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ABSTRACT. Significance: Understanding the optical transmission property of human hair, espe-
cially in the infrared regime, is vital in physical, clinical, and biomedical research.
However, the majority of infrared spectroscopy on human hair is performed in the
reflection mode, which only probes the absorptance of the surface layer.

Aim: The direct transmission spectrum of individual hair without horizontal cut offers
a rapid and non-destructive test of the hair cortex but is less investigated experimen-
tally due to the small size and strong absorption of the hair.

Approach: In this work, we conduct a transmission infrared micro-spectroscopic
study on individual human hair with the help of Fourier-transform infrared micro-
scope experimentally. Its high spatial resolution of infrared micro-spectroscopy
further allows the comparison among different regions of hair. The geometry effect
of the internal hair structure is also quantified using the finite-element simulation,
which supports the experimental results.

Results: By utilizing direct measurements of the transmission spectrum using a
Fourier-transform infrared microscope, the human hair is found to display prominent
band filtering behavior. In a case study of adult-onset Still’s disease, the correspond-
ing infrared transmission exhibits systematic variations of spectral weight as the dis-
ease evolves.

Conclusions: Our work implies that the variation of spectral weight may relate to the
disordered microscopic structure variation of the hair cortex during an inflammatory
attack. Our work reveals the potential of hair infrared transmission spectrum in trac-
ing the variation of hair cortex retrospectively.
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1 Introduction
Infrared light refers to a wide range of electromagnetic radiation with a wavelength longer than
that of visible light. As its spectral range covers the energy of vibrational modes of chemical
bonds, infrared spectroscopy is widely recognized as a powerful approach for the identification
of chemical components and functional materials in physical, chemical, and biomedical
research.1–4 Meanwhile, infrared light excites chemical bonds and evokes various photothermal
and photobiological responses in tissues.5–8 It increases local circulation and relieves inflamma-
tion, gradually becoming an emerging clinical rehabilitation tool known as infrared therapy.9–11

To deliver proper light dosage in the target, such as the abdomen or brain, it is crucial to inves-
tigate and analyze the infrared spectra of cutaneous appendages such as nails and hair.

Hair is fiber-like, with a typical diameter of about 50 to 100 μm, and has strong absorption in
the near- and middle-infrared (NIR and MIR) regimes.12–15 As shown in Fig. 1(a), hair consists of
three parts: a thin protective cuticle layer, a middle cortex layer, and an innermost medulla, each
showing a distinct microscopic structure.14 The complex features pose a challenge to precisely
measure the infrared spectrum of an individual hair. Early works focused mainly on performing
Fourier-transform infrared spectroscopy (FTIR) measurements on a cluster of hairs to enhance
the transmission signals.13 Later, the absorption spectra of one single hair were studied inten-
sively with the development of FTIR microscopy.16–19 The infrared spectrum of hair is intimately
connected with the helix and disorder of the keratin structure. Changes in spectral weight have
been found in hairs that have undergone specific treatments, such as bleaching, oxidation, and
chemical diffusion.18–20 Chemometric analysis of infrared spectra enables the identification of
hair-like samples from different species as well as synthetic fibers. It provides a rapid method-
ology for the forensic examination of potential hair evidence.21 Meanwhile, infrared spectra of
hairs from a series of cancer patients suggest significant loss or change of hair medulla, which
may contribute to the early diagnosis of cancer or relapse in the future.22–28

However, most infrared spectroscopic study of hair has been performed in the attenuated
total reflection (ATR) mode, which unfortunately probes the absorptance of the surface layer
only. Detecting internal parts in hair in ATR-FTIR requires sophisticated microtomy, which may
introduce external contamination to the infrared spectrum measurement. As Fig. 1(b) shows,
ATR probes the sample information by the evanescent wave generated in a total internal reflec-
tion process. The penetration depth of the evanescent wave ranges typically from 0.5 to 2 μm,
well below the thickness of the hair cuticle. Therefore, the infrared spectra measured in the ATR
mode with the transverse incidence are primarily dominated by the signal of the outmost cuticle
layer. Destructive infrared measurements have been conducted on the hair with horizontal cuts,
exhibiting noticeable spectral variation among different regions of the cross-section.16–18 Hence,
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Fig. 1 Schematic illustration of the hair structure and different infrared spectral measurements.
(a) The internal hair structure formed by three different parts: the inner medulla, the middle cortex
layer, and the outmost cuticle layer. (b) The ATR reflection mode and (c) the transmission mode of
FTIR experiments. The evanescent wave is generated in the total internal reflection of the ATR
mode and penetrates into the sample (blue area) with a depth of 0.5 to 2 μm, which makes the
ATR-FTIR a surface-sensitive technique. The transmission mode of FTIR directly measures the
infrared beam transmitting through the sample, which probes the overall bulk property. Gray trap-
ezoid denotes the ATR prisms.
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to acquire the overall infrared property of the whole hair structure, the transmission spectra on
individual hair are directly probed without horizontal cuts, as illustrated in Fig. 1(c). The high-
quality spectrum from direct microscopic transmission allows for precise comparison of intrinsic
spectral weight, which provides non-destructively tracing of the spectral evolution as hair grows.

In this work, we investigated the infrared transmission properties of human hair using FTIR
microscopy. Prominent band filtering behaviors were observed in the spectra. The transmission
spectra were well reproduced from the respective absorption of the hair cuticle, cortex, and
medulla. The high spatial resolution of infrared micro-spectroscopy further offered the ability
to compare the infrared spectrum at different regions of hair. In a case study of adult-onset Still’s
disease (AOSD), the corresponding infrared transmission displayed a systematic variation of
spectral weight. Although the patient population in this study was not enough for solid conclu-
sion, it reflected a possible link between spectrum and disease-induced hair structure change. We
further quantified the geometry effects of the hair’s internal structure by means of the finite-
element analysis method, and the results suggested that the variation of spectral weight probably
correlated with the structure variation of the hair cortex. These findings pointed to the potential of
the infrared micro-spectroscopy as a promising tool for non-destructive test for individual
human hair.

2 Methods

2.1 Hair Sample Preparation
Hair samples used in this study were collected directly from the scalp of the host body and had
not been stained, permed, or experienced other types of severe physical damage during the
growth. The internal short hair samples were selected to avoid possible damage during the host’s
daily life. The samples were cleaned with ethanol to remove possible residue on the surface
before the infrared transmission experiments.

2.2 Transmission Infrared Micro-Spectroscopy
The hair samples were characterized by FTIR (FTIR Bruker Vertex 80V) with infrared micro-
scope (Bruker Hyperion 2000). The schematic of experimental setup is presented as Fig. 2(a). To
avoid the influence of water vapor and carbon dioxide, the spectrometer is evacuated, and the
microscope is kept in a nitrogen atmosphere. The infrared beam was emitted by the globar and
modulated by the spectrometer with KBr beam splitter before entering the microscope through
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Fig. 2 Configuration and spectra of transmission infrared micro-spectroscopic measurement.
(a) Schematic experimental setup of transmission infrared micro-spectroscopy. (b) The transmis-
sion infrared micro-spectroscopic study on a hair sample. The inset is the measurement configu-
ration. (c) The absorption spectra of the hair cuticle, cortex, and medulla extracted from previous
studies.16–18
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the KBr window. The beam passed through the sample adhered to the transmission sample holder
with the signal detected by a mercury cadmium telluride detector. To avoid the light leaking from
the source to the detector directly, the knife edge aperture is used to ensure that the measurement
range is only available on the sample. The experiments were performed at NIR and MIR regimes
from 580 to 4000 cm−1 in wavenumber (2.5 to 17.2 μm in wavelength). The magnification of the
microscope is set as 36×. The acquisition time and spectral resolution for each spectrum were
fixed at 3 min and 4 cm−1, respectively.

2.3 Finite-Element Analysis
To simulate the transmission spectrum of human hair, the finite-element analysis was conducted
using the COMSOL Multiphysics software. During the simulation, we simplified the structure to
a coaxial cylinder with three uniform layers. From the inside out, the three layers are the medulla,
cortex, and cuticle, respectively. In the infrared transmission model, we ignored the light scatter-
ing from each hair structure and set the monochromatic light beam perpendicular to the longi-
tudinal axis. With these assumptions, we simulated the infrared transmission process in the two-
dimensional cross-section using the Lambert–Beer law. For solid substances, Lambert–Beer law
describes the relationship between the absorbed light intensity at a certain wavelength and the
thickness of the substance. We write the Lambert–Beer law in differential form as

EQ-TARGET;temp:intralink-;sec2.3;114;519

∂I
∂x

¼ −αI;

where I is the intensity of the light beam, x is the coordinate along the propagation direction of
the beam, and α is the absorbance coefficient of the transmitted substance. The absorbance data
of these three parts were extracted from previous studies16–18 with the ATR-FTIR measurement
on the hair cross-section. Using the general form partial differential equation module of
COMSOL, we calculated the total absorption spectra of the hair cross-section and converted
it to transmission spectra.

The diameter of human hair is typically 50 to 100 μm. The medulla, with a diameter of 5 to
10 μm, is surrounded by the cortex. The latter comprises the hair bulk with a diameter in the
range of 40 to 95 μm. For the outermost layer-cuticle, the thickness is usually <5 μm.18 During
the simulation, we varied the diameter of the medulla and cortex and the thickness of the cuticle
to quantify the geometric size effect on the transmission spectrum.

3 Results and Discussion

3.1 Transmission Characteristics of Human Hair
Figure 2(b) displays the high-resolution transmission infrared micro-spectroscopy of a black hair
sample obtained from a healthy Asian female. The infrared light transmits perpendicular through
the horizontally placed hair sample, as illustrated in the Fig. 2(a). The knife edge aperture of
FTIR microscope was set to be slightly smaller than the hair diameter. In this configuration,
the contributions from all three parts of the hair are accounted for, reproducing the light trans-
mission in infrared therapy. The transmission spectrum shows strong band filtering behavior as a
function of wavenumber (ω), with low transmission in the range of 600 to 760 cm−1, 1060 to
1690 cm−1, and 2880 to 3500 cm−1. Four prominent transmission peaks of 950, 1924, 2260, and
3810 cm−1 are detected in the NIR andMIR regimes ranges of 580 to 4000 cm−1 (2.5 to 17.2 μm
in wavelength). The largest transmission is about 53.6% at 3810 cm−1. Since the transmission
peaks are not expected to match the chemical absorption peaks, the generation and variation of
these peaks in the transmission spectrum above are likely to be closely related to the structural
properties of the sample. These peaks of the transmission spectrum are repeatable and much
larger than the noise, permitting them as features rather than artifacts. For comparison, in
Fig. 2(c), we present the absorption spectra of hair cuticle, cortex, and medulla obtained from
the ATR-FTIR measurement on the hair cross-section in previous studies.16–18 The absorption
spectra of these three parts show peaks with similar shapes and positions but different spectral
weights. These low-transmission bands in the current experiment agree well with these absorp-
tion peaks, whereas the transmission peaks locate in the low-absorption regions.
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In principle, the absorption and transmission spectra are equivalent and interconvertible for a
given objective. However, for regions with strong absorption, the transmission signal is challeng-
ing to be precisely probed experimentally and is usually overwhelmed in the background. It
causes the characteristic peaks in the low-transmission bands of the transmission spectrum to
be absent, whereas the absorption peaks in the absorption spectrum become prominent.
Likewise, the characteristic peak signals in absorption are quite difficult to probe precisely
in regions with strong transmission. Thus, the ATR and transmission modes of FTIR are sensitive
to strong absorption (weak transmission) and strong transmission (weak absorption) regions,
respectively. It clearly indicates that the transmission FTIR of human hair is capable of serving
as an important complement to the extensive research on the infrared absorption by ATR-FTIR.
For example, the peak intensity of typical black-body radiation spectral at 310 K (around normal
human body temperature) is around 1069 cm−1, just at the boundary of the second low-trans-
mission band of 1060 to 1690 cm−1 of hair, as shown in Fig. 2(b). Therefore, in conditions of
high-precision thermal radiation detection, such as temperature imaging of tumor, this band-fil-
tering effect should be considered for regions covered with hair. Similarly, for conditions of high-
precision light projection, such as infrared therapy, it is also necessary to avoid these low-trans-
mission bands mentioned above.

3.2 Tracking and Diagnosis of AOSD
The implementation of transverse transmission configuration further provides a rapid and non-
destructive approach to investigate the spatial variation of infrared spectrum in hair by FTIR
microscope. As illustrated in the inset of Fig. 3(a), we take advantage of the high-spatial res-
olution of FTIR microscope and acquire the infrared spectrum within a short length (<30 μm) of
the hair sample. The growth rate of hair is around 1 cm per month. It, therefore, may be used to
track the whole body physiological change during a certain period, which is at least several
months.29 We intentionally avoid using long hair samples to ensure less external damage from
daily activity. The hair sample was collected directly from the scalp without being stained,
permed, or experiencing other types of severe physical damage during the growth. For each
sample, the spectra were collected at the top, middle, and bottom regions to capture the variation
over time. The infrared spectra shown in Fig. 3(a) were obtained from two samples from the same
host body (Asian female, 29 years old, and presumed healthy in the past year). The two samples
marked as H1 and H2 are about 5.9 and 6.8 cm in length, measuring from the hair follicle. Since
slight variations might occur in diameter between different samples and thus cause a shift in
absolute transmittance, we normalize the spectra with the peak height at 3810 cm−1 and the
spectra baseline to focus on the relative change of spectral weight. Without loss of generality,
normalization with spectrum mapping to different ranges does not affect the subsequent analysis
of the relative changes in spectral weight. After the normalization process, all six spectral curves
overlap well with each other, exhibiting slight fluctuations (<2%) at specific peaks. It provides
reasonably consistent evidence that the infrared transmission is a steady property for a given host
as long as no notable change in physiology occurs.

In Fig. 3(b), a case study of hair infrared transmission experiments on a patient with AOSD
is presented. AOSD is a rare multisystemic disorder that causes inflammatory conditions in
multiple organs.30–33 It is generally perceived as a complex (multigenic) autoinflammatory syn-
drome. The clinical manifestations of AOSD usually include high spiking fever, arthralgia, evan-
escent skin rash, neutrophilic leukocytosis, and abnormal liver function results.31 Up to now,
diagnosis of AOSD remains challenging due to the polymorphic clinical presentation and largely
relies on the exclusion of other possible diseases.31–33 Early diagnosis of AOSD may help to
improve the prognosis34 and therefore call for validated biomedical examination. Since the hair
growth process is known to be affected by the appearance of inflammatory,35,36 we utilize FTIR
microscope to track the change of infrared transmission. The hair samples were obtained from a
19-year-old Asian female patient with AOSD (P-AOSD). The patient exhibited symptoms of
fever, rash, myalgia, and arthralgia for over 4 months before the hair samples were collected.
The infrared transmission spectra at different regions were measured. The length of 0.3 to 6.5 cm
represents the distance between the measured area and the hair follicle at the bottom. The trans-
mission spectra in Fig. 3(b) are renormalized to peak D (3810 cm−1), as discussed above. A
systematic increase of peak height with length (from red to blue line) is found at peaks A,
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B, and C. An increase of over 15% in transmittance is detected among different regions, as illus-
trated in Fig. 3(b). Similar behaviors are also observed in another hair from the same patient.
Taking a growth rate of 1 cm per month, the measured region at 6.5 cm corresponds to hair grown
6.5 months ago, within the onset time of AOSD. It is reasonable to expect that the change in
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Fig. 3 A case study of hair infrared transmission experiments on a P-AOSD. (a) Normalized infrared
transmission spectra obtained from different regions of two samples from the same healthy host body.
The inset illustrates the realization of spatial-resolved transmission infrared micro-spectra in hair. The
length represents the distance between the measured area and the hair follicle. (b) Normalized infra-
red transmission spectra obtained from different regions of a hair from a P-AOSD. The yellow arrow
indicates the decrease of transmittance for peaks A, B, and C, which occurs during the onset of the
disease (from blue to red line). (c) Normalized infrared transmission spectra of a hair from the sameP-
AOSD collected about 11 months later. The yellow arrow indicates the increase and then decrease
trend for peaks A, B, and C (from red to blue line), which occurred during the recovery and then
relapse of AOSD. (d) The comparison of relative spectral change (TL∕T 1) with length in hair samples
(H1 to H4) from three healthy hosts and that from the AOSD patient (AOSD and AOSD2).
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transmittance correlates with the onset progress from six months ago (at 6.5 cm) to the present (at
0.3 cm), as indicated by the yellow arrow in Fig. 3(b). Figure 3(c) shows the normalized infrared
transmission spectra of a hair from the same P-AOSD collected ∼11 months later. During this
period, the patient experienced an asymptomatic state for over 6 months and developed slight
symptoms of disease relapse right after the new batch of hair samples was collected. The yellow
arrow in Fig. 3(c) indicates the increase and then decrease trend for peaks A, B, and C (from red
to blue line), which occurred during the recovery and then the relapse of AOSD. We further
measured additional hair samples from healthy hosts and compared them with that from
AOSD patients in relative spectral changes [Fig. 3(d)]. Here TL∕T1 is defined as the relative
transmission ratio between region at length L and the first measured position from hair follicle
at peaks A, B, and C. The change of TL∕T1 in samples from AOSD patients (over 40%) is much
larger than the fluctuation in hair from healthy hosts (around 5%), which indicates the significant
influence on hair caused by AOSD.

To further elaborate on the possible link between the change in hair infrared transmission
spectra and AOSD, data from four hair samples of the same P-AOSD were collected and then
plotted as a function of time in Fig. 4. To neutralize the diameter difference among different hairs,
the relative transmittance signal for peaks A, B, and C are normalized to peak D. The examined
hair position is converted to time as estimated by the hair growth rate. Meanwhile, the evolution
of AOSD in the patient is briefly labeled at the bottom of Fig. 4. From this, it was found that the
relative transmittance of these peaks strongly decreases with (even slightly before) the onset or
the relapse of AOSD. The peak transmittance remained at a low level during the illness and only
gradually recovered back to normal in about 3 months after entering the asymptomatic state.
These results reveal that the decrease of infrared transmittance in these peaks may be closely
associated with AOSD.

It must be acknowledged that the rarity of AOSD gives rise to a rare patient population and
therefore the difficulty of replicating the experiment on a large scale. Thus this study could not
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reach a solid conclusion but reflects the potential of hair infrared transmission spectrum in tracing
variation retrospectively.

3.3 Numerical Simulations
To better understand the observed spectral variation, we quantify the impact of the geometric size
of hair structure and theoretically model the infrared transmission using the finite-element analy-
sis method. As shown in Fig. 5(a), a three-layer structure is constructed with tCu, dCo, and dMe

being the thickness of the cuticle, the diameter of the cortex, and the diameter of the medulla,
respectively. The initial values of dMe, dCo, and tCu are set as 8, 50, and 3 μm, respectively. The
infrared absorption coefficient in the model is estimated by the absorbance spectra in Fig. 2(c) for
each part (cuticle, cortex, and medulla) of the hair. We assume the hair is homogeneous within
each part. A beam of parallel light transmits through the hair from left to right, as Fig. 5(a)
depicts. The calculation of the transmission ratio I∕I0 at different optical wavenumbers (ω) yields
the transmission spectrum. Figures 5(b) and 5(c) display the two-dimensional spatial mappings
of intensity profiles within the hair at two typical wavenumbers 1735 and 963 cm−1. The inten-
sity profile mapping suggests that the majority of the intensity loss locates in the middle cortex
region, rather than cuticle and medulla. Combining the transmission data at different ω gives the
transmission spectrum. As presented in Figs. 5(d)–5(f), we systematically investigate the evo-
lution of hair transmission spectra as the geometric size of the cuticle, cortex, and medulla varies.
The value of tCu, dCo, and dMe vary around the initial values mentioned above, from 1 to 5 μm, 40
to 90 μm, and 0 to 10 μm, respectively. As tCu increases from 1 to 5 μm (dCo and dMe fixed at 50
and 8 μm), the transmission peak at 1735 cm−1 shows mild decline of 2.7%, and the transmis-
sion dip at 3265 cm−1 remains almost the same value [Fig. 4(d)]. When dCo increases from 40 to
90 μm (tCu and dMe fixed at 3 and 8 μm), the transmission peak at 1735 cm−1 and the dip at
3265 cm−1 exhibit noticeable changes. The former presents a substantial drop of 19.8%
[Fig. 5(e)], and the latter also decreases by about 5.5%. In contrast, the increase in dMe from
0 to 10 μm (tCu and dCo fixed at 3 and 50 μm) only shifts the transmission spectra for less than
0.1% in the range of 620 to 3700 cm−1, causing all the curves stacking together [Fig. 5(f)].

The variation of tCu, dCo, and dMe demonstrated in Figs. 5(d)–5(f) has covered the typical
geometric size range of hair structure. Hence, it is reasonable to believe that the transverse trans-
mission property is mainly modulated by the cortex layer in our setup. The relatively minor
influence of the cuticle layer could result from the small thickness value, whereas the contribu-
tion from the hair medulla is negligible, probably owing to its small projection area in the normal
plane of injected light. It is worth noting that the above simulation investigates the impact of the
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geometric size from the aspect of optics. The chemical- or biology-related mechanisms, such as
chemical diffusion, bleaching, and host with tumor, as extensively discussed in Refs. 18–20, 25,
and 28, may induce the change of infrared absorption as well. Most previous studies concentrated
on the loss or change of hair medulla induced by these factors by measuring the spectra at hair
cross-section,22–28 whereas the transverse transmission studied here mainly probes the structural
change in the hair cortex.

As presented in Fig. 5, the infrared transmission property of hair is primarily controlled by the
hair cortex. It differs from the previous studies focusing on the relationship between hair medulla
and disease attacks.22–28 On the other hand, the overall diameters of the hair samples were measured
under the optical microscope, revealing no notable changewith length since it is mainly determined
by the size of the hair follicle. Therefore, the observed spectral evolution with length in Fig. 4 could
be related to the absorption change of the cortex layer. The cortex is formed by spindle-shaped cells
containing keratin proteins and structural lipids, which assemble parallel along the hair length. As
discussed earlier, the infrared transmission peak refers to optical frequencies at which the measured
sample shows the weakest absorption. Unlike the absorption peak, which is sensitive to the res-
onance frequency of chemical molecules, the transmission peak occurs at the frequency (or energy)
that the sample’s absorption is comparatively low. Hence, the increase in the height of the trans-
mission peak corresponds to the decrease of a general optical attenuation coefficient without the
resonance process. Typically, for a given material and a fixed size, the optical attenuation coef-
ficient is higher in a more disordered structure. Therefore, with the increase of disordered area, the
overall optical attenuation will be considerably enhanced. In fact, the clinical presentation of AOSD
does support the presence of more disordered hair in AOSD patients. As AOSD develops, the high
spiking fever and multisystemic inflammatory31 may happen from time to time, disturbing the
regular growth and keratinization of the hair cortex. It may lead to a decrease in transmission coef-
ficient, as observed in our experiment, as the AOSD evolves in time and results in a more dis-
ordered arrangement of cells and keratin in hair growth. We further simulate the evolution of
transmission spectra in hairs with partial high-absorption cortex regions, as shown in Fig. 6.
As the area of high-absorption cortex regions [marked as light purple regions in Fig. 6(a)] increases
from 0% to 50%, the peak intensity around 1735 cm−1 systematically decreases for over 10%.
These results strengthen the link between cortex’s structure variations and transmission spectra
and point out the potential that the transmission infrared micro-spectroscopy of hair may be used
to help track the evolution of AOSD in the future. Further experiments on the evolution of protein
structures may contribute to directly clarifying the underlying mechanism of spectrum change.
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Fig. 6 Influence of high-absorption cortex region on the infrared transmission. (a) The illustration of
different high-absorption cortex regions (light purple) in simulation. The marked value of 0% to 50%
represents the area percentage of cortex regions with enhanced infrared absorption. (b) The evo-
lution of transmission spectra as the high-absorption cortex region increases. The absorbance of
the light purple region is set to be four times of that of normal cortex.
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4 Conclusion
We propose that the transmission-mode microscopic infrared spectroscopy could serve as a com-
plementary tool for testing individual human hair. According to the spatial-resolved infrared
spectra, the hair from an AOSD patient shows substantial variation in infrared transmission
as the disease evolves or recrudesces. Combining the experimental results and the finite-element
analysis, we systematical analyze the geometric size effect of the hair cuticle, cortex, and medulla
and find the infrared transmission is mainly dominated by the cortex layer. Our work not only
generates fresh insight into a better understanding of human hair’s infrared transmission spec-
trum but also presents a possibility of tracing the pathological change during the hair growth
retrospectively.

Ethics and Consent Statement
This study was approved by the Ethics Committee of Zhongshan Hospital Fudan University
(Approval Number: B2022-489). Participants were consented by an informed consent process that
was reviewed by the Ethics Committee of Zhongshan Hospital, Fudan University, and certified that
this study was performed in accordance with the ethical standards as laid down in the 1964
Declaration of Helsinki.

Disclosures
The authors declare no competing interests.

Code and Data Availability
The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Acknowledgments
C.L. was supported by the Youth Medical Talents-General Practitioner Program of Shanghai
Medicine and Health Development Foundation. C.Z. was sponsored by the Shuguang Program
supported by Shanghai Education Development Foundation and Shanghai Municipal Education
Commission. X.Y. was supported by the National Natural Science Foundation of China (Grant
Nos. 12174104, 62005079, and 62111530237); the International Scientific and Technological
Cooperation Project of Shanghai (Grant No. 20520710900); and a start-up grant from East
China Normal University. We thank Prof. W. Yu for help in COMSOL simulation.

References
1. L. M. Ng and R. Simmons, “Infrared spectroscopy,” Anal. Chem. 71, 343–350 (1999).
2. A. Barth, “Infrared spectroscopy of proteins,” Biochim. Biophys. Acta, Bioenergetics 1767, 1073–1101

(2007).
3. B. H. Stuart, Infrared Spectroscopy: Fundamentals and Applications, John Wiley & Sons (2004).
4. A. Dazzi and C. B. Prater, “AFM-IR: technology and applications in nanoscale infrared spectroscopy and

chemical imaging,” Chem. Rev. 117, 5146–5173 (2017).
5. S.-R. Tsai and M. R. Hamblin, “Biological effects and medical applications of infrared radiation,”

J. Photochem. Photobiol., B 170, 197–207 (2017).
6. A. Zhevago, N. A. Samoilova, and K. Obolenskaya, “The regulatory effect of polychromatic (visible and

infrared) light on human humoral immunity,” Photochem. Photobiol. Sci. 3, 102–108 (2004).
7. J. Hia and A. Nasir, “Photonanodermatology: the interface of photobiology, dermatology and nanotechnol-

ogy,” Photodermatol. Photoimmunol. Photomed. 27, 2–9 (2011).
8. I. Pupeza et al., “Field-resolved infrared spectroscopy of biological systems,” Nature 577, 52–59 (2020).
9. R. N. Golden et al., “The efficacy of light therapy in the treatment of mood disorders: a review and meta-

analysis of the evidence,” Am. J. Psychiatry 162, 656–662 (2005).
10. V. R. Kondepati, H. M. Heise, and J. Backhaus, “Recent applications of near-infrared spectroscopy in cancer

diagnosis and therapy,” Anal. Bioanal. Chem. 390, 125–139 (2008).
11. Y. Dong, W. Cao, and J. Cao, “Treatment of rheumatoid arthritis by phototherapy: advances and perspec-

tives,” Nanoscale 13, 14591–14608 (2021).
12. M. J. D. Low and A. G. Severdia, “Infrared spectra of a single human hair,” Spectrosc. Lett. 16, 871–877

(1983).

Li et al.: Transmission infrared micro-spectroscopic study of individual human hair

Journal of Biomedical Optics 116501-10 November 2023 • Vol. 28(11)

https://doi.org/10.1021/a1999908r
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1021/acs.chemrev.6b00448
https://doi.org/10.1016/j.jphotobiol.2017.04.014
https://doi.org/10.1039/b305615e
https://doi.org/10.1111/j.1600-0781.2010.00536.x
https://doi.org/10.1038/s41586-019-1850-7
https://doi.org/10.1176/appi.ajp.162.4.656
https://doi.org/10.1007/s00216-007-1651-y
https://doi.org/10.1039/D1NR03623H
https://doi.org/10.1080/00387018308062396


13. C. B. Baddiel, “Structure and reactions of human hair keratin: an analysis by infrared spectroscopy,” J. Mol.
Biol. 38, 181–199 (1968).

14. F.-C. Yang, Y. Zhang, and M. C. Rheinstädter, “The structure of people’s hair,” PeerJ 2, e619 (2014).
15. K. Leerunyakul and P. Suchonwanit, “Asian hair: a review of structures, properties, and distinctive disorders,”

Clin. Cosmet. Investig. Dermatol. 13, 309–318 (2020).
16. K. L. A. Chan et al., “Fourier transform infrared imaging of human hair with a high spatial resolution without

the use of a synchrotron,” Appl. Spectrosc. 59, 149–155 (2005).
17. J. Bantignies et al., “Chemical imaging of hair by infrared microspectroscopy using synchrotron radiation,”

J. Soc. Cosmet. Sci. 51, 73–90 (2000).
18. S. R. Ryu et al., “FT-IR microspectroscopic imaging of cross-sectioned human hair during a bleaching proc-

ess,” J. Cosmet. Dermatol. Sci. Appl. 6, 181–190 (2016).
19. K. L. A. Chan et al., “A novel approach for study of in situ diffusion in human hair using Fourier transform

infrared spectroscopic imaging,” Appl. Spectrosc. 62, 1041–1044 (2008).
20. L. Brenner et al., “A measurement of human hair oxidation by Fourier transform infrared spectroscopy,”

J. Forensic Sci. 30, 420–426 (1985).
21. M. S. Boll et al., “Differentiation of hair using ATR FT-IR spectroscopy: a statistical classification of dyed

and non-dyed hairs,” Forensic Chem. 6, 1–9 (2017).
22. X. Wang et al., “The comparison of hair from gastric cancer patients and from healthy persons studied by

infrared microspectroscopy and imaging using synchrotron radiation,” Cancer Epidemiol. 34, 453–456 (2010).
23. Y. Choi et al., “Medulla loss of scalp hair in breast cancer patients determined by near-infrared microscopy,”

J. Biomed. Opt. 24, 096501 (2019).
24. C. Li et al., “A study of colorectal cancer patients’ hair medulla by synchrotron radiation infrared micro-

spectroscopy,” Infrared Phys. Technol. 111, 103569 (2020).
25. Q. Wu et al., “Comparison of hair medulla from esophageal cancer patients and healthy persons using

synchrotron radiation infrared microspectroscopy,” Infrared Phys. Technol. 105, 103201 (2020).
26. C. Li et al., “Comparison of hair medulla from lymph node metastasis and non-lymph node metastasis gastric

cancer patients using synchrotron radiation infrared microspectroscopy,” Infrared Phys. Technol. 104,
103147 (2020).

27. D. J. Lyman and J. Murray-Wijelath, “Fourier transform infrared attenuated total reflection analysis of human
hair: comparison of hair from breast cancer patients with hair from healthy subjects,” Appl. Spectrosc. 59,
26–32 (2005).

28. D. J. Lyman and S. G. Fay, “The effect of breast cancer on the Fourier transform infrared attenuated total
reflection spectra of human hair,” Ecancermedicalscience 8, 405 (2014).

29. M. Usman et al., “Forensic toxicological analysis of hair: a review,” Egypt. J. Forensic Sci. 9, 17 (2019).
30. B. Fautrel, “Adult-onset Still disease,” Best Pract. Res. Clin. Rheumatol. 22, 773–792 (2008).
31. M. Gerfaud-Valentin et al., “Adult-onset Still’s disease,” Autoimmun. Rev. 13, 708–722 (2014).
32. P. Ruscitti et al., “Adult-onset Still’s disease: evaluation of prognostic tools and validation of the systemic

score by analysis of 100 cases from three centers,” BMC Med. 14, 194 (2016).
33. E. Feist, S. Mitrovic, and B. Fautrel, “Mechanisms, biomarkers and targets for adult-onset Still’s disease,”

Nat. Rev. Rheumatol. 14, 603–618 (2018).
34. M. Gerfaud-Valentin et al., “Adult-onset Still disease: manifestations, treatment, outcome, and prognostic

factors in 57 patients,” Medicine 93, 91–99 (2014).
35. K. V. Patel et al., “Hair loss in patients with inflammatory bowel disease,” Inflamm. Bowel Dis. 19,

1753–1763 (2013).
36. P. C. Arck et al., “Stress inhibits hair growth in mice by induction of premature catagen development and

deleterious perifollicular inflammatory events via neuropeptide substance P-dependent pathways,” Am. J.
Pathol. 162, 803–814 (2003).

Chen Li is a PhD student in imaging and nuclear medicine at Medical College of Fudan
University. She received her bachelor’s degree from Shanghai Jiaotong University and master’s
degree from Peking Union Medical College. She also practiced as a physician in the Department
of General Practice at Zhongshan Hospital.

Yuhan Du has a BS degree in physics and now is a PhD student at State Key Laboratory of
Precision Spectroscopy in East China Normal University.

Haonan Chen has a BS degree in physics and now is a PhD student in nanoelectronic devices
and quantum computing at Fudan University.

Xinxin Han is a doctor in the Department of General Practice at Peking Union Medical College
Hospital. She received her PhD in rheumatology from Peking Union Medical College. Her cur-
rent research interests include gout and adult-onset Still’s disease.

Li et al.: Transmission infrared micro-spectroscopic study of individual human hair

Journal of Biomedical Optics 116501-11 November 2023 • Vol. 28(11)

https://doi.org/10.1016/0022-2836(68)90405-1
https://doi.org/10.1016/0022-2836(68)90405-1
https://doi.org/10.7717/peerj.619
https://doi.org/10.2147/CCID.S247390
https://doi.org/10.1366/0003702053085070
https://doi.org/10.4236/jcdsa.2016.65023
https://doi.org/10.1366/000370208785793263
https://doi.org/10.1520/JFS11821J
https://doi.org/10.1016/j.forc.2017.08.001
https://doi.org/10.1016/j.canep.2010.03.016
https://doi.org/10.1117/1.JBO.24.9.096501
https://doi.org/10.1016/j.infrared.2020.103569
https://doi.org/10.1016/j.infrared.2020.103201
https://doi.org/10.1016/j.infrared.2019.103147
https://doi.org/10.1366/0003702052940440
https://doi.org/10.3332/ecancer.2014.405
https://doi.org/10.1186/s41935-019-0119-5
https://doi.org/10.1016/j.berh.2008.08.006
https://doi.org/10.1016/j.autrev.2014.01.058
https://doi.org/10.1186/s12916-016-0738-8
https://doi.org/10.1038/s41584-018-0081-x
https://doi.org/10.1097/MD.0000000000000021
https://doi.org/10.1097/MIB.0b013e31828132de
https://doi.org/10.1016/S0002-9440(10)63877-1
https://doi.org/10.1016/S0002-9440(10)63877-1


Wenbin Wu has a BS degree in physics and now is a PhD student at State Key Laboratory of
Precision Spectroscopy in East China Normal University.

Xiufang Kong received her PhD in rheumatology from Medical College of Fudan University.
She is working as a physician in the Department of Rheumatology at Zhongshan Hospital. Her
area of research is inflammatory disease and arteritis.

Cheng Zhang is a professor at the Institute for Nanoelectronic Devices and Quantum Computing
in Fudan University. He received his BS and PhD degrees in physics from Fudan University.

Xiang Yuan a professor at State Key Laboratory of Precision Spectroscopy in East China
Normal University. He received his BS and PhD degrees in physics from Fudan University.

Li et al.: Transmission infrared micro-spectroscopic study of individual human hair

Journal of Biomedical Optics 116501-12 November 2023 • Vol. 28(11)


