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ABSTRACT: Sheep wool is one of the most common wastes derived
from agriculture and also a great source of keratin. In this study, chemical Wodl 2
reduction and alkali hydrolysis methods of extracting keratin from wool
were studied for the purpose of reusing the waste wool, and the products
were used to fabricate wet-spun hybrid fibers by mixing with PVA. The
comparative yield of the two extraction methods was investigated, and the
optimal precursor concentration ratio for keratin extraction was identified.
The effects of keratin concentration and wet-spinning flow rate on the
mechanical properties of fabricated fibers were studied. Therefore, this
study encourages the further investigation of wool keratin-based hybrid
biomaterials, which could provide a new way to reuse waste wool.

1. INTRODUCTION

Animal husbandry is one of the largest fields of Mongolian
agriculture. It is estimated that in Mongolia, 36.7 thousand
tons of sheep wool was reserved each year, of which 36.2% was
used to manufacture 10 types of products such as carpet and
textiles in 2020." The report shows that each passing year,
sheep wool reserves keep increasing, which leads to a valuable
agricultural resource going to waste.”

About 95% of sheep wool is composed of keratin.” Keratin is
a natural polymer with the potential to be used for various
biomedical applications, including cosmetics,* medical mem-
branes,” bone grafting,®” injectable hydrogel® " and drug
delivery."' ~"* Various methods were formerly developed to
extract keratin using urea,'? peracetic acid,”® sodium
hydroxide,16 sodium bisulfide, ammonium sulfate,'” and so
forth.

Keratin is relatively water-insoluble; therefore, it is usually
mixed with other polymers to produce fibers. Keratin fibers
blended with goly(vinyl alcohol) (PVA),'®"” polyamide(lactic
acid) (PLA),” poly(ethylene oxide),”'~** poly(e-caprolac-
tone),”* poly(lactic-co-glycolic acid) (PLGA),” chitosan,”®
gelatin,”” and hydroxypropyl cellulose have been produced
mostly by using electrospinning techniques. However, electro-
spinning is a preferred method for fabricating membranes of
fibrous mesh rather than nanofibers. On the other hand, wet-
spun keratin fibers are much less studied. Jin et al.”*’ have
shown that wet-spun polymer fibers tend to have better
thermal stability and mechanical properties than electrospun
fibers as the macromolecules in the fibers are organized more
uniformly, resulting in a higher proportion of crystallization.
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Poly(vinyl alcohol) (PVA) is a good additive for keratin-
based fibers to be used in many industries, such as textile
industry, paper industry, and food packaging industry because
of its thermal stability, low manufacturing cost, nontoxicity,
and biodegradable property.”” However, with the wet-spun
fibers made with PVA and S-sulfo keratin®' in different
coagulation baths,”” the effect of flow rate in the wet-spinning
process at room temperature is not investigated extensively in
the aforementioned studies.

In this study, keratin was extracted from sheep wool using
two distinct methods, and the yield was compared.
Furthermore, the extracted keratin was used as a precursor
to fabricate the hybrid fibers of keratin/PVA using the wet-
spinning method. To emphasize the effect of keratin content
and flow rate on the structure and characteristics of hybrid
fibers, their properties were characterized by scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), and Young’s modulus measurements.

2. EXPERIMENTAL METHODS

2.1. Materials. Sheep wool was commercially obtained
from a wool textile company (Uguuj-Shim LLC), Mongolia.

Received: January 3, 2023
Accepted: March 9, 2023
Published: March 20, 2023

https://doi.org/10.1021/acsomega.3c00028
ACS Omega 2023, 8, 12327-12333


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oyunkhorol+Bayanmunkh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boldbaatar+Baatar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nomin+Tserendulam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khongorzul+Boldbaatar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chinzorig+Radnaabazar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chinzorig+Radnaabazar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tegshjargal+Khishigjargal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erdene+Norov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boldbaatar+Jambaldorj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00028&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00028?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00028?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00028?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00028?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00028?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
https://pubs.acs.org/toc/acsodf/8/13?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega http://pubs.acs.org/journal/acsodf Article
(a) S . (b) H A ol il
H H | H
O\ |[iC-ss N SSH 530sNa G 4 c-¢ o
/ i N i PVA . ‘
- H -S-S- Na‘( * n
@ £« 5 S-S SH  SSOrNa'( N o § on M
........................................... " —
¢ ) RS-SR+Na;S — RS +RSSN - . N-= X
@ ‘ v e * . Bonding H / N
==l Keratin chain
% Keratin soluti * Mix
= ution > e AU
N
s\e“c\;z [
o
« Keratinsolution ¥ e
Wool
A N ® 00
’belz’olysl .......................................... ; W 0] . Yo
0ry /8 H H :
X : : i : o
% (0SS Gon QRSOH cH G { Fiber
p ) — : :
—® 5 ss HC RsOH(! : .0 ®.e .0 e
= RSSR+NaOH =R SNa’ + RS-OH 8 :
Keratin solution i @ (NH), @ so.
Wet spinning

Figure 1. Keratin extraction process schemes using chemical reduction——sulfide and alkali hydrolysis methods (a) and illustration of the fiber

fabrication process by wet-spinning (b).

Analytical grade sodium sulfide nonahydrate (Na,S-9H,0),
sodium hydroxide (NaOH), calcium oxide (CaO), hydro-
chloric acid (HCI), and poly(vinyl alcohol) (PVA-124) with a
hydrolyzation degree of >97% were bought from Xilong
Scientific Co., Ltd., China.

2.2. Keratin Extraction. The keratin extraction and fiber
formation processes are illustrated in Figure 1. In the chemical
reduction method, the disulfide bonds in wool are broken
using long-term exposure to sodium sulfide. In comparison, the
hydrolysis method cleaves the disulfide bonds by the rapid
action of hydroxide ions at a high temperature, as presented in
Figure la. While producing a mixture of keratin and PVA, an
intermolecular bond between the hydroxide group of PVA and
the amino group of keratin was formed. Then, during the wet-
spinning process, ammonium and sulfide ions attract and
remove water molecules from the keratin/PVA mixture to
solidify the fibers, as shown in Figure 1b.

2.2.1. Chemical Reduction——>Sulfide Method. The method
of Feairheller et al.” for the extraction of cattle hair was
adapted as follows. First, wool fibers (1 g) were soaked in 150
mL of deionized water for 20 min; then, 1 g sodium sulfide was
added for S min, followed by 3.2 g calcium oxide (lime). The
mixture was gently stirred for 48 h. 1 g sheep wool was soaked
in 60 mL of distilled water under constant stirring at room
temperature for 20 min. Then, sodium sulfide (20, 40, 60, and
80 wt % of the wool used) was mixed with the wool sample
under constant agitation for 5 min. Afterward, 3.2 g calcium
oxide was added to the mixture and left at room temperature
for 72 h. Finally, the mixture was filtered using Whatman filter
paper and dialyzed for 72 h to purify the extracted keratin.”>*’
Henceforth, the samples extracted by this method are labeled
“KCR”.

2.2.2. Alkali Hydrolysis Method. 1 g sheep wool was added
in 50 mL of sodium hydroxide of varying concentrations (1, 2,
3, and 4 M) and magnetically stirred at 80 °C until the wool
dissolved completely. Afterward, the mixture was cooled to
room temperature, and concentrated hydrochloric acid was
added dropwise into the solution until the pH was in the range
13—7. Finally, the solution was washed by centrifugation at
10,000 rpm for 15 min and dialyzed for 72 h to remove any
impurities.”>* The samples obtained by this method are
labeled “KAH” in this research. Both extraction experiments
were performed in triplicates.

2.3. Preparation of PVA/Keratin Blended Solution.
For the preparation of a blended solution, PVA was dissolved

12328

in distilled water at 121 °C at the ratio of 1:20 (w/w) by an
autoclave process. Then, the PVA solution was cooled down to
40°C** for blending with various amounts of keratin solution.
The PVA/keratin solutions were prepared with keratin
contents of 5, 10, and 20% to study the effects of keratin
concentration. To fully mix the PVA/keratin solution, the
mixed solution was first stirred at 40 °C for 2 h and then
placed still for 3 h.

2.4. Preparation of PVA/Keratin Hybrid Fibers. Keratin
extracted utilizing the method with the greatest yield was
further used for fiber fabrication. PVA/keratin fibers were
prepared by the wet-spinning method*** using a self-made
coagulation bath. 2 mL of PVA/keratin solution was filled in a
S mL syringe, and the prefilled syringe was placed to a syringe
pump. The PVA/keratin blended solution from the syringe
pump was solidified in a coagulation bath that was filled with
saturated ammonium sulfate. Then, the hybrid fibers were
compressed with three different speeds (10, 20, and 40 mL/h).

2.5. Bradford Protein Assay. The amount of protein
extracted by the chemical reduction and alkali hydrolysis
methods was determined by the colorimetric method of
Bradford using differing concentrations of BSA (0.2, 0.4, 0.6,
0.8, and 1.0 mg/mL). Briefly, S mL of Bradford reagent was
added to each 100 mcg standard solution in a microfuge tube
and incubated at room temperature for 5—20 min.”” Finally,
the absorbance values were measured at 595 nm using a UV—
vis spectrophotometer (Shimadzu UV-1650PC, Japan). The
protein yield was averaged over three experiments, and the
standard deviation was calculated.

The yield of each extraction method was calculated by the
ratio between the Bradford sample (Y’) and the initial
Bradford solution (Y) using the following equation

YXC
Y’ (1)

2.6. SDS-PAGE Analysis. SDS-PAGE was performed using
20 mcg of the sample reagent in each gel plate using
Coomassie blue staining solution.’® The gel electrophoresis
was performed with 20 uL of the protein.

2.7. Surface and Spectral Characterization. The surface
topograph of PVA/keratin hybrid fibers was observed with
scanning electron microscopy (JCM-6000 PLUS). The
chemical composition of keratin, PVA, and PVA/keratin
hybrid fibers was characterized by Fourier transform infrared

Yield (%) =
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spectroscopy (Shimadzu, IR Prestige 21, Japan) in the
wavenumber region of 500—4000 cm ™.

2.8. Thermal Analysis. The thermal properties of keratin,
PVA, and blended fibers of keratin/PVA were evaluated by a
thermogravimetry—differential thermal analysis (TG-
DTAS8122, Rigaku, Japan) system. About 6.5 +1.5 mg of the
sample was placed in an aluminum pan, and temperatures were
probed in the range between room temperature and 500 °C at
a heating rate of 6 °C/min, in a flowing nitrogen atmosphere at
10 mL/min.

2.9. Young's Modulus. The length of the fiber (strain)
under stress was tested by a tensile strength tester (HD-
B609B-S, Haida, China). This is widely used in wires, cables,
hardware, rubber, leather, apparel, fabric, and tape paper
products and measures with an accuracy of 0.001 mm at room
temperature.

Young’s modulus describes the relative stiffness of a material,
which is measured by the elastic slope of a stress and strain
graph. Young’s modulus was calculated by the ratio of the
stress value to its corresponding strain value. If a hybrid fiber of
cross-sectional area S is pulled by a force F at each end, the
fiber stretches from the original length L, to a new length L.”

stress O FL,

strain & S(L, — L,) (2)

3. RESULTS AND DISCUSSION

3.1. Keratin Extraction Yield. The total protein yields of
the different extraction methods are shown in Table 1. The

Table 1. Protein Yield of the Different Extraction Methods

extraction method concentration (M) protein yield (M)

reduction 0.008 60.8 + 0.4
0.015 64.6 + 1.2
0.024 61.5 0.2
0.031 60.5 + 0.2
alkali hydrolysis 0.5 303 £ 5.1
1.0 713 £ 0.7
2.0 69.7+ 0.3
4.0 48.0 + 1.0

KCR extraction yield was 60.8, 64.6, 61.5, and 60.5%,
respectively (Figure 2a). In this method, the usage of 0.015
M sodium sulfide produced the highest keratin extraction yield,
and increasing the concentration further resulted in a decrease
of protein yield.
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Figure 2. Extraction yields of (a) KCR and (b) KAH.

On the other hand, the KAH extraction yield was 30.3, 71.3,
69.7, and 48% respectively, using 1, 2, 3, and 4 M solutions of
sodium hydroxide (Figure 2b). The keratin protein yield was
the highest when 1 M solution was used, and a further increase
of sodium hydroxide affected the protein yield negatively. In
both methods, no significant bands were formed on the SDS-
PAGE patterns due to the formation of fragments of different
lengths (Supporting Information S1 and S2).

3.2. FT-IR Spectra. The changes in the chemical structure
observed through FT-IR spectroscopy for sheep wool, keratin,
blended solution, and hybrid fiber composites with different
ratios are shown in Figure 3. The results of FT-IR
measurements differ by several peaks in the spectra of wool
and keratin at 500—4000 cm™.

Wool

Transmittance

Blended
solution

N-H: c=0:

Hybrid fiber

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm-1)

Figure 3. FTIR spectra of wool, KAH, KCR, blended solution, and
the keratin/PVA hybrid fiber.

For the spectra of keratin (KAH and KCR), the absorption
bands at 2357 and 1631 cm™' are the characteristic amide
peaks of amide I and II, respectively.”* Also, the amide
absorption band of mainly the C=0 group (1650—1670
cm™') is observed. The peak at 2357 cm™" corresponds to the
bending vibration of N—H coupled with the stretching
vibration of C—N of amide II. The absorption peaks at 1631
and S—S 600—620 cm™! are attributed, respectively, to the
asymmetric and symmetric S—O stretching vibrations of the
cysteine-S-sulfonated residues, which are formed from the
reaction of sulfites and cysteine during the protein extraction
process. The amine groups and other peaks observed in the
spectra of the extracted keratin were similar to Wang et al’s
report of rabbit hair keratin."’

Moreover, there is barely any bonding observed in keratin
and PVA in liquid state. The bonding process between keratin
and PVA was related to the wet-spinning process in which the
salt-out process interfered with the intermolecular bonding
between the protein amine groups and hydroxyl groups of
water, causing the bond formation of amine groups with the
hydroxyl and carbonyl groups of PVA. This hypothesis is
derived from the observation that the amine peaks on the FT-
IR spectra of hybrid fibers had more intensity than on other
samples.*"**

3.3. Morphology of Hybrid Fibers. The surface images
of PVA/keratin hybrid fibers produced with different
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concentrations and flow rates are shown in Figure 4. The
surface of the fibers is cylindrical with some grooves. The salt

Figure 4. Surface SEM images of hybrid fibers at different flow rates
and various contents of keratin: (a) 291 um, 10 mL/h, 20%; (b) 908
um, 40 mL/h, 40%.

residues of ammonium sulfate from the coagulation bath were
observed as small particles on the fiber (Supporting
Information S3).

The average diameters of the fibers are shown in Table 2.
The fiber diameter increased with a faster flow rate, as the

Table 2. Relationship between Young’s Modulus, Keratin
Concentration, and Flow Rate

concentration of flow average diameter Young’s modulus

keratin (%) rate (mL/h)  (um) (MPa%

S 10 203+13 272 + 7.7
20 469+13 8.4+0.3
40 614+20 34 +29

10 10 225424 19.1 £ 2.5
20 618+24 45+ 12
40 849+11 1.1 £0.1

20 10 291+S 209 + 12.11
20 366+12 7.74 + 6.30
40 576+9 3.75 + 0.59

40 10 405+S 8.31 + 2.64
20 663+10 2.86 £ 1.55
40 908+11 1.39 + 041

additional fluid pumped out of the syringe added to the
thickness of the fiber. Generally, the fibers produced with the
lowest concentration of keratin (5 wt %) with the lowest flow
rate (10 mL/h) were the thinnest, and vice versa.

3.4. Thermal Analysis. Thermal analysis is an efficient way
of monitoring the mass change versus the increasing
temperature. The mass loss due to the thermal process was
determined by thermogravimetric analysis and the peak
degradation of keratin, PVA, and keratin/PVA hybrid fibers
(20 mL/h); the analysis was conducted at a heating rate of 6
°C/min under nitrogen atmosphere.

As shown in Figure Sa, two weight loss stages were observed
in the keratin TG curves. The first weight loss corresponding
to the moisture vaporization of water occurred below 220 °C,
and the second one taking place above 270 °C involved the
decomposition of keratin molecules. Tsuchiya and Sumi*’
reported that after the water molecules are eliminated from the
PVA chain at 245 °C, it forms a conjugated polyene structure.
Meanwhile, three weight loss peaks are observed in the TG
curve for PVA. The first (97 °C) and second (200 °C) ones
were similar to keratin. The last and major stage above 220 °C
was due to the thermal degradation and by-product formation
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Figure 5. Representative TG (a) and DTA (b) curves of keratin,
PVA, and hybrid fibers with various concentrations of keratin.

of PVA during thermal degradation.*® Compared to the TG
curves of keratin and PVA, it is observed that keratin has a
higher onset temperature and higher weight residue of thermal
degradation than PVA and therefore higher thermal stability.
Furthermore, as the amount of keratin in the hybrid fiber rises,
it takes on characteristics that align with pure keratin, whereas
as the keratin content diminishes, it starts to resemble PVA.
Figure Sb shows the DTA curves of keratin, PVA, and hybrid
fibers with various concentrations of keratin. It was worth
noting that the DTA curves of all samples were with obvious
endothermic peaks, and the intensities of hybrid fibers were
between those of keratin and PVA, which is in agreement with
the TGA curves. A relatively large and sharp endothermic peak
is observed at about 221 °C and is assigned to the melting
temperature of pure PVA, which agrees with the reported
data.*>*” This peak gradually shifts the melting temperature to
a larger value. This is because the majority of the hybrid fibers
have the fiber diameter increased with a faster flow rate state
due to the rapid solidification process of stretched fibers during
wet-spinning. Meanwhile, the endothermic peak that occurred
below 220 °C was mainly caused by the evaporation of water,
which took place above 270 °C, resulting from the thermal
decomposition of materials. Also, compared to keratin and
PVA, it is observed that keratin has a higher onset temperature
and a higher weight residue of thermal degradation.

3.5. Young’s Modulus. As shown in Figure 6, Young’s
modulus was inversely proportional to the fiber diameter.
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Figure 6. Young’s module measurement comparisons depending on
the keratin concentration in hybrid fibers and the flow rate.

Therefore, thinner fibers generally had higher Young’s
modulus and were more resistant to strain. Meanwhile,
Young’s modulus decreased as the diameter increased, and
the fiber became elongated. This is due to the low salt-out
process in the center of the fiber. As the fiber gets thicker, the
salt-out process becomes unable to penetrate into the middle
of the fiber. Consequently, the thicker fibers were easily
elongated.

4. CONCLUSIONS

In this study, keratin was successfully extracted using
reduction——sulfide and alkali hydrolysis methods. The
keratin/PVA fibers were prepared by wet-spinning, and their
structure, width, and elasticity were investigated. The alkali
hydrolysis method using 1 M NaOH showed the biggest yield
of keratin. SDS-PAGE results have shown that keratin fibers
were extracted as protein fractions. FT-IR analyses of keratin
by the two extraction methods were similar, with the peaks
corresponding to the peptide chains, amine groups, and other
functional groups of the protein. Intermolecular bonding
between the —NH group of keratin and —OH group of PVA
was observed in the FT-IR analysis. As the speed of the salt-out
process remains constant, the diameter of hybrid fibers was
directly related to the flow rate because the increased flow rate
causes more fluid to pump out without giving it enough time
to solidify. Furthermore, the thermal analysis was directly
related to the concentration of keratin, and the Young’s
modulus was inversely proportional to the diameter of the

fibers.
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