
Abstract  
Horsehairs present several common characteristics in their 

chemical composition and molecular structure. The present study 
aims to analyze the physical characteristics of horsehairs belong-
ing to different breeds. Morphological analysis of the horsehair 
fibers was performed using Scanning Electron Microscopy (SEM) 
and molecular structural characterization using the Raman 
Spectroscopy (RS) technique. Horse hairs were collected from 

three different horse groups (group A: mixed-breed; group B: 
Italian saddle; group C: thoroughbred). Each group was constitut-
ed of five horses with a mean body weight of 475±25 kg, aged 
between 12 and 15 years old. SEM images showed differences in 
the surface layer (cuticula) and diameter size of horsehairs 
referred to different breeds. The investigation conducted through 
RS showed differences in the S – O band, located at 1044 cm−1, 
where cysteic acid is one of the amino acid constituents of a-ker-
atin; in CH2 bending mode and CH stretching, located at ~1450 
cm-1 and ~2900 cm-1, respectively. These differences could be
attributed to genetic predisposition or metabolism; they could rep-
resent the real differentiation among the breeds, detectable by
using RS.

Introduction 
Hair is a natural biopolymer composed of proteins, the most 

represented of them is keratin. The hair structure has been well 
investigated, and the molecular structure details and the internal 
hair organization have been revealed by the X-ray diffraction.1 
Four main regions have been identified, cuticle, cortex, medulla, 
and cell membrane complex.2 Starting from the outside, the first 
region is the cuticle constituted by a superimposition of several 
layers of amorphous material.3 Its principal function is to protect 
from the external agent below regions.4 Under the cuticle, an elon-
gated fibrous structure parallel to the direction of the fiber, the cor-
tex, gives the hair mechanical strength and elasticity.5 In the hair 
central portion, it has been identified an amorphous structure with 
a vacuolar architecture, the medulla.6 The main way of diffusion 
of substances into the interior of the capillary fibers is guaranteed 
by the cell membrane complex that makes cohesive cuticular and 
cortical cells.7 

In the last years, several studies involving hairs, in particular 
human hair, were conducted; most of them were focused on hair 
cosmetic treatments, providing information about the characteris-
tics of the fiber and the permeation of different cosmetics.8-10 In 
this context, the color, length, and thickness of horsehairs have 
attracted humans since prehistory, and the artificial selection 
based on human preference enhanced the variation of these phe-
notypes.11 The biological properties of horsehairs were studied for 
medical and cosmetic applications in humans, like the develop-
ment of keratin12,13 and the possibility of using it as a suture mate-
rial in many surgeries.14 For this reason, it is important to under-
stand and investigate hair fiber structure from macroscopic to 
microscopic levels.  

Scanning Electron Microscopy (SEM) found its application in 
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many industrial, commercial, and research fields; in the last years, 
it has been also applied in human hair research.15,16 Another tech-
nique useful for structural analysis is Raman Spectroscopy (RS). 
This technique is based on the inelastic diffusion capacity of laser 
light.17,18 The resulting spectrum reveals the structural characteris-
tics of the sample under examination, providing a fingerprint.19,20 
RS providing essential information about the sample finds applica-
tion in chemistry, physics, biology, and material sciences, and is 
also used as a diagnostic tool in medicine.21-23 Analytical studies 
were conducted on human hair by using RS,24,25 and spectroscopic 
studies have been reported on archeological and ancient hair stored 
in museums.26,27 

To our knowledge, no studies concerning SEM and RS analy-
sis on horsehairs are available in the literature. In this context, this 
study aims to characterize different horsehairs coming from differ-
ent horse breeds by using these techniques.  

 
 

Materials and Methods 
Sample collection and preparation 

Fifteen bay horses of different breeds, divided into three equal 
groups (group A: mixed-breed; group B: Italian saddle; group C: 
thoroughbred), 7 females and 8 males, aged between 12 and 15 
years old, with a mean body weight of 475±25 kg, and not belong-
ing to the same family tree were included in this study. None of the 
females were pregnant.  

For each horse, from 50 to 100 horsehairs were plucked from 
the horse’s forelock, by using medical gloves, and placed in plastic 
bags identified with the id of the horse. No chemical or physical 
treatment was performed on the samples before the analysis. 

 
SEM analysis 

The SEM measurements were conducted with a Jeol JMC-
6000 (Jeol Co., Akishima, Tokyo, Japan). Before the SEM proce-
dure, an adhesive black carbon tab was mounted on the sample 
holder. The “high vacuum mode” (HV) was used. An electron 
beam generated by the electron gun scanned the sample surface in 
the X-Y direction. The SEM measurements were conducted at 15 
kV and a magnification of 300× was used. All images were digi-
tized and stored as Tagged Image File Format (.tiff) files in the 
microscope computer and were not elaborated in any way. 

Diameters of ten different hairs of each breed were measured 
using the SEM Software. For each analyzed sample, three different 
measurements were performed. 

The obtained results are reported as the mean value of the dif-
ferent measurements effectuated on every target sample. 

 
Raman Spectroscopy analysis 

A DXR-SmartRaman Spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA) was used for Raman measurements. A diode 
laser with an excitation wavelength of 785 nm was applied. All 
Raman spectra were acquired over the wavenumber range of 3300–
400 cm−1, with a resolution of about 2 cm−1, and irradiated with a 
laser power of 20 mW, coming out from a 50 µm spot. Before meas-
urements, a standard sample of known wavenumber furnished by the 
manufacturer was used for calibrating the DXR Raman 
Spectrometer. After that, samples, constituted by the 30 – 40 hairs of 
the same horse, were acquired for 30.0 s and averaged over 16 acqui-
sitions (total acquisition time: 8 minutes). For each horse, 3 Raman 
spectra were acquired and for each spectrum, different hairs from the 
same horse have been analyzed. A spline baseline correction was 
performed, to remove the noise due to fluorescence background and 
scattering, and the obtained spectrum was normalized to the pheny-
lalanine peak (center: about 1003 cm-1). The average spectrum was 
stored in SPA format for further analysis. For each breed, no statis-
tical differences were observed among the average spectra. In the 
end, for the A, B, and C groups, we have computed the average spec-
trum and the Standard Deviation (SD), starting from the average 
spectrum of each horse of the same breed.   

 
 

Results 
SEM 

The morphological structure of the horsehair samples was iden-
tified by using SEM technique. In Figure 1 the SEM images of the 
natural horsehair for a representative animal of each group are shown. 

By the image analysis, it is possible to observe no damage in 
the horsehair structure. Among the three groups differences in 
cuticular structure were recorded. The sizes of horsehairs per-
formed by the SEM software are reported in Table 1. Figure 2 
shows the size measurements of the natural horsehair for a repre-
sentative animal of each group. 

 
Raman Spectroscopy 

Samples were obtained to characterize the proteins' sec’ndary 
structure of the horsehairs by the application of RS vibrational 
information on the individual groups and bonds. 
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Figure 1. SEM images of a representative animal of group A: mixed-breed (a); group B, Italian saddle (b); group C: thoroughbred (c).
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Figure 3 shows the similarities among Raman spectra collected on 
different hairs from the same horse, in the three groups. In Figure 4, 
the average Raman spectra and SD obtained from the different horse-
hair breeds are shown. The spectra exhibit the main typical vibrational 
modes. The interpretation and characterization of the spectral data 
were made based on literature28-30 and are reported in Table 2. 

 
 

Discussion 
SEM technique is one of the instruments used to evaluate hair 

microstructure.31 The SEM images showed that the microstructure 

of horsehairs is irregular and rough. In particular, Figure 1 shows 
the superficial layer of the three different horsehair breeds. In 
mixed-breed the cuticle seems compact and packed; in Italian sad-
dle horsehair appears steaked and empty spaces are evident 
between cuticle cells; however, it is worth noting that no perpendi-

                 Article

Figure 2. Size measurements of the natural horsehair for a representative animal of each group. group A: mixed-breed (a); group B, Italian 
saddle (b); group C: thoroughbred (c).

Figure 3. Raman spectra collected on different hairs from the 
same horse belonging to the three different breeds.

Figure 4. Average Raman spectra and SD of group A: mixed-
breed (black line), group B: Italian saddle (red line) and group C: 
thoroughbred (blue line) breeds.

Table 1. Results of dimension measurements related to each horse-
hair analyzed, coming from different breeds. 

Breed                        Diameter size (mean value±SD) µm 

Mixed Breed                                            98.1±2.6 
Italian Saddle                                           79.3±0.2 
Thoroughbred                                         122.8±3.4
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cular cracks are visible. In thoroughbred, cuticle cells are arranged 
around the cortex like roof tiles. In addition, the dimension size of 
the horsehairs was measured and the average diameter size, calcu-
lated from 30 measurements (10 for each horsehairs breeds) high-
lighted thoroughbred has the larger diameter followed by mixed 
bred and Italian saddle breeds. 

Vibrational, rotational, and other low-frequency transition 
information are provided by Raman spectroscopy. Therefore, when 
horsehairs of different breeds are compared by the application of 
Raman spectroscopy, adequate information on biochemical 
changes due to breed is expected. Nucleic acids, lipids, carbohy-
drates, and complex biological systems are identified by Raman 
Spectroscopy32,33 giving a spectral fingerprint of each sample.34 
For this reason, differences in peak position, width, and intensity 
between two or more spectra are used to differentiate the samples 
under investigation.35 

As can be seen from an inspection of Figure 3, no differences 
are evident in the SS stretching region (510 cm-1), in which the 
concentration of cystine in the cuticular layers is higher when com-
pared to the cortical area and medulla;8 in the C-S stretching region 
(665 cm-1); in the amino acid tyrosine region (852 cm-1 and 828 
cm-1); in the region of the α-helix conformation of the protein (932 
cm-1); in the Amide III band (1245 cm-1); in the 1320 cm-1 band 
(CH2 bend) and 1655 cm-1 band, attributed to Amide I (α-helix and 
β-sheet).   

The spectral analysis shows the main differences in the S-O 
band, located at 1044 cm−1, where cysteic acid is one of the con-
stituents’ amino acids of α-keratin; in particular, it is possible to 
observe a lower intensity only in the mixed breed. More evident 
differences are located at 1450 cm-1 band and ~2900 cm-1 band. 
The two bands are related to CH2 bending mode and CH stretch-
ing, respectively. The differences in intensity could potentially be 
explained by several mechanisms. They could be due to a change 
in the coordination structure of the carboxylate group and/or could 
be related to lipid disorganization. In particular, in the band at 1450 

cm-1, the thoroughbred has the major intensity, followed by mixed-
breed and Italian saddle. In the ~2900 cm-1 band, always the thor-
oughbred has a major intensity, but, in this case, it is followed by 
the Italian saddle and then by the mixed-breed one. 

These differences are not joined to the hair color; in fact, the 
main ones responsible for hair color are the melanin pigments 
eumelanin (EM) and pheomelanin (PM). Melanin exhibits a char-
acteristic Raman spectrum. The bands are located at 1220 cm-1 (C 
– OH stretch), 1340 cm-1 (C-N stretch), 1390 cm-1 (C = C aromatic 
structure), 1562 cm-1 and 1598 cm-1 related to C=C vibrations and 
E2g mode, respectively.36,37 

Hair analysis represents an important research field, for human 
hair. It has been used in forensic investigations, medical fields, and 
cosmetic industries.38 In these research fields the main instrumen-
tation used is the microscope for the comparison of hair found.39 
Alternative analytical methods to examine hair are liquid chro-
matography and mass spectrometry used to detect warfare agents 
and numerous abused drugs.40,41 The above techniques are destruc-
tive and time-consuming; for this reason, in the last decade, Raman 
spectroscopy has proven itself an excellent tool for the identifica-
tion of samples. 

 
 

Conclusions 
The present study aimed to physically characterize horsehairs 

from different breeds to observe possible differences from the mor-
phological and vibrational analysis. The characterization was made 
by using SEM and RS techniques, since, to our knowledge, no 
studies of such type are available on these specimens in the litera-
ture. SEM images showed differences in cuticular surface and 
diameter dimensions. RS analysis of horsehairs, coming from dif-
ferent breeds, showed differences in the bands located at ~1044 
cm-1, ~1450 cm-1, and ~2900 cm-1, which can be attributed to cys-
teic acid, CH2 bending mode, and CH stretching, respectively. 
These differences could be attributed to intrinsic or extrinsic fac-
tors, for example, their genetic predisposition or their metabolism, 
and they could represent the real differentiation among the breeds. 
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