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ABSTRACT: Human scalp hair contains keratin proteins, lipids, and other biochemical
constituents that may provide useful molecular information for forensic analysis. This
study aimed to characterize the spectral profile of human scalp hair using attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and evaluate spectral
similarities and vatiations among individuals with different demographic characteristics
and scalp conditions. Nine hair specimens collected from five males and four females
across different age groups and scalp conditions were analysed using a PerkinElmer
Spectrum Two FT-IR spectrometer equipped with a diamond ATR crystal. Spectral data
were acquired over 4000-400 cm™ at a resolution of 4 cm™ using 32 co-added scans,
followed by baseline correction, normalization, and ATR correction. The spectra
consistently demonstrated characteristic absorption bands corresponding to Amide I
(1630-1634 cm™), Amide II (1513-1537 cm™), Amide III (1232-1236 cm™), and lipid-
associated CHj stretching vibrations (2920-2923 and 2851-2856 cm™). Comparatively
greater spectral variation was observed within the 1200-900 cm™ fingerprint region,
whereas the major spectral features were broadly similar between male and female
specimens. The specimen from an individual with androgenetic alopecia retained the
principal absorption features observed across the dataset. These preliminaty findings
suggest that ATR-FTIR spectroscopy may offer a rapid and minimally destructive
approach for molecular characterization of human scalp hair. Further studies involving
larger cohorts, replicate measurements, and quantitative chemometric analyses are
necessary to establish its reproducibility and forensic applicability.

Human hair is a unique and durable biological matrix that retains molecular and biochemical information over extended periods,

making it relevant to retrospective biological and chemical investigations . It is a keratinized tissue produced by the hair follicle

and is composed predominantly of a-keratin proteins arranged in a highly organized hierarchical structure, together with water,
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melanin pigments, structural lipids, and surface-associated lipids (Bragulla & Homberger, 2009; Yang et al., 2014) . The cortex,
which constitutes the major portion of the hair fiber, contains closely packed keratin intermediate filaments stabilized by
disulfide cross-links, whereas the cuticle consists of overlapping layers that contribute to the mechanical integrity and protection
of the fiber (Fernandes et al., 2023; Malinauskyte et al., 2021) . This complex molecular organization allows hair to preserve
biochemical features associated with both endogenous biological processes and exposure to external influences (Florou et al.,
2025; Philipsen et al., 2021) .

The biochemical and structural characteristics of hair can vary according to intrinsic factors such as sex, age, genetic background,
ethnicity, and endocrine status, as well as extrinsic factors including cosmetic treatments, ultraviolet radiation, environmental
exposure, nutritional status, and lifestyle practices (Boo, 2024; Hussein et al., 2025) . Sex-related variation in hair characteristics
has therefore received attention in forensic, cosmetic, endocrinological, and biomedical research (Cedirian et al., 2025) . Previous
studies have reported differences between male and female hair fibers in parameters such as fiber diameter, tensile properties,
growth characteristics, lipid distribution, and surface morphology(Abed et al., 2024; Kaleta et al., 2021) . These differences may
reflect variation in hair morphology, biochemical composition, follicular biology, and environmental or cosmetic exposure.
Hormonal factors, including androgenic and estrogenic signalling, may contribute to some aspects of hair-follicle and hair-fiber
biology; however, the relative contribution of hormonal and non-hormonal factors remains context-dependent (Grymowicz et
al., 2020; SzollGsi et al., 2017) .

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy is a useful analytical approach for the
molecular characterization of biological materials because it requires minimal sample preparation and enables rapid, non-
destructive spectral acquisition (Cruz et al., 2016; Hu et al., 2012) . The technique provides vibrational information associated
with functional groups present in proteins, lipids, carbohydrates, and other molecular constituents (Zhou et al., 2024) . In hair
analysis, the limited penetration of the ATR evanescent wave enables interrogation of the near-surface region of the hair fiber,
including the cuticle and outer cortical regions, which may be influenced by biochemical composition and external exposure
(Kalmodia et al., 2015; Mitu, Cerda, et al., 2023) . ATR-FTIR therefore provides an opportunity to examine the characteristic

molecular features of hair and to assess similarities and differences among individual samples (Portaccio et al., 2023) .

When combined with appropriate spectral preprocessing and analytical approaches, ATR-FTIR spectroscopy can generate
molecular spectral profiles that reflect the major biochemical constituents of human hair (Zhao et al., 2023) . Such profiles may
be relevant to forensic investigations in which hair is encountered as trace biological evidence and to biomedical studies
investigating variation in hair composition(Chatterley et al., 2022; Mehra & Chadha, 2020) . Although spectroscopic approaches
have increasingly been applied to hair research, studies specifically examining the ATR-FTIR spectral characteristics of human
scalp hair across different individual and scalp conditions remain limited (Ji et al., 2020; Swamy et al., 2025) . Establishing well-
characterized reference spectra is therefore important for understanding the molecular features and sources of spectral variation
observed in human hair (Gvazava et al., 2023; Malek et al., 2014) .

The present work employed ATR-FTIR spectroscopy to characterize the molecular fingerprint of human scalp hair obtained
from individuals with varying scalp conditions (Dragojlov et al., 2025; Pienpinijtham et al., 2018) . Particular emphasis was
placed on identifying characteristic absorption bands and spectral features associated with major biochemical constituents of
hair, including keratin proteins, lipids, and sulfur-containing compounds (Sharma et al., 2020; Zha et al., 2019) . Qualitative
comparisons were also undertaken to examine the observed spectral features among samples representing different scalp
conditions, including dandruff, mild hair fall, and clinically confirmed androgenetic alopecia (Holman & Kurouski, 2023a; Madel
et al,, 2016) . Through ATR-FTIR-based molecular profiling, the study provides preliminary observations of the spectral
characteristics of human scalp hair and establishes a basis for further investigation using larger sample sets and quantitative
analytical approaches (Mitu, Trojan & Halamkova 2023; Javarappa, ... & 2026 ) .

2. MATERIALS AND METHODS
2.1 Hair Sample Collection and Preparation

A total of nine human scalp hair samples (five males and four females) representing different age groups and scalp conditions,
including healthy individuals, dandruff, mild hair fall, and clinically confirmed androgenetic alopecia, were included in this
research work. Hair samples measuring 3-12 cm in length were collected from the posterior vertex and occipital regions of the

scalp. Fresh hair strands were plucked using sterile gloves to minimize contamination and immediately subjected to analysis.
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The samples were cut into small, uniform segments to ensure optimal contact with the ATR crystal surface. Intrinsic factors
such as age, sex, and scalp condition were noted, detailed information regarding extrinsic factors, including cosmetic treatments,

medication use, and environmental exposures, was not systematically documented.
2.2 ATR-FTIR Spectroscopic Analysis

ATR-FTIR analysis was performed using a PerkinElmer Spectrum Two FT-IR spectrometer equipped with a diamond ATR

1 1

crystal. Spectra were acquired over the 4000-400 cm™ range at a 4 cm™ resolution using 32 co-added scans per sample. A
constant pressure of about 70 psi was applied to ensure adequate sample-crystal contact, and background spectra were recorded
before each analysis. Spectral preprocessing, including baseline correction, normalization, and ATR correction, was catried out
using Spectrum 10 software. Functional group assignments were made based on characteristic absorption bands and

comparison with published literature.
2.3 Statistical Analysis

Due to the exploratory nature of the study and the limited sample size (n = 9; 4-female and 5-male), data interpretation was
primarily descriptive. Associations between spectral features, scalp conditions, and follicular integrity were qualitatively assessed
through comparative evaluation of ATR-FTIR profiles.

3. RESULTS AND DISCUSSION
3.1 Spectral data interpritation

The demographic, morphological, and sampling characteristics of the nine human scalp hair specimens are illustrated in Table
1. The study included specimens from different age groups and scalp conditions, comprising healthy hair, dandruff, mild hair
fall, and one clinically confirmed androgenetic alopecia (AGA) specimen. Hair thickness ranged from 68 to 88um, and
specimens were collected from either the posterior vertex or occipital region. The ATR-FTIR spectra obtained from all nine
specimens are presented as an overlay in Figure 1, demonstrating the overall spectral characteristics and inter-individual
variation observed within the study population. Across the analysed specimens, the spectra exhibited broadly comparable major
absorption features. A broad absorption band within the 3600-3200 cm™ region was consistently observed and was assigned
to overlapping O—H and N—H stretching vibrations. Distinct absorption bands were detected at 2920-2923 and 2851-2856
cm™?, corresponding to asymmetric and symmetric CHj stretching vibrations, respectively. The principal protein-associated
absorption bands were observed at 1630-1634 cm™ and 1513-1537 cm™, corresponding to Amide I and Amide II vibrations,
respectively. Additional bands occurting at 1450-1456 cm™ were associated with CH,/CHj3 deformation vibrations, whereas
the absorption features at 1232—1236 cm™ corresponded to Amide III or peptide-associated vibrations. The major spectral
regions and their corresponding molecular assignments are summarized in Table 2, while the characteristic absorption
frequencies identified for individual specimens are presented in Table 3. Greater spectral variation was observed within the
fingerprint region extending from approximately 1200 to 900 cm™. Several specimens exhibited absorption bands between
1042 and 1081 cm™, which were associated with C—O-containing and other overlapping molecular vibrations. Additional weak
absorption features were observed between 950 and 970 cm™ in selected specimens. Owing to the potential overlap of multiple
molecular contributions within this region, these spectral features were interpreted with caution and were not assigned to a
single specific molecular component. The spectra of the female specimens (F1-F4) are presented in Figure 2, while those of
the male specimens (M1-Mb5) are presented in Figure 3. Both groups displayed the principal absorption regions identified in
the overall spectral dataset, including the characteristic Amide I, Amide II, Amide III, and CHz-associated bands. The major
spectral profile was therefore broadly conserved across the female and male specimens. The single AGA specimen (M4)
similarly exhibited the principal absorption features observed among the other analysed specimens. No additional major
absorption band unique to the M4 specimen was identified within the analysed spectral range.

Table 1. Morphological and regional characteristics of analysed hair samples across diverse age groups and scalp conditions

Sample code | Age group | Condition Hair  Thickness | Collected region of
(years) (pm) the hair samples
F1 20-25 Healthy 82 Posterior Vertex
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F2 20-25 Healthy 84 Occipital Region
F3 26-30 Dandruff 88 Posterior Vertex
F4 31-35 Healthy 68 Posterior Vertex
M1 18-25 Mild hair fall 75 Posterior Vertex
M2 26-30 Healthy 78 Posterior Vertex
M3 20-25 Healthy 70 Posterior Vertex
M4 36-40 Androgenic Alopecia 69 Posterior Vertex
M5 20-25 Healthy 85 Occipital Region

Table 2. ATR-FTIR spectral regions and their corresponding functional groups in human scalp hair.

Spectral region | Major vibrational assignment Tentative biochemical constituent | Reference
(cm™) in human hair
3600-3200 Broad O-H and N-H stretching | Bound water and hydrogen-bonded | (Brzozka &
vibrations N-H groups associated with keratin Kolodziejski 2017; Li
et al. no date; Mujeeb,
Technol & 2017)
2980-2950 C-H stretching, predominantly CH3 Lipid alkyl chains and aliphatic side | (Li et al., n.d.; Mujeeb
asymmetric stretching chains et al., n.d;
Pienpinijtham et al,
2018)
2930-2900 CH; asymmetric stretching Long-chain aliphatic lipids and fatty- | (Holman & Kurouski,
acid residues 2023b; Li et al;
Mujeeb et al, n.d;
Pienpinijtham et al,
2018)
2860-2840 CH; symmetric stretching Structural and surface-associated lipids | (Pienpinijtham et al.
2018; Holman &
Kurouski 2023b; Li et
al.; Mujeeb et al.)
1650-1620 Amide I; predominantly peptide C=O | Keratin protein backbone and «- | (Pienpinijtham et al.
stretching keratin secondary structure 2018; Holman &
Kurouski 2023b; Li et
al.; Mujeeb et al.)
1550-1510 Amide II; N-H bending coupled with | Keratin and other peptide/protein | (Pienpinijtham et al.
C—N stretching components 2018; Holman &
Kurouski 2023b; Li et
al.; Mujeeb et al.)
*1260-1200 Amide IIT; coupled C—N stretching and | Keratin-associated peptide structure (Pienpinijtham et al.
N-H bending 2018; Holman &
Kurouski 2023b; Li et
al.; Mujeeb et al.)
1100-1000 C-O stretching and other fingerprint- | Carbohydrate-associated components | (Brzézka &
region vibrations and other oxygen-containing molecular | Kolodziejski 2017; Li
groups et al. no date; Mujeeb,
Technol & 2017)
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1080-1030 C-O and, where supported by the | Oxygen-containing  groups and | (Li et al, n.d.; Mujeeb
spectrum, S—O-related vibrations potentially oxidised sulphur-containing | et al., nd,;
species Pienpinijtham et al,

2018)

970-950 Weak bands potentially associated with | Tentative phosphate-associated or | (Pienpinijtham et al.
phosphate-containing or other | other minor molecular components 2018; Holman &
molecular vibrations Kurouski 2023b; Li et

al.; Mujeeb et al.)
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Figure 1. ATR-FTIR spectra of human scalp hair specimens. Overlay of ATR-FTIR spectra obtained from all nine analyzed
human scalp hair samples (F1-F4 and M1-M5), showing the overall similarity of the major absorption bands associated with

protein-, lipid-, and other molecular components of the hair matrix.
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Figure 1. ATR-FTIR spectra of human scalp hair specimens. Overlay of ATR-FTIR spectra obtained from all nine analysed
human scalp hair samples (F1-F4: A-D and M1-M5:E-I ), showing the overall similarity of the major absorption bands

associated with protein-, lipid-, and other molecular components of the hair matrix.

Table 3. Characteristic ATR-FTIR absorption frequencies of female and male human scalp hair specimens. Observed peak

positions (cm™") and their corresponding vibrational assignments are presented for samples F1-F4 and M1-M5.

Hair | Spectral region (cm™) zfgsgonal Reference
O-H/N-H
stretching, C-
Ha/C-H, (Brzézka &
aliphatic C-H L
stretching, Amide KOlOdZ?e]SkJ
Fi 3279,2976,2922,2854,1634, 1(C=0) ;‘Xmide I 2017; Lietal. no
1516,1456,1392,1233,1047,1018. ’ date;  Mujeeb,
<N_H)’ CHZ/C,H3 Technol &
bending, Amide 2017)
111, C-O
Stretching, S—
O/C-0 vibrations
Broad O-H/N-H
stretching,
aliphatic C-
H,/C-H (Li et al, nd;
3279.2922,2852,1632,1529, streiching, Arn%de Mujeeb et al,
F2 145012321042 I(C=0), Amide | n.d;
’ ’ ’ II(N-H), Pienpinijtham et
CH,/CHj al., 2018)
bending,  Amide
111, Cc-0O
stretching
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Broad O-H/N-H
stretching, C-
H3/CH; aliphatic
C-H  stretching, Hol
Amide  1(C=0), §<uiomu:12
é}n{l:iGCHSH(N_H)’ 2023b; Li et al;
g Mujeeb et al,
bending, CH; nd.
bending,  Amide Pienpinijtham et
L C=0-C ) 2018)
stretching, S—
O/C-O
vibrations, PQO,3~
vibrations

&

3276,2981,2923,2854,1630,
F3 1513,1453,1390,1236,1159,
1018,959.

Broad O—H/N-H,
C-H aliphatic
stretching, Amide L
1(C=0),  Amide (Pienpinijtham
TI(N-H) et al. 2018;
’ Holman &
CH,/CH; .
bendi CH Kurouski
cnding, .3 | 2023b; Li et al;
bending,  Amide ecb ct al
o 5-0/C-0 Mujeeb et al.)
vibrations,PO43~
vibrations

3280, 2923, 1633, 1516, 1451,

4 1392, 1235, 1079, 954.

Broad O-H/N-H
stretching,
aliphatic C-H
stretching, Amide
3279, 2923, 2856, 1631, 1516, 1453, | I(C=0),  Amide
M1 1384, 1235, II(N-H),
CHz/CHg
bending, Amide
111, Cc-O
stretching, C-
1081, 964. S/C—C vibration

Broad O-H/N-H
stretching,
aliphatic C-H | (Pienpinijtham
3280. 2923. 2854. 1634 stretching, Amide [ et al. 2018;
o I[(C=0), Amide | Holman &
II(N-H), Kurouski
CH,/CH; 2023b; Li et al,;
bending,  Amide | Mujeeb et al.)

1515, 1451, 1392, 1236, 11, s-O0 / C-O
1071 stretching

Broad O-H/N-H | (Pienpinijtham
stretching, et al  2018;
3280, 2921, 2851,1633, 1537, 1453, | aliphatic C-H | Holman &
1392, 1233, 1050. stretching, Amide | Kurouski
I(C=0), Amide | 2023b; Li et al;
II(N-H), Mujeeb et al.)

(Pienpinijtham
et al.  2018;
Holman &
Kurouski
2023b; Li et al,;
Mujeeb et al.)

M2

M3
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CH,/CHj3
bending,  Amide
111, C-O
stretching
Broad O-H/N-H
stretching, ,
aliphatic . C-p1 | (Broozka &
stretching, Amide Kolodzicjski
3280,2920, 2852, 1634, 1520, 1456, _ ’ . 2017; Li et al. no
M4 I(C=0), Amide A
1234, 1042 I o CH date;  Mujeeb,
(Nf ), .2 | Technol &
bending,  Amide 2017)
111, C-O
stretching
O-H/N-H
stretching, C-
H3/C-H,
aliphatic C-H . .
stretching, Amide g{‘l,etb al, n'i"
A5 | 3280,2981,2923, 1634, 1516, 1453, [ [(C=0),  Amide n(‘;’f*e ct a.,
1392, 1233, 1074, 965. II(N-H), L0
CH,/CH Pienpinijtham et
2103 . al., 2018)
bending, = Amide
111, C-O
stretching, PO4*”
vibrations

3.2 Discussion

The ATR-FTIR spectra demonstrated a broadly conserved molecular profile among the nine human scalp hair specimens
analysed. The major bands were associated with protein, lipid, and other molecular components of the hair matrix, consistent
with previous FTIR studies of human hair and keratin-based materials (Mujeeb, Technol & 2017 no date) . The bands at
approximately 1630-1634 cm™ and 1513-1537 cm™ corresponded to Amide I and Amide II vibrations, respectively, reflecting
the protein-rich nature of the hair samples (Brzézka & Kolodziejski, 2017; Li et al., n.d.) . The CHj stretching bands around
2920-2923 and 2851-2856 cm™ were consistent with aliphatic lipid-associated components (Al-Kelani & Buthelezi, 2024;
Holman & Kurouski, 2023b) . The Amide III/peptide-associated region around 1232-1236 cm™* further supported the presence
of keratin-associated molecular features. Larger differences occurred within the 1200-900 cm™ of the fingerprint region, where
overlapping contributions from several functional groups could possibly occur. Although some bands in this region may be
associated with sulphur-containing or oxidised sulphur species, ATR-FTIR alone does not allow definitive identification of

specific sulphur-containing compounds. Consequently, these assignments were regarded as provisional (Kathiresan &
Meenakshisundaram, 2022) .

Comparison of the spectra in Figures 2 and 3 showed that the major spectral features were broadly similar between the female
and male specimens. However, due to the limited sample counts, these observations do not establish sex-specific spectral
differences. Similarly, the single AGA specimen (M4) displayed the major spectral features observed across the dataset. Since
only one AGA specimen was analysed, this observation cannot be considered representative of AGA or used to identify a
condition-specific spectral signature. From a forensic perspective, the present findings demonstrate the feasibility of obtaining
a rapid and minimally destructive molecular profile of human scalp hair using ATR-FTIR spectroscopy. The present findings
demonstrate the potential of ATR-FTIR spectroscopy for rapid, minimally destructive characterization of the molecular features
of human scalp hair and provide a preliminary spectral reference for future forensic investigations. The consistent identification
and characterization of protein- and lipid-associated bands across the analysed male and female specimens supports the
significance of ATR-FTIR as an initial screening and profiling approach for hair samples. Although the present dataset is limited
by the limited sample size, unequal representation of scalp conditions, and inclusion of only one clinically confirmed

androgenetic alopecia (AGA) specimen, these findings provide a foundation for subsequent studies involving larger and more
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diverse cohorts. Future investigations incorporating replicate measurements, standardized documentation of external hair
treatments and exposures, multiple AGA cases, and quantitative chemometric analysis may further determine the reproducibility
and forensic applicability of the observed spectral variations. Accordingly, the present study should be regarded as an initial
characterization study that establishes a basis for more extensive validation of ATR-FTIR-based molecular profiling of human
scalp hair.

4. CONCLUSION

he present study demonstrates the feasibility of ATR-FTIR spectroscopy as a rapid and minimally destructive approach for
characterizing the molecular features of human scalp hair. Across the nine analyzed specimens, consistent spectral features
corresponding to keratin-associated Amide I, Amide II, and Amide III vibrations were observed, together with lipid-associated
C—H stretching bands and variable features within the fingerprint region. The overall similarity of the major spectral profiles
indicates that ATR-FTIR can provide a characteristic molecular representation of human scalp hair, while the observed
variations highlight the complexity of the hair matrix and the influence of individual and scalp-related factors. The findings
provide preliminary spectral observations that may serve as a reference for future forensic and biomedical investigations
involving hair analysis. However, interpretation is limited by the small sample size, unequal representation of scalp conditions,
and inclusion of only one clinically confirmed androgenetic alopecia specimen. Therefore, the present findings should be
considered exploratory rather than population-level evidence. Further studies involving larger and well-characterized cohorts,
multiple AGA specimens, replicate measurements, standardized documentation of external exposures, and quantitative
chemometric analysis are warranted to establish the reproducibility and forensic applicability of ATR-FTIR-based molecular
profiling of human scalp hair.
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