at least
$3,000. If the 5 million tons of poultry feathers worldwide
can be fully exploited, the market value of regenerated
keratin fibers will exceed $15 billion.

Example 2. Chemical Crosslinking Using Oxidized
Saccharides

[0127] Five percent of sucrose 1 water reacted with
sodium periodate at room temperature for 5 h. The molar
ratio of sucrose to periodate was 1:3. The pH of reaction
medium was kept at 5.5+£0.1. After the reaction, slightly
excessive bartum dichloride was added to completely pre-
cipitate the oxidation agents. The mixture was filtrated to
obtain the polyaldehyde derivatives of sucrose. Spun fibers
from chicken feathers were dipped 1n solutions containing
sucrose polyaldehydes for 5 h at room temperature before
the washing process. Alter washing, fibers were dried 1n an
oven at 85° C. for 1 h and later annealed at 125° C. for about
1 h. The stress and strain of obtained fibers were 1.5£0.2
g/den and 16x2.1%.
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Other Embodiments

[0168] It 1s to be understood that while the imnvention has
been described 1n conjunction with the detailed description
thereol, the foregoing description 1s mntended to illustrate
and not limait the scope of the mvention which 1s defined by
the scope of the appended claims. Other aspects, advantages,
and modification are within the scope of the following
claims.
What 1s claimed 1s:
1. A process for preparing a keratin fiber, comprising:
(1) extruding a keratin solution into a first solution to form
a first fiber:;
(11) drawing the first fiber and oxidizing the first fiber to
form a treated fiber;
(111) drawing the treated fiber and oxidizing the treated
fiber one or more times; and
(1v) setting the treated fiber to form the keratin fiber.
2. The process according to claim 1, wherein the keratin
fiber has a draw ratio of at least about 500%.

3. The process according to claim 1 or 2, wherein the
keratin fiber has a draw ratio of about 800% to about 2000%.

4. The process according to any one of claims 1-3,
wherein the keratin fiber has a draw ratio of about 1500%.

5. The process according to any one of claims 1-4,
wherein the diameter of the keratin fiber 1s about 5 microm-
eters to about 30 micrometers.

6. The process according to any one of claims 1-5,
wherein the diameter of the keratin fiber 1s about 15 microm-
eters.
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7. The process according to any one of claims 1-6,
wherein the keratin fiber comprises at least about 70%
keratin.

8. The process according to any one of claims 1-7,
wherein the keratin fiber comprises at least about 85%
keratin.

9. The process according to any one of claims 1-8,
wherein the keratin fiber has a tenacity of at least about 0.8
g/den.

10. The process according to any one of claims 1-8,
wherein the keratin fiber has a tenacity of about 1 g/den to
about 2 g/den.

11. The process according to any one of claims 1-10,
wherein the keratin fiber has a strain of at least about 5%.

12. The process according to any one of claims 1-10,
wherein the keratin fiber has a strain of about 5% to about
30%.

13. The process according to any one of claims 1-10,
wherein the keratin fiber has a strain of about 15%.

14. The process according to claim 13, wherein the keratin
fiber has been dried prior to measuring the strain.

15. The process according to any one of claims 1-14,
wherein the keratin fiber has a toughness higher than about
15 J/em”®.

16. The process according to any one of claims 1-15,
wherein the keratin solution has a consistency coeflicient
(K) of about 2 Pa-s” to about 6 Pa-s”, wherein the keratin
solution 1s at about 25° C. and comprises keratin at about
18% w/w of the composition.

17. The process according to any one of claims 1-16,
wherein the keratin solution has a consistency coeflicient
(K) of about 4.2 Pa-s”, wherein the keratin solution 1s at
about 25° C. and comprises keratin at about 18% w/w of the
composition.

18. The process according to any one of claims 1-17,
wherein the keratin solution has a flow behavior mdex of
about 0.8 to about 0.95, wherein the keratin solution 1s at
about 25° C. and comprises keratin at about 18% w/w of the
composition.

19. The process according to any one of claims 1-18,
wherein the keratin solution has a flow behavior mdex of
about 0.91, wherein the keratin solution 1s at about 25° C.
and comprises keratin at about 18% w/w of the composition.

20. The process according to any one of claims 1-19,
wherein the keratin solution comprises a reducing agent.

21. The process according to any one of claims 1-20,
wherein the keratin solution comprises sodium dodecyl

sulfate (SDS).

22. The process according to any one of claims 1-21,
wherein the keratin solution 1s prepared from a keratinous
material.

23. The process according to claim 1, further comprising
preparing the keratin solution.

24. The process according to claim 23, wherein preparing,
the keratin solution comprises:

1. extracting keratin from a keratinous material to form

extracted keratin; and

11. dissolving the extracted keratin 1n an aqueous solution

comprising a reducing agent to form the keratin solu-
tion.

25. The process according to claim 24, wherein the
aqueous solution turther comprises SDS.

26. The process according to any one of claims 22, 24, and
25, wherein the keratinous material comprises one or more
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of: animal hair, horn, and feather including but not limited
to wool, camel hair, alpacas hair and rabbait hair.

277. The process according to claim 26, wherein the feather
1s a duck feather, a goose feather, a chicken feather, or a
combination thereof.

28. The process according to claim 26, wherein the hair 1s
wool, camel hair, alpaca hair, rabbit hair, or a combination
thereof.

29. The process according to any one of claims 23-28,
wherein the keratin fiber comprises at least 70% of the
disulfide crosslinkages compared to the amount of disulfide
crosslinkages 1n the keratinous material.

30. The process according to any one of claims 23-29,

wherein the keratin fiber comprises at least 85% of the
beta-sheet crystallinity compared to the amount of beta-
sheet crystallinity in the keratinous material.

31. The process according to any one of claims 18 and
24-30, wherein the reducing agent comprises a thiol group.

32. The process according to claim 31, wherein the
reducing agent comprises mercaptoethanol, cysteine, dith-
iothreitol, 1,2-ethanedithiol, 1,3-benzenedithiol, bis(2-mer-
captoethyl) ether, ethylene glycol bisthioglycolate, or a
combination thereof.

33. The process according to any one of claims 1-32,
wherein the step of extruding a keratin solution 1nto a first
solution comprises using a spinneret to extrude the keratin
solution.

34. The process according to claim 33, wherein the
spinneret comprises a hole, wherein the hole has a diameter
of about 50 micrometers.

35. The process according to any one of claims 1-34,
wherein the first solution comprises an electrolyte.

36. The process according to claim 35, wherein the
clectrolyte 1s a sulfate, an acetate, a chloride, a citrate, a
carbonate, a phosphate, or a combination thereof.

37. The process according to any one of claims 1-36,
wherein the first solution comprises sodium sulfate, zinc
sulfate, and acetate bufler.

38. The process according to any one of claims 1-37,
wherein the pH of the first solution 1s about 2.

39. The process according to any one of claims 1-38,
wherein the first solution comprises sodium sulfate in an
amount of about 15% w/w of the composition, zinc sulfate
in an amount of about 5% w/w of the composition, and
acetate bufller with a pH of 2.

40. The process according to any one of claims 1-39,
wherein the step of oxidizing comprises exposing the fiber
to an oxidizing solution comprising an oxidant selected from
the group consisting of: a peroxide, a halogen oxoacid or salt
thereof, a high-valent metal salt, and a combination thereof.

41. The process according to claim 40, wherein the
peroxide 1s an alkali metal peroxide, an alkaline earth metal
peroxide, or a combination thereof.

42. The process according to claim 41, wherein the
oxidant 1s sodium periodate.

43. The process according to any one of claims 40-42,
wherein the oxidizing solution further comprises a builer.

44. The process according to any one of claims 40-43,
wherein the oxidizing solution further comprises acetate

butter.

45. The process according to any one of claims 40-44,
wherein the pH of the oxidizing solution 1s about 2.
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46. The process according to any one of claims 40-45,
wherein the temperature of the oxidizing solution 1s about
35° C.

47. The process according to any one of claims 1-46,
wherein the step of drawing the treated fiber and oxidizing,
the treated fiber 1s repeated two times.

48. The process according to any one of claims 1-47,
wherein the process further comprises drawing the treated
fiber prior to setting the treated fiber.

49. The process according to any one of claims 1-48,
wherein setting the treated fiber comprises exposing the
treated fiber to a wash solution comprising a surfactant.

50. The process according to claim 49, wherein the
surfactant 1s selected from the group consisting of: ammo-
nium lauryl sulfate, SDS, sodium laureth sulfate, sodium
myreth sulfate, sodium stearate, sodium lauroyl sarcosinate,
pertluorononanoate, pertluorooctanoate, (3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulionate), cocami-
dopropyl hydroxysultaine, cocamidopropyl betaine, phos-
phatidylserine, phosphatidylethanolamine,
phosphatidylcholine, a sphingomyelin, cetrimonium bro-
mide (CTAB), cetylpyridinium chloride (CPC), benzalko-
nium chloride (BAC), benzethonium chlonde (BZT), dim-
cthyldioctadecylammonium chlonde,
dioctadecyldimethylammonium bromide (DODAB), and a
combination thereof.

51. The process according to claim 49 or 50, wherein the
wash solution further comprises an acetate buifler.

52. The process according to any one of claims 49-51,
wherein the wash solution has a pH of about 2.

53. The process according to any one of claims 49-52,
wherein the wash solution 1s at a temperature of about 40°
C.

54. The process according to any one of claims 1-33,
wherein setting the treated fiber comprises winding the
treated fiber and oxidizing the treated fiber.
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55. The process according to claim 354, wherein exposing
the treated fiber to a wash solution comprising a surfactant

1s performed prior to winding the treated fiber and oxidizing
the treated fiber.

56. The process according to any one of claims 1-55,
wherein winding the treated fiber 1s at a rate of about 15
meters/minute.

57. The process according to any one of claims 1-356,
wherein the keratin fiber 1s dried at about 85° C. for about
1 hour.

58. The process according to any one of claims 1-57,
wherein the keratin fiber 1s annealed at about 125° C. for
about 1 hour.

59. The process according to claim 58, wherein the keratin
fiber 1s annealed after 1t 1s dried.

60. The process according to any one of claims 1-59,
wherein the process 1s a continuous process.

61. The process according to any one of claim 1-60,
wherein the process further comprises exposing the keratin
fiber to a solution comprising an oxidized saccharide.

62. The process according to claim 61, wherein the keratin
fiber 1s exposed to the solution comprising an oxidized
saccharide for about 3 to about 25 hours.

63. The process according to claim 61 or 62, wherein the
oxidized saccharide 1s a sucrose polyaldehyde.

64. The process according to any one of claims 61-63,
wherein the step of exposing the keratin fiber to a solution
comprising an oxidized saccharide 1s performed prior to
exposing the treated fiber to a wash solution comprising a
surfactant.

65. A keratin fiber prepared by the process of any of one
claims 1-64.
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