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Abstract 

The central shaft of a bird’s flight feather bears most of the aerodynamic load during 
flight and exhibits some remarkable mechanical properties. The shaft comprises two parts, 
the calamus and the rachis. The calamus is at the base of the shaft, while the rachis is the 
longer upper part which supports the vanes. The shaft is composed of a fibrous outer cortex, 
and an inner foam-like core. Recent nanoindentation experiments have indicated that reduced 
modulus values, Er, for the inner and outer regions of the cortex can vary, with the Er values 
of the inner region slightly greater than those of the outer region. 

In this work, Raman spectroscopy is used to investigate the protein secondary 
structures in the inner and outer regions of the feather cortex. Analysis of the Amide I region 
of Raman spectra taken from four birds (Swan, Gull, Mallard and Kestrel) shows that the β-
sheet structural component decreases between the inner and outer region, relative to the 
protein side-chain components. This finding is consistent with the proposal that Er values are 
greater in the inner region than the outer region.  

This work has shown that Raman spectroscopy can be used effectively to study the 
change in protein secondary structure between the inner and outer regions of a feather shaft. 
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Introduction 
Avian feathers are uniquely complex integumentary structures in vertebrates [1–3]. 

Feathers first evolved around 200 million years ago amongst theropod dinosaurs, and 
although not initially used for flight, these structures were first exapted for passive gliding 
and later for active flapping. Flapping flight means that modern bird feathers must not only 
be light but, also stiff enough and strong enough to withstand considerable aerodynamic 
loading. Biomechanical work has shown that the central shaft of a feather is ‘over-
engineered’[4]; shaft safety factors are orders of magnitude higher than they need to be. 
Although all parts of a flight feather have been subject to evolutionary pressures to become 
stiff and strong, the central shaft is the part of the feather which resists the most load and 
exhibits some of the most remarkable mechanical properties. The central shaft is composed of 
two parts, the calamus and the rachis (Figure 1). The rachis, which comprises ~75% of the 
shaft length, is the distal, extracutaneous part of the shaft to which vanes attach. It supports 
the vanes and exhibits complex cross-sectional geometry [5], with the diameter of the rachis 
tapering from the proximal end to the distal end. The shaft consists of a fibrous outer cortex 
and a foam-like core, the medulla. The fibrous cortex makes up the bulk of the shaft and has 
been shown to account for nearly all of its tensile strength when subject to longitudinal 
stresses [6,7]. If, on the other hand, the shaft is squeezed transversely, these stresses are 
resisted by the medulla [8,9] and the cortex helps only by holding the core together. In 
application, then, the cortex resists bending loads and the medulla prevents buckling. The 
calamus is the remaining proximal region which inserts into the wing, it has a simple sub-
circular cross section and no medulla.  

The major components of feathers are α- and β-keratin, which are encoded in 
multigene families [10]. β-keratin adds more rigidity than α-keratin. Cellular and 
biochemical studies have shown that α-keratin has played an important role in the early 
formation of the rachis, barbs, and barbules [10]. The exact structure of feather keratin 
remains unknown, although a reasonable model for the dominant protein secondary structure 
has been proposed based on X-ray diffraction data [11,12]. Results show that feather keratin 
is tightly packed in β-sheets into a coiled polypeptide chain that exhibits a high degree of 
disulphide cross-linkages, hydrophobic interactions, and hydrogen bonds [13,14]. This 
confers mechanical strength and chemical resistance,  and  the structure is largely insoluble 
due to the disulphide bridges. Structural studies have shown that in birds the β-keratin chain 
is typically 100-200 molecules long and contains a central conserved region of about 34 
residues. This is believed to adopt a twisted antiparallel β-sheet conformation with three 
central strands and two partial outer strands [11,15,16]. Attached to the central region (or 
domain) are Amino-terminal and Carboxy-terminal domains. In the Amino-terminal domain, 
there are two subdomains (A and B) while in the Carboxy-terminal domain two subdomains 
(C and D) have been identified. Subdomain B is not present in birds. The central domain of 
the β-keratin chain is rich in β and turn structures, and the rest of the structure contains 
mainly random coil units with some β-propensity. The most likely β-containing region in the 
feather shaft, apart from the conserved central 34-residue domain, is the variable length 
segment C, with its potentially β-favouring sequence repeats [15,17,18]. 

 Up to ~30% of the shaft length, the cortex has been shown to have two major layers; 
the thickest forms ca. 85% of the cortex depth and directly overlies the medulla (Figure 1). 
The fibres in this layer are oriented along the shaft long axis and should support most of the  
load of the feather in application. There is also an outer layer which is the remaining cortical 
thickness (ca. 15%), composed of fibres oriented at ca. 90° to the long axis. Crossed-fibre 
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architecture is well-established in animals [19,20] as a way of providing extra strength and 
preventing damage. Further up the shaft, at greater than ~ 30% shaft length (in the rachis), 
there is only one layer and the fibres are axially oriented. This structural information has been 
derived from microbial biodegradation followed by scanning electron microscopy (SEM) 
measurements [3,21–23] , nanoindentation [24], CT scanning [24, 25], and polarised optical 
microscopy [24,25]. Observations with a microscope attached to the Raman spectrometer 
used in this work show this to be true of all feathers presented in this study.  

Recently, we studied the shafts of a number of birds using nanoindentation [24]. The 
results, obtained for samples cut at 30% of the shaft length which had inner and outer layers, 
showed a clear mechanical anisotropy between the inner and outer layers which was caused 
by a change in fibre orientation. The reduced modulus, Er, for the inner layer was greater than 
that for the outer layer when comparing nanoindentation measurements parallel to the fibre 
axis as well as when comparing them perpendicular to the fibre axis. Also, for the thicker 
inner layer, the reduced modulus Er for the inner part was greater than that for the outer part 
[24]. These changes might be explained by differences in protein secondary structures. 

Infrared (IR) and Raman spectroscopy are two preferred methods currently used to 
investigate secondary protein structure [26–29] and are thus suitable tools to further 
investigate these Er observations. The vibrational signature of a protein amide group is very 
sensitive to polypeptide backbone conformation and, as a result, provides direct quantitative 
information regarding secondary structure. Differences in amide group geometric orientation 
and the environment for α-helix, β-sheet, and β-turn as well as random coil structures in 
proteins lead to differences in amide vibrational absorptions. Raman spectroscopy also has 
several advantages over IR spectroscopy in the investigation of protein secondary structures. 
First, sampling is much easier and Raman is capable of much greater spatial resolution [30]. 
The Raman spectrometer used in this work was fitted with a confocal microscope which 
allowed areas of ~ 4 µm × 27 µm to be investigated, whereas this spatial sampling was not 
possible with the available IR spectrometer. Secondly, in addition to the characterisation and 
study of vibrational transitions of the amide groups, other bands can be seen more clearly in 
Raman spectra. This permits the environment of numerous amino acid side chains to be 
characterised and studied, notably acidic residues [31] and sulphur containing residues [32], 
including disulphide bonds (S-S units). Thirdly, Raman spectra are easily obtained from 
dilute samples in aqueous solution [28,33] or samples which contain water. This is very 
difficult using IR spectroscopy as the water bending vibration absorption (at ~ 1645 cm-1) 
obscures the main amide band (the Amide I band) in the IR spectrum. This is not a problem 
in Raman spectroscopy as the water bending mode has much lower intensity than in the IR 
spectrum.  

Here, Raman spectroscopy is used to investigate the protein secondary structures 
within the inner and outer cortical regions of selected bird shafts. The aim is to address the 
following question: Do the different reduced modulus values of the inner and outer cortical 
regions correlate with differences in protein secondary structures within these regions, which 
contribute to their function and the mechanical properties in a feather shaft? 

 

Materials and Methods 
Bird material 

Species were selected from across the avian phylogeny as different species require 
different material responses from their feathers. The feathers of a Gull in soaring flight, for 
example, do not behave in the same way as those of a flapping Swan or a hovering 
hummingbird. The birds used in this work encompassed a range of different flight styles and 
are as follows: Swan, Gull, Mallard, and Kestrel. The Swan, Cygnus olor and the Mallard, 
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Anas platyrhynchos, are both Anseriformes. This is an ancient group of birds which diverged 
at the root of the avian family tree, the earliest part of this evolutionary radiation. However, 
they exist in very different flight niches. The Swan is among the heaviest of birds (Table 1) 
and requires very stiff feathers when it takes off from the surface of water because it is unable 
to jump. The Mallard only flies short distances and it does so by rapidly beating its wings. 
The common Gull (seagull), Larus canus, is a Charadriiform bird, which is another order 
nested at the root of the avian radiation. The Gull spends a lot of time at sea, in soaring flight 
and with wet feathers. The common Kestrel, Falco tinnunculus is a raptor (bird of prey) 
which evolved later and spends a lot of time hovering into oncoming wind before it dives for 
food.  

 
------------------ 

Table 1 
------------------- 

Sample preparation 
The sample preparation method used here is very similar to that described in our 

earlier nanoindentation study [24]. The longest primary feathers (fourth-most distal) were 
excised from intact wings of four deceased birds. Those birds were the Mute Swan, Cygnus 
olor, the Common Kestrel, Falco tinnunculus, the Common Gull, Larus canus, and the 
Mallard, Anas platyrhynchos. 5 mm sections were removed with a Proxxon Minimot 40 
hand-held rotary saw (Fohren, Germany) at 40% of the shaft length from the base. This was 
above the region where two layers were present in the cortex. 

Replicate sections from the left and right wings were embedded in an 8:1 mix (resin: 
hardener, by weight) of Struers’ EpoFix resin (Catcliffe, UK) inside a cylindrical silicone 
mould. Each sample was ground and polished through a series of lapidary papers to expose 
the shaft cross section, which is illustrated in Figure 1. The surfaces were then given a final 
clean with a tissue soaked in solvent (ethanol) and stored in an enclosed Petri dish in air. The 
inner and outer layers of the cortex were observed in samples cut at up to ~30% of shaft 
length. For samples cut at longer lengths, only one layer, corresponding to the thicker inner 
layer observed at shorter lengths, was present.  

In order to investigate Raman spectra recorded at different lengths along a shaft, the 
same procedure was repeated to prepare samples from nine feathers from three Swans. 
Sections were removed at 20%, 40%, 60% and 80% length of the first, third and fifth most 
distal feathers (P1, P3 and P5) of the right wing.  
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[Figure 1 (Schematic) - caption at bottom of document] 

 
In some cases, a small gap formed between the feather shaft sample and the EPOfix 

resin. This is caused by bubbles in the resin because it shrinks slightly as it cures. In the worst 
cases, on exposure to the laser from the Raman spectrometer, this results in sample burning 
and saturation (even at low laser power) as well as fluorescence in less serious cases. The 
solution is either to grind down the surface past the region of the gap, or to infuse the surface 
with less viscous resin (such as MetPrep [Coventry, England] EPO-Set resin) under vacuum. 
In the worst cases a new sample was required (using MetPrep resin). Removal of bubbles 
from the matrix avoids the burning and fluorescence problem because the excited state 
responsible for the fluorescence readily loses energy to the matrix and the fluorescence is 
quenched.  
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 [ Figure 2 Example of a complete Raman spectrum] 
 
Raman spectroscopy 

Spectra were taken from the inner and outer regions, at dorsal, ventral, leading, and 
trailing positions, from both the left wing and the right wing, cut at 40% shaft length for each 
bird described in Table 1, as well as at 20%, 40%, 60%, and 80% of the shaft length for the 
right wings of the nine Swan feathers in the dorsal and ventral positions. This was done using 
a Renishaw InVia Confocal Raman Microscope (Wotton-under-Edge, UK) equipped with a 
100 mW, diode laser at 785 nm wavelength and with a × 50/0.75 objective (50 is the 
magnification and 0.75 is the numerical aperture). The line-focused laser is (4 ± 1) µm wide 
and (27 ± 2) µm long on the sample. Two layers could be clearly seen, for samples cut at 
20% length, and the laser was positioned in the middle of each layer, using the XY stage and 
the microscope eyepiece. For samples where only one layer was observed (samples cut at > 
~30% shaft length) the laser was positioned close to the inner (or outer) edge of the cortex. 
The spectrometer was calibrated using a silicon standard before each session. Spectra were 
recorded between 3,200 and 100 cm-1. A total of eight accumulations were taken for each 
sample at 10 mW with 60 seconds acquisition time for each accumulation. These parameters 
(power, number of accumulations, acquisition time) were selected after recording test spectra 
in the Amide I and III spectral regions using a range of conditions. The selection of final 
parameters to be used was based on the resolution and signal-to-noise in these test spectra, 
and comparison of R2 values once the spectra had been fitted (R is the correlation coefficient). 
More information on the Raman spectrometer and the selection of parameters used to acquire 
spectra is given in the Supplementary Information (SI) section. 

 
------------------ 

Table 2 [Amide 1 band assignments] 
------------------ 
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[Figure 3 (Amide 1 fit) – caption at bottom of document] 
 

Spectral Regions Investigated and Band Fitting 
 

In the experimental spectra obtained between 3,200 and 100 cm-1 (see Figure 2), 
particular attention was given to the Amide I region (1560-1800 cm-1), the Amide III region 
(1200-1350 cm-1), and the disulphide bond (S-S) region (400-600 cm-1). Assignments made 
in these regions follow those in previous work [27,29,34–41]. See Tables 2-4. 

The Amide I region arises from C-O stretching vibrations. This provides information 
on protein secondary structure in the samples investigated [29,34,36–39]. The Amide III 
region (1200-1350 cm-1) arises from a combination of N-H bending and C-N stretching 
vibrational modes. Previously, this region has also been used to investigate protein secondary 
structure [13,27,38,40], notably in cases where infrared spectra were recorded from protein-
containing samples in solution, where the water bending mode absorption overlaps with the 
Amide I region and makes the Amide I region of limited use. However, in the present work, 
Raman spectra were recorded for solid samples embedded in a resin matrix and in any case, 
the water bending absorption is much less intense in Raman spectroscopy than in infrared 
spectroscopy. Hence both the Amide I and Amide III regions were investigated in this work. 
The Amide II region (1510–1560 cm-1) is also related to transitions of combinations of N-H 
bending and C-N stretching modes. However, the transitions observed in this region 
correspond mainly to change in the H-bonding environment and the Amide II bands are often 
overlapped by bands originating from amino acid side chain vibrations [27,34,42–44]. Hence, 
this region is usually not used for investigating protein secondary structure because the 
correlation between secondary structure and band position is much harder to establish than in 
the Amide I and Amide III regions. The disulphide bond (S-S) region provides information 
on the CC-S-S-CC conformation of disulphide bonds in keratin [36], specifically, the 
conformations around the S-S bonds in the cystine groups in the protein. These bands are 
centred at 510, 525 and 560 cm-1. The 510 cm-1 and 525 cm-1 vibrations arise from the CC–
S–S–CC band conformations Gauche-Gauche-Gauche (G-G-G) and Gauche-Gauche-Trans 
(G-G-T) respectively and the 560 cm-1 transition arises from a sulphur-sulphur stretching 
mode coupled with a cystine residue absorption [35,36,41]. It was notable that a vibration 
was expected at 540 cm-1 (assigned to Trans-Gauche-Trans (T-G-T)), but this was not 
observed in any of the samples investigated. 

----------------- 
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Table 3 [Amide 3 band assignments] 
------------------ 

 
 
 
 

[Figure 4 (Amide III fit) – caption at bottom of document] 
 

Experimental spectra were baseline corrected and fitted using a script generated using 
the MATLAB curve fitting toolbox. Following work by other researchers [27,29,34–41], 
Gaussian bands were used in the fitting (with a half-width of 28.2 cm-1). The number of 
Gaussian bands used to fit each region investigated was chosen based on the results of trial 
fits with different numbers of bands, as well as fits performed in these regions by other 
research groups [27,29,34–41]. The Amide I region was fitted with six Gaussian bands. A 
typical fit is shown in Figure 3 and a summary of the band assignments made in this region, 
along with those from previous work is shown in Table 2 [29,34,36–39]. The same fitting 
procedure, also using six bands with the same half-width, was used for the Amide III region. 
A typical fit in this region is shown in Figure 4 and band assignments are shown in Table 3 
[13,27,38,40]. Figure 5 shows a typical fit from the S-S region, which was fitted with 3 
Gaussian bands, again with a half-width of 28.2 cm-1. Band assignments used in this work are 
listed in Table 4 and follow those of refs [35,36,41]. Each band intensity ratio was quoted 
with an error which is derived from the 95% confidence interval of each fit. An explanation 
for the choice of band half-width as 28.2 cm-1 is given in the SI section. 
 
 

------------------ 
Table 4 [SS band assignments] 

-------------------- 
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[Figure 5 (S-S fit) – caption at bottom of document] 

 

Results and Discussion 
 
 In order to investigate possible differences in protein secondary structure between the 

inner and outer regions of the cortices of the shaft samples, band intensity ratios were 
measured in the Amide I, Amide III and disulphide bond (S-S) regions for the four 
selected birds. For the Amide I region (1560-1800 cm-1), the six-band fitting method 
used followed the fits carried out by other groups in this spectral region [27,29,34–
37,40,41]. This method gave a good fit to the experimental spectra (Figure 3). The 
recommended assignments, which are presented in Table 2 (column  68), were made 
based on a review of the assignments made in relevant recent literature [29,34,36,39]. 
The six fitted bands in the Amide III region (1200-1350 cm-1) (Figure 4) and the three 
fitted bands in the S-S (400-600 cm-1) (Figure 5) were assigned in the same way, see 
Table 3 (column 56) and Table 4 (column 5) respectively. 
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[Figure 6  (Amide I band intensity ratios (a)) − caption at bottom of the document] 
 

Figure 6 shows an example of band intensity ratios obtained in the Amide I region for 
a Gull, Kestrel, Mallard and Swan for samples cut at 40% length. It shows the intensity ratios 
for the bands at 1668 cm-1 and 1613 cm-1, which are β-sheet and side-chain bands 
respectively. For this figure, values for feathers from the left (L) and right (R) wings of the 
same bird are shown. This is indicated in the figure by the characters ‘L’ and ‘R’. The ratio 
decreases for all four birds on going from the inner to the outer region. Figure 7 shows an 
example of band intensity ratios obtained in the Amide III region for these Gull, Kestrel, 
Mallard, and Swan samples. It shows the band intensity ratios for the bands at 1262 cm-1 and 
1240 cm-1, which are random coil and β-sheet bands respectively. It can be seen that the 
experimental errors are greater in Figure 7 than Figure 6, and as a result, no clear trend can be 
seen in Figure 7, although based on the trend seen in Figure 6 an increase in the band 
intensity ratio 1262 cm-1: 1240 cm-1 (random coil:β-sheet) might have been expected on 
going from the inner to the outer region. 

 A Raman spectrum in the S-S region recorded for the shaft of the left wing of a 
Mallard cut at 40% length is presented in Figure 5, above. Three bands were fitted to this 
spectrum with band maxima of 525, 540 and 560 cm-1, which correspond to two different 
conformations of a CC-S-S-CC unit in cystine groups [36](G-G-G and G-G-T) and an S-S 
stretch coupled with a cystine residue absorption respectively [36]. The ratio of the G-G-G 
conformation to the total disulphide bonds has been suggested as a criterion for the stability 
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of disulphide groups in keratin [35,45] and this would indicate that the band intensity ratio 
510 cm-1:525 cm-1 should decrease on going from the inner to the outer region. 
Unfortunately, no trend could be observed for this ratio on going from the inner to the outer 
region as the experimental errors are large. 
 As the signal-to-noise was better in the Amide I region than the Amide III and S-S 
regions, the experimental band intensity ratios in the Amide I region showed the lowest 
experimental errors compared to those in the other two regions (compare for example the 
experimental errors in Figures 6 and 7). As a result, most attention was given to band 
intensity ratios in the Amide I region to investigate possible differences in protein structure 
between the inner and outer regions. Inspection of the Amide I spectrum in Figure 3 shows 
that the bands at 1553 and 1585 cm-1 (assigned to ring modes) are much weaker than the 
other bands at 1613, 1640, 1668 and 1692 cm-1. This was also found in all Amide I spectra 
recorded. Therefore, only the four more intense bands were used to determine band intensity 
ratios, with the intensity of three bands being evaluated relative to the intensity of the 1613 
cm-1 band i.e. the following ratios were evaluated: (a) 1668 cm-1:1613 cm-1 β-sheet: side 
chain, (b) 1640 cm-1:1613 cm-1 α-helix: side chain and (c) 1692 cm-1:1613 cm-1 β-turn: side-
chain. Of these ratios, (a) which involves the β-sheet band at 1668 cm-1 might be expected to 
show the largest change if there is a change in protein structure between the inner and outer 
regions (e.g. an increase in β-sheets from β-keratin) as β-keratin is known to provide more 
rigidity than α-keratin [10]. This proved to be the case on going from the inner to the outer 
regions. Examples of the change of the ratio (a) are shown in Figures 6. These observed 
trends were the same for all four birds with all three ratios decreasing from the inner to the 
outer region. These results indicate that there is more β-sheet in the inner region, than the 
outer region of the cortex, relative to side-chain groups. There was no significant change in 
ratios (b) and (c) on going from the inner to the outer regions, taking into account 
experimental errors (see the SI section).   

Although we have observed that the β-sheet component is larger in the inner region 
than the outer region, it is difficult to determine the reason for this in terms of change in 
keratin structure. An increase of β-keratin in the inner region, relative to the outer region, 
may reflect an increase in segment C in the inner region (caused by larger C segments in the 
different β-keratins present) and/or a greater β-content in the C segments in the same proteins 
[15,17,18]. It might also be caused by different relative fractions of fibre: matrix in each 
region. 
 Band intensity ratios were also measured in the Amide I, Amide III and S-S regions 
for the outer regions of the shafts of the four birds studied in this work at the dorsal, ventral, 
trailing and leading positions at 40% of the rachis length from the base. Again particular 
attention was given to ratios measured in the Amide I region. For the bands (a)-(c) measured 
for these four positions, no trend in the ratios (a) - (c) could be observed between these 
positions and, within experimental error, each ratio was the same in the four positions. 
 The Amide I band intensity ratios (a) - (c) were also investigated at different positions 
along the length of selected shaft samples from Swan feathers, at the dorsal and ventral 
positions. Spectra were taken from cross-sections of Swan shafts at 20, 40, 60, and 80% of 
the length from the base of the shaft at the dorsal and ventral positions. Nine feathers were 
investigated—three feathers (P1, P3 and P5) from the right wings of three Swans (Cygnus 
spp.). Figure 8 shows an example of results obtained for band intensity ratio. Inspection of all 
the results indicates that there is a decrease in ratio (a) on going from the inner to the outer 
regions, but there are no significant changes in these ratios along the length of a shaft or 
between the dorsal and ventral positions.  
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The observed change in ratio (a) from the inner to the outer region of a shaft apply to 
all four of the birds studied and could therefore represent the first report of a new neornithine 
synapomorphy as the trait is observed in a basal order Anseriformes (Swan, Mallard) as well 
the derived order Falconiformes (Kestrel), though more work would need to be done on other 
groups to confirm a neornithine synapomorphy. This would imply that bird feathers adapted 
to a selection pressure before the groups investigated in this paper, or perhaps all extant birds, 
diverged from the root of the avian phylogeny. 
 
  
 

 
 
 
[Figure 7---(example of Amide III band intensity ratios) −caption at bottom of the document] 
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[Figure 8--(Amide I band intensity ratios (a) along the length of a Swan rachis sample, 
caption at bottom of the document] 
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Conclusions 
In this work, Raman spectra were recorded from the inner and outer regions of feather 

shaft cross-sections of four birds; Swan, Gull, Mallard and Kestrel. Spectra were obtained in 
the range 3200-100 cm-1 and were analysed in three regions; Amide I (1560-1800 cm-1), 
Amide III (1200-1350 cm-1) and S–S (400-600 cm-1). For each sample investigated, the 
Amide I region showed the best signal-noise and information on the protein secondary 
structures in the inner and outer regions of the cortex were obtained from these 
measurements. It was concluded that the β-sheet component is larger in the inner region than 
the outer region relative to the protein side chain components. This is consistent with the 
proposal that Er values are greater in the inner region than the outer region. This trend was 
also observed along the length of a shaft, but no significant difference in this behaviour was 
observed at different distances from the base of the shaft or between dorsal or ventral 
positions. 

Therefore, in answering the question — do the different reduced modulus values of 
the inner and outer cortical regions correlate with differences in the protein secondary 
structures within these regions? We conclude that differences in protein secondary structure 
between regions can be observed and they would contribute to the difference in properties of 
these regions. It also makes sense in application for the load bearing inner region to be stiffer 
than the outer region which would prevent buckling. However, this investigation does not 
observe any differences in sections cut at different lengths along a shaft or between different 
feathers on the wing.  

In summary, this work has shown that Raman spectroscopy can be used effectively to 
study the change in protein secondary structure of the inner and outer regions of a feather 
shaft. It is anticipated that with improvement of the technique and sample preparation 
methods that more detail will be derived concerning the protein secondary structures in these 
regions. It would certainly be advantageous  if the Amide III region, as well as the S-S 
region, could be used with the Amide I region, with an internal standard band such as the 
side-chain band in the Amide I region to monitor changes of protein secondary structure. 
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Table 1: 
The birds used in this study. 
 

Common Name Binomial name Flight style Order Typical 
weight 
(g) 

     

Gull Larus canus Soaring Charadriiformes 430 

Kestrel Falco tinnunculus Hovering / 
Soaring 

Falconiformes 180 

Mallard Anas 
platyrhynchos 

Continuous 
flapping 

Anseriformes 1000 

Swan Cygnus lour Fast flapping Anseriformes 10,000 
 
 

Table 2  
Summary of Amide I band assignments in recent literature and in this work (see text). 
 

𝛚𝛚�  
(cm-1) 

 ref. [36] ref. [37] ref. [29] ref. [39] Recommendation 

1553     Ring mode 

1585     Ring mode 

1613   Side chain Side 
chain 

Side chain, 
Ring mode,  

1640  α-helix  α-helix α-helix 

1668 β-sheet β-sheet β-sheet β-sheet β-sheet 

1692   β-turn  β-turn 
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Table 3  
Summary of the Amide III band assignments in recent literature and in this work (see text).  
 

𝛚𝛚�  
(cm-1) 

ref. [27] ref. [40]  ref. [13] Recommendation 

1214 β-sheet   Ring Mode 

1240 β-sheet β-sheet β-sheet β-sheet 

1262 Random coil Random coil Random 
coil 

Random coil 

1283 β-turn β-turn β-turn β-turn 

1313 α-helix α-helix α-helix α-helix 

1341  α-helix  α-helix 

 
 
 

Table 4 
Summary of the S-S region band assignments in the recent literature (Abbreviations: G, 
Gauche; T, Trans) and in this work (see text). 
Labels G-G-G and T-G-T are used to describe CC-S-S-CC conformations around a 
disulphide bond in a keratin protein in a rachis sample; see [36]. 
 

𝛚𝛚�  
(cm-1) 

ref. [36] 

 

ref. [41] ref. [35] Recommendation 

493   G-G-G  

510 G-G-G G-G-G G-G-T G-G-G 

525 G-G-T G-G-T  G-G-T 

540 T-G-T  T-G-T T-G-T 

560   S-S stretch and 
cystine residue 
absorption 

S-S stretch and 
cystine residue 
absorption 
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Captions 

Figure 1: [Feather anatomy schematic] 
(a) A diagram showing the major parts of the feather. The shaft in this diagram has a 

subcutaneous part called the calamus and an extracutaneous part called the rachis.  
(b) This shows that an excised piece of shaft was embedded in epoxy resin and polished to 
prepare the sample for Raman spectra to be taken, from 8 locations in (c) shown by red lines. 
(c) This shows a cross-section of the shaft. 

Two layers of the cortex were observed in samples cut at up to ~30% of shaft length. 
For samples cut at longer lengths, only one layer, corresponding to the thicker inner layer, 
observed at shorter lengths, was present.  
Figure 2 [Example of a complete Raman spectrum] 
Example spectrum from a sample from a Swan, cut at 40% shaft length. It is from the outer 
region of the dorsal position, of a feather (P4) from the left wing. The Amide I, Amide III and 
S-S regions have been assigned and fitted following the method outlined in the text and the 
Supplementary Information (see also Tables 2-4).  
Figure 3: [Amide I Spectrum] An example fit of a spectrum in the Amide I region. The pink 
line is the recorded spectrum, six component Gaussian functions are shown in grey and the 
black line is sum of these six components. The spectrum is from the outer region of the dorsal 
part of the fourth primary feather from the left wing of a Mallard, taken at 40% length from 
the base of the shaft. For the fitted spectrum R2 = 0.997. 
Figure 4: [Amide III Spectrum] An example fit of a spectrum in the Amide III region. The 
pink line is the recorded spectrum, six component Gaussian functions are shown in grey and 
the black line is sum of these six components. The spectrum is from the outer region of the 
dorsal part of the fourth primary feather from the left wing of a Mallard, taken at 40% length 
from the base of the shaft. For the fitted spectrum R2 = 0.977. 
Figure 5: [S-S Spectrum] An example fit of a spectrum in the SS region. The pink line is the 
recorded spectrum, three component Gaussian functions are shown in grey and the black line 
is sum of these three components. The spectrum is from the outer region of the dorsal part of 
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the fourth primary feather from the left wing of a Mallard, taken at 40% length from the base 
of the shaft. For the fitted spectrum R2 = 0.995. 

Figure 6: [Amide I band intensity ratios]                                                                                                             
Band intensity ratios 1668cm-1: 1613 cm-1 in the Amide I region of feathers from a Gull, 
Kestrel, Mallard and Swan cut at 40% shaft length. These bands correspond to β-sheet and 
side-chain respectively. Values for feathers from the left (L) and right (R) wings of the same 
bird are shown, and the order is Inner L, then Inner R; Outer L, then Outer R. This is 
indicated in the graph by the characters ‘L’ and ‘R’ 

Figure 7 [Amide III band intensity ratios] 
Band intensity ratios 1262 cm-1: 1240 cm-1 in the Amide III region of feathers from a Gull, 
Kestrel, Mallard and Swan cut at 40% shaft length. These bands correspond to random coil 
and β-sheet respectively. Values for feathers from the left (L) and right (R) wings of the same 
bird are shown, and the order is Inner L, then Inner R; Outer L, then Outer R. This is 
indicated in the graph by the characters ‘L’ and ‘R’ 
 

Figure 8: [Amide I band intensity ratios]        
Band intensity ratios 1668cm-1: 1613 cm-1 in the Amide I region of feathers from a Swan. 
Spectra were taken from cross-sections of feathers at 20, 40, 60 and 80 % length from the 
base of the shaft, nine feathers were investigated (see text) 
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