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Abstract

Keratin is one of the most important protein materials and can act as a sustainable biopolymer for manifold applications.
This paper reports on a sustainable extraction method for keratin from wool fiber materials. The use of this extracted
keratin for polymer film preparation and preparation of nano-composite materials by electrospinning is investigated. The
preparation of keratin films is done in combination with the both biopolymers alginate and pectin. Keratin nanofibers
are prepared in combination with the polymer polyacrylonitrile PAN. A view on antibacterial properties of the prepared
films is given. As further analytic methods, Fourier-transform infrared (FT-IR) spectroscopy, thermogravimetry, and
scanning electron microscopy (SEM) are used. Finally, the preparation of new keratin containing materials is described,
which may be used in future for biomedical applications.
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Introduction studied in recent years, important examples are collagen,
albumin, gelatin, fibroin, and keratin. Due to their intrinsic
biocompatibility, biodegradability, mechanical toughness,
and natural abundance, keratin-based materials are prom-
ising in the biomedical field.”*

Keratin is the main structural protein of hair, horn, and
feathers.””!" Keratin is often also classified as cysteine

Due to reasons of sustainability and environmental safety,
recently there is a growing interest in the production and
use of bio-based materials.!? Such materials from renewa-
ble resources can be mainly categorized into three different
groups according to their chemical basic structure. These
categories are polysaccharides, lipids, and proteins.

From these three groups, protein-based biomaterials
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sulfur-crosslinked fibrous protein.!® Especially mentioned
should be wool as keratin source. Wool from lower quality
is often gained after meat production and can be used as
keratin source for other applications.'? Probably, keratin is
the most abundant non-food protein.'® For this, waste con-
taining keratin can be seen as essential renewable resource
that can be used by biopolymer pooling and processing. At
present, keratin-based biomass is often disposed, because
burning for energy production is inefficient and lead to
burning gases containing also NO, and SO,. Keratin con-
tains a high sulfur content (2.5-6 wt-%) which is related to
the formation of SO, in the burning gas.'

Earlier, the preparation of protein films from wool
extracted keratin were used to investigate the structural
and biological properties of self-assembled keratins. The
properties of products made from extracted wool keratins
were investigated in the year 1996 by Yamauchi et al.'*

Other studies show that keratin is useful in a rapid cast-
ing technique for preparing protein films.'>"'” The feasibil-
ity of integrating such bioactive molecules as alkaline
phosphatase into keratin films for controlled-release appli-
cations is also revealed in this earlier research.'’
Nevertheless, often the films had low strength and versatil-
ity. Studies on keratin films then moved to concentrate on
improving the physical strength and versatility of films
while retaining their biological activity.»'® Several
approaches, including the addition of natural and synthetic
polymers to keratin blended systems and new preparation
methods for pure keratin films, have been considered for
regulating physical and biological properties.®!”-!° To gain
a fully bio-based material, only natural polymers have to
be used for this film preparation.

Pectin and alginate both polyuronates, are suitable
examples in this areca. The combination of keratin with
alginate is reported for the production of blended films.2%2!
These two biopolymers support chain-chain interaction
and form hydrogels when divalent cations are added to
them. Alginates are structural polysaccharides which are
gained by extraction of brown algae. Alginates consist of
guluronic (G) and mannuronic (M) acid as molecular
building blocks. The ratio of M- and G-blocks depends on
the type of natural source.'*??

Pectin, one of the biggest constituents of citrus by-
products, is a significant structural component of plant cell
walls alongside cellulose and hemicelluloses.'’ The basic
structure of pectin is the linear polymer of 1,4-linked
d-galacturonic acid, in which some monomer units are
esterified with a methyl group.'® Like alginates, low meth-
oxyl pectins, form gels with divalent cations.?>** Pectin
finds application as a gelling or thickening agent.?

Beside using keratin for film preparation, this material
can be also used as a component to prepare nanofibers by
an electrospinning process. In this field, fiber materials
from keratin and polyethylene oxide (PEO) are reported
carlier by combination of aqueous keratin solutions with

PEO powder.”?® These researchers identified the electro-
spinning parameters in the first of two experiments to pro-
duce defect-free fibrous materials. In order to compare the
chemical, physical, and rheological properties of the mix-
ing solutions with the morphological, structural, thermal,
and mechanical properties of the electro spun mats, keratin
and PEO were mixed in various proportions. Compared to
both pure PEO and keratin, the keratin/PEO solutions are
shown to have increased viscosities, and the blends exhib-
ited a non-Newtonian flow behavior with strong shear-
thinning properties that were dependent on the PEO
concentration. However, the practical uses of the nanofi-
brous keratin/PEO mats have ultimately been restricted by
their water instability and weak mechanical properties.?’
With this background, it is the objective of this study to
use an environmentally friendly method for keratin pro-
duction by extraction from wool and to evaluate possible
applications for this keratin material. For this keratin
extraction non-toxic solvents are used, following the
approach of Wang et al.?® who use water-based solutions of
the natural amino acid cysteine and urea for keratin extrac-
tion. In recent years, other groups reported the use of
cysteine containing recipes for keratin extraction.?>*° In a
second step, blended films from the extracted keratin
together with the biopolymers alginate and keratin are
developed. The antibacterial properties of the prepared
film materials are investigated. Finally, the use of the
extracted keratin in electrospinning processes together
with water-stable poly(acrylonitrile) (PAN) is evaluated.

Experimental section

Extraction of keratin

The used extraction procedure is performed according to
the report of Wang et al.?® from year 2016. The wool used
for keratin extraction is cleaned by using a Soxhlet extrac-
tion with petroleum ether, followed by a rinsing with dis-
tilled water. For keratin extraction, the cleaned wool fibers
are cut into units with a length of 2mm. Afterward, 5g of
the cut fibers are placed in 100 mL of an aqueous solution
containing 8 mol/L urea and 0.165 mol/L L-cysteine. This
solution is set to pH 10.5 by adding 5 M NaOH dropwise.
Afterward, the solution is shaken at 75°C for 5h. The
chemicals are supplied by following companies; urea from
Sigma Aldrich, L-cysteine from Merck, and sodium
hydroxide from Carl Roth GmbH (Karlsruhe, Germany).
The obtained solution is filtered and cleaned by dialysis
against distilled water for 3 days at room temperature. For
dialysis a tube with an average pore size of 2.5-3nm is
used (Nadir-Dialyseschlauch, Carl Roth GmbH, Karlsruhe,
Germany), as similarly described in a previous publica-
tion.>! The distilled water is adjusted four times a day.
Photographs of the dialysis tube after different duration of
dialysis are shown in Figure 1. The change in coloration of
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Figure |. Photographs of dialysis tubes after different durations of dialysis.
Table I. Compositions used for film formation with
increasing amount of keratin content.
Trial no. Trial | Trial2  Trial 3 Trial 4
Sodium Alginate (g) 2.5 2.5 25 2.5
Pectin (g) 2.5 25 2.5 2.5
Glycerin (g) 2.5 2.5 2.5 25
Keratin (g) - | 2 3
Formic acid (mL) - 5 5 5

Figure 2. Photograph showing the pure keratin gained after
filtration.

the liquid is obvious. After 3 days of dialysis, the pH of the
solution is adjusted to 4.0-4.5 by addition of diluted acetic
acid. Under these acidic conditions, the solid keratin pre-
cipitates from this solution. The precipitated keratin is fil-
tered off, by using a standard filtration paper (see Figure 2).
Subsequently, centrifugation and drying is performed to
gain keratin powder. The drying is performed at room
temperature.

Preparation of films

The gels for casting films are prepared by dissolving the
polymers (alginate, pectin, and keratin) in distilled water
containing glycerin with a constant stirring at 1000 rpm for
2-3h at 40°C. The concentrations of the solutions are
given in Table 1. These homogenized gels are kept for at
least 1h at room temperature until all air bubbles are

Deionized water (mL)  92.5 86.5 85.5 845

eliminated. The blank films are dried cast by pouring the
gel (20 g) into a plastic Petri dish (d=90mm). Afterward,
drying is performed at 45°C for 48h. The keratin-loaded
polymeric films are prepared by addition of 5 mL of formic
acid solution. The compositions used for film formation
are summarized in Table 1. The keratin content in the films
is set in the range up to 3%. These keratin-loaded films are
as well dried at 45°C. The film formation process is shown
exemplarily in Figure 3.

Electrospinning

Electrospinning is used to produce nanofibers of keratin in
combination with polyacrylonitrile (PAN). For this, solu-
tions of 15% PAN (copolymer with 6% methyl meth-
acrylate, X-PAN, Dralon, Dormagen, Germany) in the
solvent DMSO (=99.9%, S3 chemicals, Bad Oeynhausen,
Germany) are prepared by stirring for 2 h at room tempera-
ture. This PAN is often used as a precursor for carbon
nanofibers, with typical amounts of 15-16 wt% solid con-
tent in the solution to gain straight fibers at the below men-
tioned spinning conditions.**** To these solutions, keratin
is added in increasing concentrations of 1.9 wt%, 3.3 wt%,
4.7 wt%, and 6.1 wt%. Higher keratin concentrations could
not be electrospun. Electrospinning is performed by a
wire-based electrospinning machine Nanospider Lab
(Elmarco, Liberec, Czech Republic), using the following
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Figure 3. Photograph for documentation of film formation process — left: solution in the petri dish; right: the finally gained film.

spinning parameters: voltage 70kV, electrode—substrate
distance 230 mm, nozzle diameter 0.8 mm, carriage speed
100mm/s, substrate speed 0 mm/min, relative humidity
and temperature in the spinning chamber 32% and
22°C-23°C, respectively, and spinning duration of 30 min.

Analytic methods

FTIR spectroscopy is performed using the device Excalibur
3100 supplied by Varian Inc. (USA), which is equipped
with an attenuated total reflection (ATR) unit, and an
Excalibur 3100 (Varian Inc., Palo Alto, CA, USA) in ATR
mode. The spectra cover a frequency range from 4000 to
700cm™'. Each spectrum is averaged over 32 scans and
corrected for atmospheric noise.

Thermogravimetric (TGA) and calorimetric (DSC)
measurements are done using a TGA/DSC 2500 Regulus
device supplied by Netzsch (Germany). These measure-
ments are performed under argon atmosphere. In addition,
a Hi-Res TGA 2950 Thermo-gravimetric Analyzer from
TA Instruments (New Castle, DE, USA) and a DSC 3
device by Mettler-Toledo (Gieflen, Germany) with a nitro-
gen atmosphere are used, respectively.

Scanning electron microscopy SEM is performed using
a microscope Tabletop TM 4000Plus supplied by Hitachi
(Japan). Fiber diameters are evaluated from these images
using ImageJ (Software version 1.53e, 2021, National
Institutes of Health, Bethesda, MD, USA).

The antibacterial activities are tested according to the
standard of AATCC 147-2004 (parallel streak method)
against the two bacteria species Staphylococcus aureus
and Klebsiella pneumoniae. These antibacterial tests are
performed with the prepared polymer films. For this test,
the plates are prepared by pouring 15 mL of sterilized agar
onto sterile Petri plates. The agar plates are allowed to
solidify for Smin and the bacterial culture is inoculated
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Figure 4. Thermogravimetric analysis (TGA) of the produced
keratin. The decrease of sample mass is shown as a function of
increasing temperature.

as single lines. The polymer films are cut into small pieces
and are laid over the inoculated bacterial species with
a diameter of 2.5 cm. These plates are incubated at 37°C
for 24 h.

Results and discussion

The prepared keratin — shown as substance in Figure 2 — is
used as a component for the preparation of two different
materials, bio-based polymer films and composite
nanofiber mats. Both materials are presented in the follow-
ing sub-sections. The thermal properties of the prepared
keratin are described by thermogravimetric measurements
(TGA), with results shown in Figures 4 and 5. During
heating till 170°C the weight loss of keratin is constantly
on a lower level with less than 0.2%/K. This decrease is
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Figure 5. Thermogravimetric analysis (TGA) of the produced
keratin. The change of sample mass at a distinct temperature is
shown.

probably related to the release of bonded water, so this
could be named as a kind of drying process.’® Heating
above 200°C of the keratin sample leads to a strongly
increased mass loss until a temperature of 350°C is
reached, because in this temperature range, the thermal
degradation of keratin occurs.®

Film formation with keratin and antibacterial
properties

The film preparation is done with keratin under addition
of the biopolymer’s alginate and pectin. These three com-
ponents as well as the polymer film built up by them are
investigated by FT-IR spectroscopy (Figures 6 and 7).
Due to the protein structure of keratin, its infrared spec-
trum is mainly determined by peaks related to the vibra-
tions of the N-monosubstituted amide groups.® The
peaks at 1615 and 1593cm™ can be correlated to the
amide signals Amide I and Amide II, which are related to
C=O0 stretching vibration and a combination of stretching
vibration of C-N with a deformation vibration of C-N-
H.373% The signal at 782c¢cm™! can be correlated to the
Amide V signal, which is related to a deformation vibra-
tion of N-H (Figure 6).>” Of course, keratin as a protein is
not only built up by amide groups; the side groups also
exhibit several different functional groups leading to
manifold other IR signals.*

The IR spectra of pectin and alginate as polysaccha-
rides are mainly determined by the stretching vibrations of
O-H (around 3260cm™), C-H (around 2900cm™"), and
C-O bonds (around 1015cm™") (Figure 6). Nevertheless,
both components are produced from natural products and
depending on the natural source used for production,
IR-spectra with typical differences can be recorded.*’
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Figure 6. FT-IR spectra of the prepared keratin and both
substances used for film preparation — pectin and alginate.

In case of pectin the IR-signal at 1746 cm™ can be corre-
lated to C=0 stretching vibration of an ester group as a
result of the methyl esterification of pectin.*!
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Figure 7. FT-IR spectrum of the prepared film containing the
three components — keratin (KER), pectin (PEC), and alginate
(ALG).

The IR spectrum of the prepared film from keratin, pec-
tin, and alginate is presented in Figure 7. This spectrum
exhibits two clear signals at 1712 and 1623 cm™!, which
can be correlated to the two components pectin and keratin
used for film preparation. The signal at 1712cm! is prob-
ably related to C=O stretching vibration of the ester group
in pectin and the signal at 1623 cm ! is related to the Amide
I signal of keratin.

Further, the prepared films are microscopically investi-
gated by SEM (Figure 8). Here, the surface topography of
a film containing only alginate and pectin is compared
with the surface of a film containing all three components
— including keratin. The macroscopic appearance of both
films is nearly the same. However, on a microscopic scale
they show completely different topography (Figure 8). The
polymer film from alginate and pectin exhibit a smoother
topography, which could also be described as a cloudy
appearance. In contrast, the film containing additional ker-
atin shows a topography which is determined by the pres-
ence of small ellipsoidal units which are randomly
distributed on the surface. Probably, these units are related
to crystallized keratin areas.

Using the parallel streak method, the antibacterial prop-
erties of the prepared films against the bacteria S. aureus
and K. pneumoniae are evaluated (Figures 9 and 10).
There is no clear inhibition zone for growth of both the
bacteria in case of the film prepared from alginate and pec-
tin (Figure 9). However, when the bacteria are exposed to
the keratin containing film, a slightly visible inhibition
zone is present for both S. aureus and K. pneumoniae
(Figure 10). Of course, this determined effect is not that

strong compared to keratin or other materials which are
especially doped with antimicrobial agents, as for exam-
ple, nanosilver. 444

Electrospinning of keratin composite fibers

The electrospun PAN/keratin nanofiber mats were firstly
investigated by SEM to evaluate the nanofiber morphol-
ogy. Figure 11 depicts images taken with different magni-
fications on the nanofibrous composites.

In all cases, nanofibers are produced, as the images with
higher magnification (right panels) reveal. Nevertheless,
there are also beads visible along the fibers, especially for
the lower keratin concentrations. These beads are typical
for electrospun nanofiber mats with relatively low viscosity
and high surface tension.***#’ Here, they are reduced or
completely avoided for larger keratin contents.

The images with lower magnification (left panels),
however, show additional large stains on the nanofiber
mats. These stains are partly also visible in the background
of the higher magnified images, for example, for 1.9%
keratin. While the smaller beads along the nanofibers, as
visible in the higher magnifications for 1.9% keratin and
3.3% keratin, respectively, can be attributed to the interac-
tion between electrical charges along the jet and surface
energy during electrospinning.*® The larger stains stem
from an additional electrospraying process which does not
occur for pure PAN nanofibers and can thus be attributed
to the keratin content of the spinning solutions.*® These
stains are not fixed to a specific nanofiber, but cover the
nanofiber mat at the surface and, as visible for 1.9% kera-
tin (large magnification), also below.

The influence of the keratin content on the fiber diame-
ters is depicted in Figure 12. For larger keratin contents, the
diameters show a broader distribution with a larger average
diameter. Average diameters are (210 = 100)nm (1.9% ker-
atin), (220 =90)nm (3.3% keratin), (320 = 190)nm (4.7%
keratin), and (450 +=210)nm (6.1% keratin), respectively.
Depending on the spinning solutions and parameters, some-
times slightly narrower distributions are reported, while
broader distributions including strong deviations from nor-
mal distributions can also be found in the literature.*>°

DSC measurements of these samples are presented in
Figure 13. For pure keratin, the broad peak around 100°C
can be attributed to evaporation of bound water, while the
second broad peak around 190°C-270°C indicates keratin
polypeptide chain denaturation.’! In the PAN/keratin
nanofiber mats, the first endothermic peak can be corre-
lated with evaporation of the solvent DMSO.% Further
PAN-related peaks are not expected below 270°C.> Thus
the small residual endothermic peaks around 190°C and
225°C can be attributed to the keratin fraction of the
nanofiber mats.
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Figure 8. SEM-images of the produced films, from alginate and pectin (top row) and from alginate, pectin, and keratin (bottom
row). For the samples, images recorded in two different magnifications are shown (left images with low magnification and right

images with high magnification).

Figure 9. Agar plates with prepared films from alginate and pectin after the antibacterial test — left: test with S. aureus; right: test

with K. pneumoniae.

Finally, Figure 14 depicts FTIR spectra of the nanofiber
mats with different amounts of keratin. The graphs show
on the one hand the typical PAN peaks, such as -C=N
stretching at 2245cm™! and -CH, bending at 1452cm™!,
slightly decreasing for larger keratin contents.’*# On the

other hand, the typical keratin peaks like C=O stretching at
1720cm ™" and CO, asymmetric stretching 1560cm ™! are
visible, showing that both materials form composite
nanofiber mats, as expected. Quantification of FTIR
results is generally problematic in case of thin nanofiber
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Figure 10. Agar plates with prepared films from keratin alginate and pectin after the antibacterial test — left: test with S. aureus;
right: test with K. pneumoniae.

3@6 kefatin 8.4mm X2QQk 05/17/2021

% eratin

Figure | 1. SEM-images of electrospun keratin/PAN fibers. The content of Keratin in the spinning solution is indicated in the
images. For each sample images recorded in two different magnifications are shown (left images with low magnification and right
images with high magnification).
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Figure 12. Distribution of fiber diameters of electrospun keratin/PAN fibers determined by evaluation of the SEM-images.

content of keratin in the spinning solution is indicated in each graph.
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Figure 13. DSC measurements of the electrospun keratin/
PAN fibers in comparison to a pure keratin sample.

The

mats where often artifacts are visible. However, since an
increase in the wt% of keratin can only result in a decrease
in the wt% of PAN in the final, solid nanofiber mat without
solvent residues, this quantification is not believed to be
necessary here.

Conclusions

Keratin material is extracted from wool by using a sustain-
able extraction method. This keratin can be used as raw
material for polymer film preparation and preparation of
nano-composite materials by electrospinning. A slight
antibacterial effect is determined for the prepared polymer
films containing keratin. In the future such fully bio-based
polymer films and the composite nanofiber could be prom-
ising components for the preparation of materials with
application in the biomedical field.
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Figure 14. Infrared spectra of the electrospun keratin/PAN fibers.
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