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Keratins represent an important class of sulfur-rich structural proteins. In this study, the pressure response of
a-keratin, extracted from sheep wool, was investigated using Raman spectroscopy up to 4 GPa. A non-polar liquid
(a Fluorinert™ FC70/77 mixture) served as the Pressure Transmitting Medium (PTM) in a Diamond Anvil Cell
(DAC). Scanning Electron Microscopy (SEM) and Small-Angle X-ray Scattering (SAXS) were used for the
morphological and structural characterization of the sample. Three Raman bands were monitored during
compression and decompression: C—H deformation, amide-I (dominated by the C=O0 stretching vibration of the
peptide bond) and C—H stretching vibrations centered at approximately 1450, 1670 and 2940 cm ™!, respec-
tively. The deformation modes of the C—H bonds exhibited a weak positive pressure dependence (~1.7 cm™}/
GPa), whereas the corresponding stretching modes showed a much stronger dependence (6-9 cm™!/GPa). A
positive slope (~2.2 cm_l/GPa) was also observed for the amide-I band, consistent with C=0 strengthening in
the peptide bonds under compression. This behavior contrasts with that of collagen, which exhibits a negative
pressure slope for the same vibrational mode. The opposite responses are discussed in relation to the different
structural roles of hydrogen bonding in these two fibrous proteins. Overall, the response of keratin to high hy-
drostatic pressure is reversible.

1. Introduction only into the fundamental behavior of keratin as a biomaterial, but also
into its implications across various fields, from materials science to
medicine, including applications in tumor diagnostics [8] and immu-

nohistochemistry [9]. Gene mutations in human keratins have also been

Keratins comprise an important class of structural proteins that have
a wide range of medical, cosmetic and industrial applications owing to

their biocompatibility and biodegradability [1]. They are found in
epithelial cells, hair, skin, nails, feathers, and other biological materials
and play a crucial role in providing mechanical resilience, protection,
and thermal insulation [2,3]. In addition, keratins form lightweight
structures and hydrophobic surfaces, and in some cases contribute to
structural coloration and even reversible adhesion [4]. Due to their hi-
erarchical structure, keratins are characterized by remarkable strength,
while maintaining a high degree of flexibility. Although their properties
at ambient conditions have been extensively studied [5,6], their
behavior under high-pressure remains an active area of research. The
application of high-pressure can induce changes in molecular structure
and affect intermolecular interactions, potentially altering the me-
chanical, chemical, and biological properties of keratin [7]. The study of
these pressure-induced transformations provides valuable insights, not
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linked to several diseases [10]. Other biomedical applications of keratin
can be found in bone tissue engineering [11,12], wound healing
[13,14], and ocular [15], nerve [16,17], and skin [18] regeneration as
well as controlled drug delivery [19]. Keratin-based products can be
processed into diverse forms such as films, hydrogels, scaffolds and
composites [20]. Finally, the unique physicochemical properties of
keratin-based biomaterials enable their use in energy, agriculture, cos-
metics, the leather and textile industries, and in emerging areas such as
natural polymer flocculants, absorbents, biolubricants and bio-
electronics [21].

The mechanical properties of a single-chain biological molecule are
generally determined by the type and strength of its bonds, primarily
covalent and hydrogen (H-) bonds, and to a lesser extent by its in-
teractions with more distant neighbors. However, many fibrous proteins
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owe their unique mechanical behavior to their hierarchical structure. In
the case of a-keratin, the hierarchical organization, from the formation
of individual chains to the assembly of intermediate filaments (IFs) [2],
is illustrated in Fig. 1(a). Peptide bonds between adjacent amino acid
(AA) residues form the polypeptide chain, where H-bonding plays a
central role in determining the secondary structure. a-Keratins consist
predominantly of o-helical segments separated by short non-helical
linker regions. At the ends of the rod domain, globular C- and N-ter-
minal domains are present, both rich in sulfur-containing AAs. The AA
sequences in the head domain and the linkers of the rod domain tend to
favor a f-turn structure [22,23]. Approximately 38-45 % of the keratin
molecule structure adopts the a-helical conformation [24]. The coiled-
coil segments are formed by two different right-handed a-helices, with
0.51 nm vertical distance between consecutive turns [25], which twist
around each other to form a right-handed heterogeneous dimer. In
nearly all IF proteins, a characteristic heptad repeat sequence (a-b-c-d-e-
f-g) is present. It is schematically shown in Fig. 1(b). Positions a and
d are predominantly occupied (~75 %) by nonpolar (hydrophobic)
residues such as Leucine (Leu), Valine (Val) and Isoleucine (Ile), while
positions e and g are commonly filled with charged residues, such as
Glutamic Acid (Glu), Aspartic Acid (Asp), Lysine (Lys) and Arginine
(Arg). This arrangement enables the “knob and hole” packing of two
a-helices into a stable coiled-coil dimer [26,27]. Two dimers entwine in
an antiparallel arrangement to form a tetramer (protofilament) [28].
The hydrophobic interactions between dimers, which contribute to the
stability of type I/II keratin tetramers, have been described by Bernot
et al. [29]. Two protofilaments combine to form a protofibril, and four
protofibrils assemble to create the final keratin IF. Disulfide bridges are
formed both within and between IFs, further contributing to structural
integrity [30]. Keratin IFs and low-sulfur Keratin Associated Proteins
(KAPs) give rise to keratin microfibrils. At a higher structural level, these
microfibrils, embedded in an amorphous matrix composed of high-S and
high-Tyrosine (high-Tyr) KAPs, are arranged in a hexagonal close
packed 2D lattice to form macrofibrils [31].

High-pressure Raman spectroscopy is a powerful, non-destructive
technique for investigating the structural and vibrational properties of
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biological macromolecules, as well as their conformational changes
under extreme conditions. It provides valuable insights into molecular
stability, folding mechanisms, and interactions with various environ-
ments. Raman spectroscopy is highly sensitive to subtle changes in
molecular vibrations induced by external factors, such as hydrostatic
pressure, temperature, and modification in the bonding environment. It
has been extensively employed to study conformational changes in hair
keratin [32] as well as to examine the effect of chemical treatments
[33,34], thermal exposure [35], and mechanical stress [36] on keratin
structure. Moreover, Raman spectroscopy has been proved particularly
effective in probing the high-pressure response of AAs [37-39] and other
structural proteins [40].

This work examines the mechanical response of keratin under high-
pressure conditions, with the aim of deepening our understanding of its
behavior at the molecular level and particularly the extent of bond
hardening, the behavior of hydrogen bonding during compression, and
the reversibility upon decompression. To our knowledge, this is the first
study on the investigation of the effect of hydrostatic pressure on this
structural protein. The findings provide new insights into the structural
adaptability and mechanical robustness of keratin at the molecular level,
knowledge that is relevant to biomaterials science, particularly for the
design of pressure-resistant keratin-based films, coatings, or composites,
as well as to the broader understanding of protein dynamics under high-
pressure. Complementary techniques, including Scanning Electron Mi-
croscopy (SEM) and Small Angle X-ray Scattering (SAXS), were
employed to provide additional information on the morphology of the
keratin powder grains and the packing of keratin IFs.

2. Materials and methods

The sample under study was a-keratin in powder form, extracted
from sheep wool (CAS No. 69430-36-0, TCI). A kit with amino acids in
powder form, purchased from AccuStandard, was used for the acquisi-
tion of reference Raman spectra. SEM images were acquired using a Jeol
Field Emission (FESEM) 7610 FPLUS microscope, equipped with an
OXFORD Aztec Energy Dispersive Spectrometry (EDS) microanalyzer.
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Fig. 1. (a) Structural hierarchy of a-keratin from the polypeptide chain to the formation of the intermediate filament; ball-and-stick model of the polypeptide chain
in an o-helix conformation, with a vertical distance of 0.51 nm between successive turns of the helix. Two parallel a-helices twist around each other to form a coiled-
coil dimer. Two such dimers associate in an antiparallel orientation to form a protofilament. Protofibrils consist of two protofilaments and four protofibrils assemble
into a keratin intermediate filament. (b) Schematic representation of the cross-section of a two-stranded a-helical coiled-coil illustrating the heptad repeat (a-g) of AA
residues, characteristic of the keratin coiled-coil structure. Positions “a” and “d” are typically occupied by hydrophobic residues, which align to the core of the
heterodimer formed by the two a-helices. Positions “e” and “g” are commonly occupied by charged residues that contribute to electrostatic interactions stabilizing the

structure. Part b is reproduced from Ref. 27.
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Measurements were performed in low-vacuum mode, with operating
conditions of 10 kV accelerating voltage, 15 nA probe current and a
working distance of 10 mm. Two-dimensional (2D) SAXS patterns were
recorded from sheep wool and the keratin powder at the mySpot
beamline of the BESSY-II storage ring (Helmholtz Zentrum Berlin). The
patterns were recorded using a beam with A = 1.127 A and a Dectris
Eiger X 9M detector, whereas silver behenate was used to calibrate the
sample-to-detector distance. A 30 pm pinhole was used for beam colli-
mation, along with a 50 pm beamstop. In the case of the wool sample, a
single fiber, mounted on a frame, was positioned nearly vertically and
perpendicular to the X-ray beam. A SAXS pattern from the empty frame
was recorded and used for background subtraction. For the keratin
sample, the powder was placed between two thin cover slips, and the
SAXS pattern of the empty cover slips was used for background sub-
traction. Integrated intensity curves were obtained using the DPDAK
software [41].

Raman measurements were carried out using a LabRAM HR
(HORIBA) spectrometer equipped with a microscope, using a 50x long
working distance objective lens. The beam from a solid-state laser (A =
514.2 nm) was focused on the sample with a power of ~2 mW, measured
before the microscope objective. Potential spectral shifts induced by the
spectrometer were corrected using the emission lines of a Neon lamp.
For the high-pressure measurements, a Mao-Bell type Diamond Anvil
Cell (DAC) was used. Pressures up to approximately 4 GPa, were applied
mechanically by tightening a screw, which brought the two diamond
anvils closer, reducing the volume in the sample chamber. The latter
consisted of a ~ 150 pm diameter hole drilled in a stainless-steel gasket,
which contained the Pressure Transmitting Medium (PTM), the sample,
and a small ruby chip for pressure calibration via its R; fluorescence line
[42]. A non-polar fluorocarbon liquid mixture (1:1 Fluorinert FC70/
FC77) was used as PTM. Raman spectra were recorded from several
grains of the keratin sample at ambient conditions as well as from
several spots on the tiny keratin sample placed in the DAC to verify the
sample homogeneity. After background subtraction, Voigt functions
were used to fit the keratin Raman peaks.

3. Results and discussion
3.1. Morphological and structural characterization

SEM was applied to obtain detailed information on the morphology
of the keratin powder. Secondary electron SEM images, which are
particularly sensitive to surface topography, were recorded from various
sample spots and are shown in Fig. 2. As evident from the images, the
powder grains were generally smaller than 10 pm and exhibited a
layered structure.

Further structural information was obtained through SAXS analysis.
Fig. 3(a) compares the 2D SAXS patterns from a sheep wool fiber and the
keratin powder. In the case of wool, faint scattering arcs are observed in
the equatorial direction. In contrast, the 2D scattering pattern of the
keratin powder is isotropic, with no discernible arcs of rings, suggesting
that the extraction process disrupted the packing of IFs within the
macrofibrils [43]. The integrated scattering intensity curves (equato-
rially integrated for the wool fiber and pie integrated for keratin) are
shown in Fig. 3(b). For the wool fiber, broad intensity maxima are
evident at ¢ ~ 0.7 and 1.2 nm ™}, corresponding to the lateral packing of
the IFs. Azimuthally integrated intensity profiles for both samples are
provided in the Supplementary Material (S1). To extract information on
the size and the packing distance of the IFs, the I-q curve of keratin was
simulated using the model proposed by Briki et al. [44]. According to
this model, keratin IFs are embedded in an interfilamentous matrix and
arranged in a distorted (paracrystal) hexagonal 2D lattice, with a lattice
constant of approximately 10 nm [45]. In this framework, the electron
density p(7') is modeled as a periodic arrangement of identical “unit
cells” positioned on the sites defined by a hexagonal lattice of constant a.
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Fig. 2. Secondary Electron SEM images of a-keratin extracted from wool. (a)
Powder grains smaller than 10 pm are observed, exhibiting a layered structure,
which is clearly visible in (b) and the magnified region of (a).

The I-q curve was simulated using the following equation:
2
1@) = Ia +2(a) ([Fie(@) | + [Fnac(a) [*) &)

where Igg is the background intensity, Z(q) is the interference function
(structure factor) that accounts for the arrangement of the IFs within the
macrofibrils, Fj is the form factor of the IFs and Fp,; represents the
contribution from the interfilamentous matrix surrounding the filaments
[44]. Fif was modeled by approximating the IFs as cylinders of radius r
with uniform electron density p, described by the equation:

_ Ji(gr)
Fy = 2npr27 2

where J7 is a Bessel function of the first kind. F,;; was assumed to be
proportional to 1/q, reflecting scattering from random polypeptide coils
filling the interfilamentous matrix. The intense background at low q
values, I = B2 + B1q ", has been attributed by Briki et al. [44] to
scattering from other components of the wool tissue, such as inter-
macrofibrillar zones, the cuticle, etc. For the structure factor, the
following equation was used [46], based on a hexagonal paracrystal
model [45,47]:

/2
1-F? 1-F2
A 1 2 dp (3
(q)(x/ 1— 2Fcos( — qd,cosp) + F2 1 — 2F,cos(qd,sing) + F2 7 @
0
where:
1252 12422
Fi(q) = e 2" %% and Fy(q) = e 2 %7 4

Here, d; and d, are the characteristic distances between the IFs [see
Fig. 3(b)], and A (where 0 < A < 1) denotes the relative magnitude of
lattice fluctuations along the two directions. The simulation provided
the following values: 2r = 8.8 nm, a = 9.8 nm and A = 0.25. Small values
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Fig. 3. (a) 2D SAXS scattering patterns of the wool fiber and the keratin
powder, (b) Intensity vs. q curves for the wool fiber (equatorial integration) and
keratin (pie integration) plotted as grey dots. The thick black lines represent the
simulated curves, and the dashed line corresponds to the background contri-
bution (Igg). The parameter a denotes the lattice constant of the 2D hexagonal
lattice of keratin IFs.
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of A indicate a well-ordered 2D lattice. For the Igg background, n was
found equal to 3.1. In contrast, for the keratin powder, no evidence of
interference due to IF packing was observed. The scattering intensity
could be described solely by the Igg contribution with n = 3.9. There-
fore, the SAXS analysis revealed that the packing of IFs in the keratin
sample was not preserved, or it is highly distorted after the extraction
procedure from the wool.

3.2. Raman spectroscopy at ambient conditions

The Raman spectrum of a-keratin extracted from wool, measured at
ambient conditions, is shown in Fig. 4. Background subtraction for the
spectra recorded over a broad range (300-3600 cm ') was performed
using a peak clipping algorithm [48], described in detail in the Sup-
plementary Material (S2). The spectral region from 500 to 1800 em ™},
known as the fingerprint region, contains vibrational modes character-
istic of the molecular structure [49,50]. The peak at ~515 em ! s
attributed to S—S stretching vibrations in disulfide bridges formed
within and between IFs [30]. The peaks at ~622 and ~ 644 cm ! are
associated with C—C twisting modes of Phenylalanine (Phe) and Tyr,
respectively [51,52]. Contribution in the latter due to C—S stretching
from Cysteine (Cys) residues is not excluded [53]. Up to 1242 cm’l, the
spectrum contains a mixture of AA-specific bands [54] and o-helix
backbone skeletal vibrations at ~935 cm ™! [55]. The ring breathing of
Phe gives rise to a sharp peak at 1003 em ! [56,57]. The band centered
at ~1450 cm™? corresponds to CHy and CH3 deformation modes, pri-
marily from side chains of various AAs [58]. The vibrational modes of
the peptide bonds give rise to bands at ~1273 cm™! (amide-IIT) and ~
1665 cm~! (amide-T) [55,58,59]. A shoulder peak at ~1613 em ! s
attributed to C—C ring stretching in aromatic AAs side chains [56,60].
The broad band at ~2934 cm™! arises from C—H stretching modes of
side chains and the central C atom (C,-H) of AAs. When the carbon atom
in the side chain belongs to an aromatic group, the peak shifts to ~3060
em ! [61,62].

The Raman spectrum of keratin at 1 bar inside DAC after the pressure
cycle up to approximately 4 GPa is also shown in Fig. 4. Comparison
with the spectrum of keratin prior to DAC loading indicates that the
pressure treatment did not induce any significant frequency shifts or
changes in the lineshape of the characteristic Raman bands. The peak
centered at 1332 cm ! and the broad band at 2140-2700 cm ™! are
attributed to first- and second- order Raman scattering of diamond
(DACQ), respectively [63-65]. The Raman spectrum of the fluorinert
mixture used as PTM in the DAC is rather complex up to 1430 cm ™, as
depicted in Fig. 4, and strongly overlaps with the protein signal.
Therefore, only the Raman spectrum of keratin at frequencies above
1400 cm™! could be meaningfully followed in our high-pressure
measurements.

3.3. Raman spectroscopy under high pressure

The Raman spectra of a-keratin recorded under pressure are shown
in Fig. 5. Three bands were followed upon pressure increase and
decrease: 1400-1500, 1600-1700 and 2800-3100 cm arising from
the CH; and CHj3 deformation modes of AA side chains, amide-I
stretching vibration originating from 80 % v(C—=O0) and 20 % v(C—N)
vibrations of the peptide bond [66], and C—H stretching predominately
of the AA side chains, respectively. At low pressures, the bands are
asymmetric, indicating that multiple components are required for ac-
curate spectral fitting. However, upon pressure increase, the bands
broadened, and some overlapping peaks had to be merged. The fre-
quency positions of the peaks used for fitting at ambient conditions,
along with their assignment, are included in Table 1.

The peak positions obtained from the fitting are plotted as a function
of pressure in Fig. 6. Solid and open symbols represent measurements
during pressure increase and decrease, respectively. Since pressure
application causes peak broadening and apparent merging of some
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pressure increase to confirm its hydrostatic behavior.
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Fig. 5. Representative Raman spectra of keratin under pressure. Fitting of the (left) C—H deformation and amide-I bands, at ca. 1455 and 1670 cm ™
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1800

L respectively,

and (right) the C—H stretching band centered at ca. 2935 cm ™. Solid circles, thin, and thick lines correspond to the experimental data, the individual peaks used for
the fitting, and the overall fitting curve, respectively. Vertical dotted lines mark the peak positions at ambient conditions.

peaks, the centroid of selected peak pairs is also plotted. At low pres-
sures, these centroids, calculated as weighted averages of the contrib-
uting peak positions taking into consideration their integrated areas,
follow the dependence observed at higher pressures in the case of C—H
deformation and amide-I bands. Similarly, for the C—H stretching band
shown in Fig. 6 (right), the grey circles represent the centroid of the Pg
and Py peaks. The pressure coefficients for each individual peak are
listed in Table 1. Overall, the pressure-induced deformation of keratin
appears to be reversible up to 4 GPa, as evidenced by the similar trends
observed during pressure increase and decrease. It should be mentioned
that the strongest Raman peaks of the PTM, marked with asterisks in
Fig. 4, were also monitored across the pressure range. Their smooth

response suggests a quasi-hydrostatic pressure behavior of the PTM.

In all cases, the Raman peak frequencies exhibited a linear increase
with pressure. The least pressure-sensitive peak was the one corre-
sponding to the deformation modes of C—H groups (P1,2). Compared to
their stretching modes (represented by Pg, the dominant peak in the
C—H stretching band), they appear to be about four times less sensitive
upon volume reduction. As far as the amide-I band is concerned, a
positive pressure slope was found, reflecting its sensitivity to protein
conformation and H-bonding. The a-helix secondary structure in keratin
is stabilized by means of H-bonds (—N—H~O—C—) between the
carbonyl oxygen of one AA and the amino group hydrogen of another
one, typically four residues apart. In our data, the amide-I band required
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Table 1
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Assignment of the peaks used for the fitting of the keratin’s Raman spectra [53-61], their frequencies at ambient pressure along with pressure coefficients. For
comparison, the respective values for collagen using the same Fluorinert mixture as PTM are also included [40]. § and v denote deformation and stretching modes,

respectively.
Peak Vibrational mode Keratin Collagen”
o(cm™H) 0w/0P olem™) Ow/0P

(ecm™~'/GPa) (ecm™~!/GPa)
P1 ) ) . 1446 1451 2.4+0.8"
P2 8(CHy), 8(CH3) in AA side chains 1464 1.7 £ 0.3 1465 23403
P3 UCC)aromatic 1612 22+0.5 - -
P4 Amide-I (a-helix) 1655 29404 1656 —-2.5+0.6
P5 Amide-I (B-sheet/p-turns) 1680 : ’ 1675 -1.24+0.6
P6 vs(CH3) 2878 7.0 £0.7 2882 10.8 + 0.6
P7 Vas(CHz) 2911 6.2 +£0.3 - -
P8 Vas(CH2)/ v(Cy-H) 2936 6.5+ 0.4 2938 6.6 + 0.3
P9 Vas(CH2) Glu/GIn® 2965 04107 - -
P10 Vas(CHy) Asp/Asn’ 2988 ) ’ 2986 5.5+ 0.7
P11 V(CH) aromatic 3064 7.0+ 0.7 - .

2 For the assignment of collagen’s peaks, refer to [40].
® For P > 2 GPa and ~ 0 for P < 2 GPa [40].

¢ Glu; Glutamic Acid, Gln; Glutamine.

d sp; Aspartic Acid, Asn; Asparagine.

two components, P4 and Ps, for accurate fitting. These peaks are
attributed for a-helical and f-turn structures, with the latter appearing at
higher frequencies due to weak or absent H-bonding [67]. According to
Wang et al. [68], approximately one third of wool keratin adopts an
a-helical structure with the remaining consisting of p-folded chains,
f-angle and random conformations. In general, strengthening of the H-
bond shifts the amide-I band to lower frequencies as it weakens the C=0
bond [69]. H-bond strength increases with shorter H O distances and/
or as the bond angle between the —N—H and O—C groups approaches
180° (linear geometry). The positive slope found for the keratin amide-I
band (2.2 + 0.4 cm™~!/GPa) suggests that C=0 bonds strengthen upon
pressure application. This observation could be attributed to perturba-
tion of the local geometry due to compression, resulting in misalignment
and subsequent weakening of the H-bonds in the keratin chains.
Although the pressure is applied isotropically, keratin exhibits aniso-
tropic compression since the longitudinal and transverse moduli are
different [70].

The high-pressure response of type-I collagen extracted from bovine
Achilles tendon, has also been investigated using Raman spectroscopy
[40]. The pressure slopes of various Raman peaks for collagen are
compared with those of keratin in Table 1. Collagen, like keratin, is a
structural fibrous protein of great significance, which is abundant in
mammalians [71]. A key structural difference between the two proteins
lies in their fundamental building units: keratin forms a coiled-coil
structure, whereas collagen adopts a triple helix configuration [72].
Despite the fibrous character of both proteins, their responses to high
pressure exhibit differences. The most notable one appears in the
behavior of the amide-I band, which exhibits a negative pressure slope in
collagen, opposite to what is observed in keratin. This observation can
be attributed to the different structural role of H-bonds in stabilizing the
respective structures (Fig. 7). In the a-helices of keratin dimers, H-bonds
are formed between —C—O0 and H—N— of the same chain (intrachain)
and parallel to the chain axis, stabilizing the helical conformation [Fig. 7
(a)]. In contrast, collagen features interchain H-bonding: the carbonyl
oxygen (—C=O0) of one chain forms a H-bond with the amide hydrogen
(—N—H) of a neighboring chain with the bond axis oriented nearly
perpendicular to the triple helix axis [Fig. 7(b)]. This network of inter-
chain H-bonds is critical in stabilizing the triple helical structure. In
collagen, the negative pressure slope of the amide-I band has been

attributed to a shortening of the O~'H distance upon pressure applica-
tion, which in turn strengthens the interchain H-bonds [40].

Regarding the C—H modes, the main peak (Pg) of the keratin
stretching band exhibits a pressure slope similar to that of collagen. This
is notable given the distinct AA compositions of the two proteins (side
columns in the heat map of Fig. 8). Despite these compositional differ-
ences, the hydrostatic pressure appears to induce comparable effects on
the micro-environment around these groups. However, this similarity
does not extend to the other peaks comprising the C—H stretching band.
In keratin, peaks Pg and Py exhibit pressure slopes similar to that of the
main peak Pg, whereas Py and Py are more sensitive to pressure. In
contrast, for collagen, Pg shows a greater pressure sensitivity than Pjq,
highlighting differences in the molecular environment and mechanisms
of volume adaptation. This suggests that even though the main C—H
stretching mode behaves similarly upon pressure in both biomolecules,
the additional components, linked to the AAs’ side chain vibrations,
respond differently due to distinct structural contexts. The frequencies
of stretching modes (symmetric, vs; asymmetric, v,s) associated with
—CHgs, —CH> groups, and —C—H bonds in AAs’ side chains and the
C,—H in the peptide backbone, overlap significantly. Typically, they
follow this ascending order [66]: vs(CHy) < Vs(CH3) < va5(CHp) <
Vas(CH3). The C,—H stretching mode frequency is moderately sensitive
to the local chemical environment, including hydrogen bonding, sec-
ondary structure, and intermolecular interactions [75].

For a better interpretation of the differences in the pressure response
of the C—H stretching bands of collagen and keratin, a comparison in
their AA composition is essential. For that purpose, a heat map was
constructed (Fig. 8), based on Raman spectra of individual proteino-
genic AAs recorded at ambient conditions. As a first step, an XYZ matrix
was generated, where Y corresponds to the AA, X to the Raman shift, and
Z to the intensity of each spectrum, normalized by its total integrated
area. The Raman spectra of keratin and collagen, recorded at ambient
pressure, are shown on the top of the heat map. Additionally, Table S1
(Supplementary Material) provides the number of CH, (n = 1,2,3)
groups present in the side chain of each AA. It should be noted that the
frequencies of the vibrational modes corresponding to the side chains of
the AAs may shift upon incorporation into a macromolecular structure.
Shifts of up to 10 cm ! have been reported [75].

Collagen’s main AA constituents are Glycine (Gly), Proline (Pro)/
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Fig. 7. (a) Molecular structure of a-keratin dimer. Hydrogen bonds, shown as
thick dotted lines, are present in every pitch within one a-helix and are oriented
almost parallel to the helix axis. (b) Molecular structure of type-I collagen.
Hydrogen bonds, shown as thick dotted lines, are formed between different
chains, contributing to the stabilization of the triple helix. Structures were
obtained from Protein Data Bank (PBD IDs: 6ECO and 7CWK) [73,74].

Hydroxyproline (Hyp) and Alanine (Ala) [71], which contribute to a
prominent shoulder peak at ~2980 cm ™! (P1o) in the Raman spectrum.
Pro/Hyp are secondary amine AAs that contain a pyrrolidine ring
imposing conformational rigidity. Due to steric constraints, Gly residues

are positioned in the interior of the collagen triple helix, whereas Pro,
Hyp and Ala are in the exterior. In contrast, keratin’s major components
include Glutamic acid/Glutamine (Glu/Gln) and Cysteine/Cystine (Cys/
Cys-Cys), whose Raman bands appear at lower frequencies (Fig. 8). This
difference likely explains the lower frequency maximum observed in the
C—H stretching spectral region of the keratin spectrum compared to that
of collagen. Furthermore, keratin’s higher Tyr content results in a
stronger contribution to its spectrum at 3050 cm ™! and 1612 cm ™. In
the a-keratin coiled-coil, CHs groups are located predominantly in the
interior of the dimer due to hydrophobic interactions [24,29]. A
reasonable hypothesis arising from this arrangement is that the locally
applied pressure on most CHz groups, with the exception of methyl
group from threonine (Thr), is effectively reduced since these hydro-
phobic residues are buried in and between dimers. This may account for
the lower pressure slope of Pg (associated with methyl group vibrations)
compared to Pg 19, which correspond to v,5(CHz) modes of AAs located
in the methylene-rich exterior of the keratin dimers.

4. Conclusions

The response of a-keratin extracted from sheep wool under hydro-
static pressure was investigated using Raman spectroscopy. A non-polar
pressure transmitting medium (Fluorinert mixture) was employed to
avoid interactions with the protein. Overall, the compression up to 4
GPa was found to be a reversible process, indicating that no denatur-
ation occurred within this pressure range. Furthermore, the absence of
hysteresis in keratin’s deformation upon pressure release confirms its
elastic behavior at the molecular level. The Raman bands that could be
monitored (i.e., those not overlapping with the signal from the PTM or
the DAC) showed a linear pressure dependence. Notably, the C—H
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stretching vibrational modes were found to be almost four times more
sensitive to compression than the C—H deformation modes. The positive
pressure slopes observed for all studied Raman bands suggest a general
stiffening of the C—H and peptide bonds (the amide-I is dominated by
the C=O stretching vibration) upon compression. The amide-I fre-
quency is highly sensitive to H-bonding. In a-helices, approximately one
H-bond per AA residue is formed, oriented nearly parallel to the helix
axis [2]. Upon hydrostatic compression, the C—=0O bond appears to
strengthen, which implies a weakening of the H-bond, likely due to
geometrical distortion that reduces the linearity of the O “H—N
arrangement. This behavior contrasts with that of type-I collagen, where
the amide-I band exhibits a negative pressure slope. In collagen,
hydrogen bonds are formed primarily between adjacent chains in the
triple helix, oriented perpendicularly to the helical axis. Compression in
this case shortens the O''H distance, thereby strengthening the H-bonds.
Finally, the different pressure slopes of the C—H stretching band com-
ponents in keratin are attributed to variations in the local molecular
environments. More specifically, most methyl groups reside within the
hydrophobic interior of the coiled-coil keratin dimers, where they are
shielded from direct compression. This spatial arrangement explains the
lower pressure sensitivity of certain C—H modes compared to others

located in the methylene-rich exterior.
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