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anofibers from merino wool yarn:
a top-down approach for the disintegration of
hierarchical wool architecture to extract a-keratin
protein nanofibers†

Nadeeka D. Tissera, *ae Ruchira N. Wijesena, ae Natali Ludowyke,b

Gayan Priyadarshana,c Damayanthi Dahanayake,d Rohini M. de Silva e

and K. M. Nalin de Silva e

We report the extraction of keratin nanofibers from themedulla of a parent yarn after denaturing the cuticle

and cortex microstructures of a merino wool yarn. Controlled alkaline hydrolysis, followed by high-speed

blending in acetic acid, allowed for the extraction of keratin protein nanofibers with an average diameter of

25 nm and a length of less than 3 mm. SEM and AFM analyses showed the removal of cuticle cells from the

yarn. FT-IR and DSC analyses confirmed the hydrolysis and denaturation of the sheet protein matrix of

cuticle cells. XPS analysis provided strong evidence for the gradual removal of the epicuticle, cuticle

cells, and cortex of the hierarchical wool structure with an increase in alkaline hydrolysis conditions. It

was confirmed that the merino wool yarn subjected to hydrolysis under alkaline conditions exposed its

internal fibrillar surface. In an acetic acid medium, these fibrillar surfaces obtained a surface charge,

which further supported the defibrillation of the structure into its individual nanofibrils during high-speed

blending. The extracted nanostructures constitute mainly a-helical proteins. The morphology of the

nanofibers is composed of a uniform circular cross-section based on the images obtained using AFM,

TEM, and SEM. The extracted nanofibers were successfully fabricated into transparent sheets that can be

used in several applications.
1. Introduction

Wool keratin, a brous cross-linked protein with high molec-
ular weight, high cysteine content, and helical conguration,
has attracted the attention of many researchers owing to its
biocompatibility, non-toxicity, biodegradability, and natural
abundance.1–5 An individual wool ber consists of a bundle of a-
helical keratin nanober lament core and proto laments
covered by an amorphous b-keratin protein matrix and over-
lapping cuticle cells, leading to its unique chemical and phys-
ical properties.6–8 These protolaments have nonhelical N- and
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C-termini that are rich in cysteine residues and cross link with
the wool matrix.9 Wool keratin consists of a highly conserved 19
amino acid sequence, rich in carbon, hydrogen, nitrogen, and
sulfur linked together by peptide bonds to form ladder-like
polypeptide chains.10–12 Thus, the scope of application of
keratin nanostructures is wide and ranges from tissue engi-
neering, wound dressing, target drug delivery vehicles, and
plant fertilizers to water ltration, etc.13–19

Inspired by the self-assembly nature of cysteine-containing
keratin proteins, many researchers have adopted a bottom-up
approach to prepare protein nanobers. In such studies, alka-
line, enzymatic and acid hydrolyses of keratin wool or feathers
or dissolution of the same in ionic liquids have resulted in de-
crosslinking and disentanglement of protein molecules and
nally regeneration in the form of nanobers.20–24 Microwave
induction, which is another method, has been explored for the
green and efficient extraction of keratin from wool waste.25

Keratin has been extracted via sulphitolysis, a green method (no
harmful chemicals), and processed into nanobers from its
solutions through electrospinning. Electrospinning is a versa-
tile and easy-to-use technique for generating nanobers. Addi-
tionally, many researchers have reported the preparation of
keratin nanober composites, where the assembly of nanober
RSC Adv., 2024, 14, 6793–6804 | 6793
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architecture in the composite was performed through electro-
spinning or wet spinning of a keratin protein containing solu-
tion extracted from a natural source.26–32 Although these
methods are efficient, they pose challenges, such as de-
crosslinking and disentanglement of protein molecules,
necessitating regeneration.

Many researchers have used a top-down approach to disin-
tegrate biological nanobers, such as chitin and cellulose, from
their parent structure.33–36 Importantly, there is a notable gap in
the literature concerning the extraction of keratin nanobers by
disassembling the hierarchical microstructure of wool bers.
To the best of our knowledge, there is no literature on extracting
keratin nanobers through disassembling wool ber's hierar-
chical microstructure. The top-down method, which involves
controlled alkaline hydrolysis and high-speed blending, offers
potential for scalability, making it practical for future applica-
tions in large-scale production. For the rst time, we report the
extraction of a-helical keratin protein nanobers from wool
yarn through controlled alkaline hydrolysis, followed by high-
speed blending in an acetic acid medium. Alkaline hydrolysis
leads to hydrolyzing the b-sheet protein matrix of the cuticle
and cortex that loosens the nanober laments in the medulla
of the wool ber structure. A high-speed blender was used to
disintegrate these loose protein nanober laments from their
parent structure in an acetic acid medium.
2. Materials and methods
2.1 Materials and chemicals

A merino wool yarn (∼15 mm diameter), glacial acetic acid (99%
purity) and sodium hydroxide with a 99.8% purity level was
used. An articial snakeskin membrane with a 4000 MW cutoff
was used for the dialysis of alkaline wool dispersion. All
chemicals and materials were obtained from Sigma Aldrich.
2.2 Preparation of wool bers

To remove the cuticles and cortex, the wool yarn samples were
hydrolyzed in an alkaline medium. NaOH concentration and
hydrolysis time were carefully controlled to avoid adversely
hydrolyzing the inner brils of the wool yarn. For this, merino
wool yarn was rst washed using distilled water to remove dust
particles or impurities. A weight of 0.5 g of wool yarn was
hydrolyzed in 40 ml of 1 M, 2 M, 3 M, 4 M and 5 M NaOH
solutions for 10 minutes at room temperature. Wool in alkaline
dispersion was dialyzed using an articial snakeskinmembrane
having 4000 MW cutoff, with distilled water until the pH of the
wool dispersion became neutral. The dialysis allows the
removal of the remaining NaOH, dissolved chemicals during
hydrolysis and low molecular weight polypeptides (MW < 4000)
obtained during the hydrolysis process. The hydrolyzed wool
samples, aer dialysis, are at a neutral pH (pH 7). A neutral pH
condition is necessary for the hydrolyzed wool dispersant to
further process and extract the nanobers. The label given in
1 M wool hereinaer represents wool bers hydrolyzed using
1 M NaOH and dialyzed. Similarly, the labels 2 M wool, 3 M
wool, 4 M wool, and 5 M wool represent the product obtained
6794 | RSC Adv., 2024, 14, 6793–6804
aer hydrolysis in the given concentration of NaOH and
dialysis.
2.3 Extraction of wool nanobers from prepared wool bers

1 ml of glacial acetic acid was diluted in 100 ml of water to
prepare a 1% acetic acid solution. Hydrolyzed wool yarn
(0.015 g) was dispersed in 30 ml of 1% acetic acid solution. The
wool dispersion was subjected to agitation using a high-speed
blender, Innovex, 130 W, operated at 3000 rpm for 10 minutes
at ambient temperature. Fig. 1 shows the experimental ow of
the nanober preparation.
3. Characterization

The morphologies of wool yarn, alkaline hydrolyzed wool yarn,
and nanobers extracted from hydrolyzed wool yarn were
studied using the Atomic Force Microscopic (AFM) Park system.
AFM images were obtained using an XE-100 microscope. The
measurements were performed in air at room temperature
using non-contact mode with Si tips of the 1650–00 type scan-
ning at a rate of 0.5 Hz. The wool yarn was rmly xed to the
AFM sample stub using double scotch tape for the analysis.

The extracted nanobers were dispersed in an aqueous
medium. A drop of the prepared solution was placed on
a synthetic mica sheet, which acted as an atomically smooth
support. Water was allowed to evaporate at room temperature
before analysis. The mica sheet was rmly xed to the AFM
sample stub using double scotch tape for the analysis.

The morphology of the surface of wool ber and yarns was
characterized using a Hitachi SU6600 Schottky eld emission
scanning electron microscope (FE-SEM) operated at 15 kV
accelerated voltage.

Fourier Transform Infrared spectra (FT-IR) of wool yarn and
protein nano bers in the dried solid state were obtained using
Bruker, Vertex 80. Attenuated Total Reectance (ATR)
measurement mode was used with the sample mounted on
a diamond crystal. Absorption spectra were recorded in 256
scans ranging from 800 cm−1 to 4000 cm−1 with 1 cm−1

resolution.
Thermo Gravimetric Analysis (TGA) was performed for wool

yarns and protein nano bers in the dried solid state using
SDTQ-600 TGA from TA Instruments. Samples were heated from
30 °C to 1000 °C at a heating rate of 20 °C min−1 under nitrogen
atmosphere. The nitrogen gas purge ow rate was set at
100 ml min−1.

DSC was performed for wool bers under an inert environ-
ment at a ramp of 5 °C min−1 from room temperature to 500 °C
using Q-200 DSC TA Instruments.

X-Ray Photoelectron Spectroscopic (XPS) measurements
were carried out using EXCALABXi+ hemispherical electron
analyzer (Thermo Fisher Scientic, United Kingdom) with
monochromatic Al Ka radiation (hn = 1486.6 eV), and Thermo
Avantage (5.982) soware was used to perform curve tting and
to calculate other XPS parameters. Prior to the analysis, wool
yarn and wool yarn dispersions were drop cast on a glass
substrate and allowed to dry.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic presentation of experimental flow for the preparation of protein nanofibers from merino wool fibers.
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View Article Online
Nanober morphology was also characterized using
a Transmission Electron Microscope (TEM) JEOL JEM-2100,
operating at an accelerating voltage of 100 kV. Aqueous
dispersions of the protein nanobers were drop cast on a holey
carbon copper grid and allowed to dry in the air prior to
analysis.
4. Results and discussion

The surface morphological features of wool yarn and alkaline
hydrolyzed wool yarn (with different initial alkaline concentra-
tions) are shown in Fig. 2.
Fig. 2 SEM micrograph of (a) wool yarn, (b) 1 M wool, (c) 2 M wool, (d)

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 2(c–f) shows the SEM images of the product obtained by
hydrolyzing wool bers with the given concentration of NaOH
and dialyzing. The inset of each SEM micrograph shows
a magnied image of the hydrolyzed wool sample.

As shown in Fig. 2, the pristine wool yarn surface consists of
a scale structure comprising cuticle cells. These cuticle cells of
the hierarchical microstructure of wool yarn sheath the cortex
and medulla. The cuticle cells are overlapped, and the exposed
edges face in one direction along the length of the yarn
(Fig. 2(a)). The surface of the individual cells was observed to
have a smooth structure. Aer being subjected to alkaline
hydrolysis, the yarn surface showed denaturing of its outermost
3 M wool, (e) 4 M wool and (f) 5 M wool.

RSC Adv., 2024, 14, 6793–6804 | 6795
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Fig. 3 (A) FT-IR spectra (4000–800 cm−1) of pristine wool yarn and alkaline hydrolyzed wool yarn. (B) Second derivative infrared spectra of
pristine wool yarn and alkaline hydrolyzed wool yarn. (C) DSC analysis of the pristine wool yarn and alkaline hydrolyzed wool yarn samples.
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layer (Fig. 2). With the increase in the alkaline concentration of
NaOH (from 1 M to 5 M) during hydrolysis, the total removal of
these cuticle cells was observed. According to the SEM study, it
is clear that the cuticle cells of the wool yarn were removed, and
the cortex, which is the second hierarchical structure of the
wool yarn, was exposed to the 4 M wool and 5 M wool.

As depicted in Fig. 3A, FT-IR spectra of pristine wool yarn
and alkaline hydrolyzed wool yarn samples showed an absorp-
tion band in the wavelength range of 4000–800 cm−1. These
absorption bands correspond to the stretching vibration
frequency of N–H connected with Amide A (3272 cm−1) and
Amide B (3065 cm−1) in the wool samples. These bands are
inuenced by the Fermi resonance between the rst overtones
of Amide II.37 For pristine wool and surface-hydrolyzed wool, the
band at 2926 cm−1 is related to the stretching vibration mode of
the C–H bonds present in the samples. The mid-infrared spec-
trum with keratin absorption bands at 1629 cm−1, 1515 cm−1

and 1250 cm−1 can be designated as Amide I, Amide II and
Amide III, respectively.38 These bands can be used to study the
conformational arrangement of the protein molecules in wool
samples. More complex vibrationmodes can be derived from in-
plane bending of N–H, C–N stretching, C–C stretching and C–O
bending in the Amide III band.4,39 Owing to the complex
vibration modes of the Amide III band, it is not easy to identify
6796 | RSC Adv., 2024, 14, 6793–6804
the correlation between the Amide III band shape and the
protein secondary structure. Therefore, the Amide I and Amide
II bands are used to extract information about the secondary
structure of the protein presence in wool.40 The absorption band
for Amide I is mainly due to the stretching vibration of C]O.
The absorption band for Amide II is derived primarily from the
in-plane bending of N–H. This band also has minor contribu-
tions from C–N and C–C stretching vibrations.

To extract information about the secondary structure of the
protein presence in wool, the broad Amide I and Amide II bands
were resolved using the second derivative of the FT-IR spectrum
of the wool samples. The corresponding spectra are given in
Fig. 3B. It is worth noting that the peak positions are inverted in
the second-order derivative spectra.

As depicted in Fig. 3B, the band at 1740 cm−1 corresponds to
the C]O stretching vibration of free carboxyl groups, which
belong to the glutamic and aspartic acids of wool protein.20 For
the pristine wool sample (see Fig. 3B(a)), a broader peak was
observed in the absorption band at 1625 cm−1 due to the
presence of Amide I in the randomly arranged b-sheet struc-
ture.41 A signicant reduction in the absorption intensity and
narrowing of the peak was observed as the strength of the
alkaline hydrolysis of the sample increased (Fig. 3B(b–f)). This
indicates the chemical denaturing of the b-sheet present in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pristine wool due to alkaline hydrolysis. The peak at 1617 cm−1

represents the Amide I group present in b-sheet structure,
which is bound with excess water molecules.37 Compared with
the pristine wool sample (Fig. 3B(a)), 1 M, 2 M and 3 M wool
samples (Fig. 3B(b–d)) showed an increase in the absorption
intensity relative to the absorption peak intensity at 1625 cm−1,
indicating that the sample has high surface bound water
compared to that of the pristine wool sample. Contradictorily,
the same absorption peak in the 4 M and 5Mwool yarn samples
showed a reduction in peak intensity relative to the absorption
peak intensity at 1625 cm−1, indicating that the 4 M and 5 M
wool samples have low surface bound water compared to the
pristine wool sample. The absorption band at 1653 cm−1

corresponds to the Amide I group present in the a-helix protein,
which is the characteristic of the intermediate lament struc-
ture of the pristine wool yarn.5 According to Fig. 3(B), there was
no observable reduction in the intensity of this peak with the
increase in hydrolysis conditions. Therefore, this conrms that
the a-helix structure of the protein is present in each hydrolyzed
wool sample (1–5 M wool samples). The peak at 1645 cm−1

represents Amide I groups present in a-helix structure, which is
bound with excess water molecules. Compared with the pristine
wool sample (Fig. 3B(a)), all 1 M to 5 M wool samples (Fig. 3B(b–
f)) showed a reduction in the absorption intensity relative to the
absorption peak intensity at 1653 cm−1, indicating that the
specic sample has a low amount of water bound a-helix
structures compared to that of the pristine wool sample.

A weak absorption band was observed at 1697 cm−1 for the
pristine wool sample (Fig. 3B(a)). This band corresponds to the
disordered keratin conformations present in the b-sheet.41 b-
Sheets are the typical constituent of the cuticle cells (outer layer
of the wool yarn), and this matrix covers the intermediate la-
ment structure of the wool yarn.5 Compared with the pristine
wool yarn (Fig. 3B(a)), there is a signicant decrease in the
absorption bands at 1697 cm−1 (Fig. 3B(b–f)) for alkaline
hydrolyzed wool yarn. This further conrms the gradual
removal of b-sheet structure (cuticle cells) of the wool yarn with
the increase in hydrolysis conditions.

For the wool samples, the shoulder peak at 1578 cm−1

(Fig. 3B(a–f)) is attributed to the asymmetric COO− stretching
vibrations, which come from aspartic and glutamic acid side
chains.42 The absorption band at 1557 cm−1 corresponds to the
Amide II present in the a-helix structure of the pristine wool and
alkaline hydrolyze wool samples. Additionally, the Amide II
groups present in b-sheet structure give an absorption band at
1531 cm−1 for the pristine wool sample (Fig. 3B(a)). This peak
shows a gradual decrease in the peak intensity with the increase
in alkaline hydrolysis of the wool sample (Fig. 3B(b–f)). This
provides evidence for the denaturing of b-sheet structure that
sheaths the a-helix intermediate lament structure of the wool
yarn. The strong peaks at 1514 cm−1 and 1541 cm−1 (Fig. 3B(a–
f)) correspond to the parallel and perpendicular Amide II groups
of the a-helix protein presence in wool samples.37 In addition,
the decoupled C–N stretching vibrations of the Amide II group
were observed at 1437 cm−1 and 1418 cm−1 (Fig. 2B(a–f)).

The information obtained using FT-IR conrmed that the b-
sheet, which sheaths the intermediate lament structure of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
wool yarn, can be removed by subjecting the wool yarn sample
to alkaline hydrolysis. As the controlled alkaline hydrolysis rst
denatures the b-sheet of the wool, a-helix protein that charac-
terizes the intermediate lament structure of the yarn is intact
and present on the sample. Therefore, controlled alkaline
hydrolysis allows the intermediate lament structure of the
wool yarn to be loosened for further processing.

Fig. 3(C) shows the DSC thermograms of wool, and alkaline
hydrolyzed wool samples. A large endothermic peak was
observed at around 90 °C owing to the evaporation of water
from the wool samples. The area of this peak showed an
increase for 1 M, 2 M and 3 M hydrolyzed wool samples
(Fig. 3C(b–d)). This can be due to the presence of more moisture
in b-sheet structures of the alkaline hydrolyzed wool sample
compared with the control wool sample and 4 M and 5 M
hydrolyzed wool samples (Fig. 3C(e and f)), which was further
observed in the FTIR study. Additionally, two endothermic
peaks were observed for the wool samples at the temperature
range of 230–350 °C. These peaks correspond to the thermal
denature of amorphous and crytstalline a form and b-sheet
matrix structure of wool proteins.43 The bimodal endothermic
peak at the temperature range 240–280 °C was observed in the
DSC thermogram of the pristine wool sample (Fig. 3C(a)). Here,
the peak at 240 °C corresponds to the thermal decomposition of
the amorphous a form, which is mainly the cystine rich matrix
in the wool sample. This peak is overlapped by the degradation
of other chemical components, which include denaturation
of other histological components43 and are observed around
270 °C. It is noteworthy that with the increase in the hydrolysis
conditions, there is an observable reduction in the endothermic
peak at 240–280 °C (Fig. 3C(b–f)), which can be attributed to
some extent to the denature of cystine rich matrix structure,
with a degradation temperature around 240–280 °C. Therefore,
alkaline hydrolysis effectively interacted with the amorphous
matrix of the wool sample, with lower resistance to the chemical
reaction. Moreover, compared to the pristine wool sample, the
endothermic peak at 350 °C (Fig. 3C(a)) showed a shi to the
lower temperature range at 330 °C in alkaline hydrolysed wool
samples (Fig. 3C(b–f)). For 1 M, 2 M and 3 M wool samples, the
area under the endothermic peak is higher compared to the
pristine wool. The thermogram of the 4 M and 5 M wool
samples showed a reduction in the area under the endothermic
peak at 330 °C compared with the other hydrolyzed wool
samples. However, there was an increase compared with the
pristine wool sample. The increase in the peak area can be
explained by the fact that water molecules present in the
hydrolyzed wool (which is also evidenced from the FTIR study)
sample interact with the polypeptide when the crystallites of the
sample melt at higher temperatures. An increase in the peak
area is attributed to an increase in the a-cystallities of the
hydrolysed wool sample compared to the pristine wool
sample.44 Therefore, for the 4 M and 5Mwool samples although
there was no evidence for the bound water in its structure, the
thermogram showed a comparable high peak area under the
endothermic peak at 330 °C due to the increased amount of a-
cystallities compared to the pristine wool sample.
RSC Adv., 2024, 14, 6793–6804 | 6797
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Fig. 4 XPS spectra of pristine wool and alkaline hydrolyzed wool samples.
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The XPS surface analysis technique was used to gather
information about the elemental composition of wool and
hydrolysed wool yarn samples in their immediate subsurface up
to a depth of about 3 nm. Wide scan XPS spectra of the wool
samples and alkaline hydrolysed wool samples showed the
characteristic lines of carbon, nitrogen, oxygen and sulfur. For
these samples, C (1s), N (1s), O (1s) and S (2p) photo electron
peaks were observed at 284.75, 399.95, 531.75 and 164.5 eV,
respectively (Fig. 4(a–f)). Similarly, the hydrolysed wool samples
obtained under different alkaline hydrolysis conditions showed
spectra comparable to those of the pristine wool sample.
However, there was an apparent difference in the relative photo
electron line intensities.

From the photoelectron line intensities obtained using XPS
spectra, the surface element ratios were calculated, as shown in
Table 1.
Table 1 Surface elemental ratio of wool and hydrolyzed wool ob-
tained via XPS analysis

Sample

Relative atomic ratio

N/S ratioC O N S

Wool 1 0.13 0.076 0.023 3.30
1 M wool 1 0.25 0.128 0.023 5.56
2 M wool 1 0.25 0.160 0.016 10.00
3 M wool 1 0.27 0.195 0.011 17.73
4 M wool 1 0.23 0.136 0.011 12.36
5 M wool 1 0.184 0.036 0.002 18

6798 | RSC Adv., 2024, 14, 6793–6804
The results show that the N/C and O/C ratios of the pristine
wool are lower than those of the hydrolysed wool yarn samples.
This can be attributed to the presence of carbon-rich lipids in
the external membrane (epicuticle) that surrounds each cuticle
cell of the pristine wool sample.45 With the increase in alkaline
hydrolysis conditions, an increase in the N/C and O/C ratios was
observed. Higher surface N/C and O/C ratios in hydrolyzed wool
yarn samples suggest that there is a small lipid layer and that
there is a lesser amount of cuticle cells present in exposed
surface layers of 1 M, 2 M, 3 M, 4 M and 5 M wool samples. This
result also agrees with the FT-IR and DSC results discussed
above.

Sulfur analysis of the wool sample is important in this study.
In contrast to N/C and O/C ratios, the S/C ratio showed a gradual
decrease from the pristine wool sample to the 4 M hydrolysed
wool sample. For the 5 M wool sample, the S/C ratio showed
a slight increase compared to the 4 M wool sample. Sulfur is
amain constituent of the cuticle cell (high sulfur matrix). The N/
S ratio of a cuticle cell free cortical intercellular structural
components is expected to be 13. A lower value than this is
expected if the XP emission from the cortex of the wool sample
arises from a combination of both high sulfur (matrix) and low
sulfur protein (brillar structure).46 Therefore, for the 2 M wool
sample with an N/S ratio of 10, it can be concluded that the XPS
signals are from a surface where a trace amount of cuticle cells
is present on the surface. This observation is also supported by
the SEM images of the 2Mwool sample. The N/S ratio of the 3M
wool sample was calculated as 17.7, indicating that the removal
of the cuticle cells and XPS signals is from the intracellular
© 2024 The Author(s). Published by the Royal Society of Chemistry
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structural components of the sample. For the 4 M wool sample,
this value is reduced to 12.36, indicating that the XPS signals are
from the cortex of the wool samples, which includes a high
sulfur matrix. As the hydrolysis condition increases, the N/S
ratio of the 5 M wool samples increases to 18, which indicates
that the removal of thematrix structure of the cortex and signals
is only from the low sulfur baring brillar structure of the wool
sample. Therefore, it can be conrmed from the XPS results that
the alkaline hydrolysis of wool yarn successfully removed the
epicuticle, cuticle cells, and cortex from its structure and that
the internal brillar surface was exposed in a 5 M wool sample.

High-resolution S 2p spectra obtained for pristine and
alkaline hydrolyzed wool samples are deconvoluted to their
Gaussian peaks, as illustrated in Fig. 5. S 2p spectra mainly
consist of a major broad peak at 164.5 eV due to the presence of
native disulde (S2−) bonds of cystine residues47 and a minor
peak at 168 eV attributable to the oxidized (S6+) species.50 For
the pristine wool sample, the intensity of the peak at 164.5 eV is
relatively higher compared to the peak at 168 eV (Fig. 5(a)),
which indicates that the sample contains more disulphide
bonds in its structure. With the increase in hydrolysis condi-
tions, the peak intensity at 164.5 eV gradually decreased and the
peak intensity at 168 eV increased. This clearly shows the
oxidation of S-baring compounds, which are mainly the cystin
residues in the wool yarn structure due to alkaline hydrolysis.
This observation is also in accordance with the observations
obtained in the DSC analysis. The broad peak at 164.5 eV
consists of two individual Gaussian curves approximately at
Fig. 5 Deconvoluted S 2p spectra of pristine wool and alkaline hydrolys

© 2024 The Author(s). Published by the Royal Society of Chemistry
163.5 eV and 165 eV. The peak at 165 eV is mainly due to the
presence of sulfur in the intermediate (4+) oxidation state.48

Compared with the spectra of the pristine wool sample
(Fig. 5(a)), the hydrolyzed wool sample showed a gradual
decrease in the Gaussian peak at 163.8 eV and an increase in the
peak intensity of the Gaussian peak at 165 eV for 1–5 M wool
samples (Fig. 5(b–f)). Therefore, it can be concluded that
disulphide bonds are converted into their intermediate oxida-
tion state through alkaline hydrolysis. Furthermore, for the
peak at 165 eV, the intensity of the peak at 168 eV showed an
increment for 1–5 M wool samples (Fig. 5(b–f)). This observa-
tion is attributed to the loss of the intermediate oxidation state
of the sulphur baring groups with an increase in the hydrolysis
level of the wool sample. Alkali attacks on wool peptide linkages
contribute to the degradation of amino acids, such as arginine,
serine, threonine, and cystine. Alkaline hydrolysis primarily
attacks the asparagine and glutamine (amide bond) and breaks
peptide bonds in the major chains, resulting in amino acid
racemization.49

According to the above studies, it was identied that the
cuticle cells and cortex denatured in a 5 M wool sample. Under
5 M hydrolysis conditions, the internal brous structure of the
wool yarn was loosened, and the external surface was exposed.
Once the external sheath is removed, these ber bundles
remain in compact form. Additionally, it was identied by
subjecting these ber bundles to ultrasonication, resulting in
fragments of bers and other heterogeneous structures (ESI,
Fig. S1†). Therefore, the mechanical treatment of the
ed wool samples obtained through XPS analysis.

RSC Adv., 2024, 14, 6793–6804 | 6799
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hydrolysed wool sample needs to be controlled carefully to
extract nano bers from the wool yarn.

Therefore, it is assumed that the energy given during ultra-
sonication will denature the protein, and this is not the most
suitable method for the extraction of protein nano bers.
Therefore, to further loosen these brous structures from the
5 M wool sample, the rst bers were given a surface charge by
dispersing the sample in an acetic acid medium. In the pres-
ence of acetic acid, free amine groups in a 5Mwool sample were
assumed to protonate. It is hypothesized these positive charges
Fig. 6 (A) SEM micrograph of 5 M wool sample dispersed in 1.5% acetic
(C) magnified SEM image of protein nano fibers, (D) AFM topographical im
AFM topographical image of protein nano fibers, (F) magnified AFM image
dispersion of pristine wool and 5 Mwool samples in different acetic acid c
(I) laser light scattering on protein nano fiber dispersion.

6800 | RSC Adv., 2024, 14, 6793–6804
allow the wool ber bundles to separate into individual nano
bers in the presence of high mechanical force during high
seed blending.

The 5 M wool sample was dispersed in distilled water at
0.5 g L−1 concentration. To introduce a surface charge on these
ber bundles, acetic acid was added to the dispersion at
different concentrations. The zeta potential of the material
dispersion was measured, as illustrated in Fig. 6G. For the
pristine wool yarn sample and surface-hydrolyzed wool yarn
sample, the zeta potential remained at −3 mV and −25 mV,
acid medium, (B) SEM micrograph of the extracted protein nano fibers,
age of the 5 M wool sample dispersed in 1.5% acetic acid medium, (E)
of protein nano fibers, (G) zeta potential measurement of the aqueous
oncentrations, (H) fiber diameter distribution of protein nano fibers and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively, in the absence of acetic acid in the wool ber
dispersion. The surface charge of pristine wool yarn remained
unchanged at −10 mV in the presence of acetic acid. For the
hydrolyzed wool yarn sample, it was observed to have +20 mV
zeta potential at 1% acetic acid and gradually increased to
a maximum surface charge of +36 mV at 3.5% acetic acid. The
results show that the positively charged groups are predomi-
nant on the surface of the hydrolyzed wool ber in an acetic acid
medium. The SEM micrograph and AFM surface topographic
images of the 5 M wool yarn sample in a 1.5% acetic acid
medium are shown in Fig. 6A and D, respectively. The SEM
micrograph shows that the sample contains individual bers
arranged parallel to the length of the wool ber. AFM topo-
graphical image (Fig. 6D) revealed characteristic parallel ridges
and groves on the sample surface, which is due to the presence
of nano bers. The surface scan line prole of this image shows
that these ridges and groves have an average height of 34 nm.

To further separate these protein bers into their nanobers,
a 5 M wool sample in a 1.5% acetic acid medium was subjected
to high-speed blending. The morphologies of the samples were
analyzed. SEM and AFM micrographs depicted in Fig. 6B, C, E
and F show the morphological transition of the 5 M wool
sample to individual wool nanobers during high-speed
blending in an acetic acid medium. SEM micrographs
(Fig. 6B) show the presence of disintegrated bers in the
sample. The magnied image shows that these bers are
assembled in a non-ordered array (Fig. 6D).

AFM topographical image (Fig. 6E) shows that the sample
consists of randomly oriented nanobers. The surface line scan
prole of this topographical image shows a ber diameter of
∼34 nm (Fig. 6E line prole scan) and has a uniform cross-
section along the length of the ber. The magnied AFM
topographical image (Fig. 6F) of the bers clearly shows that the
sample consists of protobrils with a tubular morphology and
smaller bers that have individual diameters of around 12 nm.
Fig. 7 (A) TEM image of protein nano fibers extracted from 5 M wool sa

© 2024 The Author(s). Published by the Royal Society of Chemistry
The histogram of ber diameter and length distribution illus-
trated in Fig. 6H was obtained by analyzing three AFM topo-
graphical images of the sample (ESI, Fig. S2†). The average size
of nano bers obtained from the sample is 25 nm in diameter
and ∼3 mm in length. Insert image of the protein nano ber
dispersion in an aqueous medium (Fig. 6I) shows the scattering
of laser light due to the presence of nano bers in the dispersion
medium.

Transmission electron microscopic image of the sample
shows the presence of protein nano bers with a ber length
>2 mm in the dispersionmedium. Most bers have a diameter of
<45 nm (ESI Fig. S3†). TEM images indicate that these bers are
in bundle form and amorphous in nature (Fig. 7B). TEM EDX
analysis further conrms the presence of C, N and O (ESI
Fig. S4†), conrming the presence of keratin protein nano bers
in the suspension.

The extracted nano bers were further analysed using
a thermo gravimetric analyzer. Fig. 8A(a and b) shows the
thermograms of 5 M wool and extracted wool nano ber. The
two thermo grams give identical endothermic peaks, demon-
strating that both samples have similar structures. In both
samples, two endothermic peaks were observed in the temper-
ature range 230–350 °C. As discussed in the thermal analysis of
the hydrolysed wool yarn compared to the pristine wool sample,
these peaks correspond to the thermal denature of amorphous
and crytstalline form of a and b-sheet matrix structure of wool
proteins.43 Additionally, a bimodal endothermic peak can be
observed at the temperature range of 240–280 °C (Fig. 8A(a and
b)). These peaks are low in intensity for both the 5 M wool
(Fig. 8A(a)) and extracted wool nano ber samples (Fig. 8A(b)).
This conrms that alkaline hydrolysis results in the denature of
cystine rich matrix structure, which has a degradation temper-
ature of around 240–280 °C. The 5 M wool and extracted nano
ber sample showed an endothermic peak at 330 °C, which
corresponds to the melting of a-cystallities in the structure.44
mple and (B) magnified image of the protein nanofibers.

RSC Adv., 2024, 14, 6793–6804 | 6801
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Fig. 8 (A) TG analysis of the (a) 5 M alkaline hydrolyzed wool fibers and
(b) extracted keratin protein nano fibers and (B) transparent thin film
fabricated using the extracted keratin protein nano fibers.
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The intensities of the peaks are comparable. The thermal
analysis shows that the extracted wool nano bers are rich in a-
helical protein. The use of both chemical and mechanical
treatment has resulted in the extraction of a-helical protein
nano bers from pristine wool bers using a top down
approach.

The extracted nano bers dispersion was cast to a Petridish
and dried in a vacuum oven at 40 °C. A thin transparent sheet
was obtained, as shown in Fig. 8B. a-Helical protein nano bers
extracted using the reported methodology can be applied to
fabricate thin lms. These keratin protein thin lms can be
used in many elds. Some studies have reported the use of
keratin protein thin lms in biomedical applications and as
a biocompatible, high capacitance dielectric layer as well as
a supporting substrate for organic thin lm transistors.50–52
5. Conclusion

Merino wool yarn consists of a keratin protein nano bers
embedded inside its hierarchical architecture. A simple top
down approach was used in this study to disintegrate these
nano bers from their parent structure. Cuticle cells, epicuticle
and cortex of the wool can be dissolved in an alkaline medium.
Under controlled conditions, during hydrolysis, the internal
brous a keratin protein can be separated. These bers are
compacted in a bundle form and are likely to generate a positive
charge on their surface in the presence of acetic acid in the
dispersion medium. They dissolve and denature in highly
concentrated acids, alkaline media or under high mechanical
forces. Thus, in this study, we mainly focused on using a mild
6802 | RSC Adv., 2024, 14, 6793–6804
surface chemical modication method combined with
mechanical agitation to disintegrate the ber bundle into its
bers. Controlled hydrolysis of wool bers in 5MNaOH allowed
the dissolution of the outermost layer of the bers. Owing to the
surface amine functional groups present in these hydrolyzed
brous structures, a surface charge was introduced in a mild
acid medium using 1% acetic acid. Intra-ber repulsion due to
these surface charges has allowed the compact brous struc-
ture, arranged parallel along the length of the wool ber, to be
loosened, as evidenced by the SEM and AFM analyses. Further,
subjecting these loosed brous structures to mechanical force
(high-speed blending) allowed them to disintegrate into indi-
vidual nano bers. Therefore, it can be concluded that a simple
top down approach can be used to obtain a keratin protein nano
bers with a diameter of 25 nm and frommerino wool yarn. The
extracted a keratin protein nano bers are fabricated into
transparent thin lms. These can be used for many applica-
tions, such as wound dressing, drug delivery, ltration
processes, capacitors and thin lm transistors.
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