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We performed label-free imaging of human-hair medulla using
multi-modal nonlinear optical microscopy. Intra-medulla lipids
(IMLs) were clearly visualized by ultra-multiplex coherent anti-
Stokes Raman scattering (CARS) spectroscopic imaging. Two
groups of IMLs were found: second harmonic generation (SHG)
active and inactive. By combining SHG analysis with CARS, the two
groups were identified as free fatty acids and wax esters, respectively.

1. Introduction

Human hair has a three-layered structure. The cuticle, the out-
ermost layer of hair, is chemically resistant, and protects the
inner structure. The cortex, the major component of the hair
mass, is composed of keratinized cortical cells and the cell-
membrane complex. The medulla is the innermost structure
and could be absent, fragmented or continuous."

A number of analytical methods, including X-ray diffraction,>
circular dichroism,*® NMR spectroscopy,”” and IR and Raman
spectroscopies®'® have been used to determine the protein
secondary structures in the cuticle and cortex of human hair.
However, only a few chemical (spectroscopic or chromato-
graphic) analyses of the medulla have been reported.""** IR
and Raman spectroscopies have provided strong evidence for
the existence of intra-medulla lipids (IMLs). In particular, a
C=O0 bond characteristic of an ester and a C-C bond (trans)
have been detected by IR and Raman studies, respectively.
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However, the spatial resolution ever reported is not sufficient
to localize and specify the IMLs clearly. Using chromato-
graphic methods, the chemical composition of IMLs has been
analyzed. Squalene and oleic acids have been detected,'” but
many other components remain unidentified. There is a need
for additional analytical techniques.

Multimodal nonlinear optical microscopy has been widely
used for investigating tissue and live-cell samples without
labeling. In particular, multiplex CARS (M-CARS)"® or broad-
band CARS (B-CARS)"” microspectroscopy enables us to visual-
ize molecular species in living cells and tissues with the use of
the multiple vibrational resonances."® '

Concerning the broadband multiplex CARS technique,
Cheng et al.'® and Wurpel et al.>* reported the pioneering
microscopic works on the development of M-CARS microscopy
with the use of synchronized femtosecond and picosecond Ti:
sapphire laser oscillators. Since they used two independent
laser oscillators, sophisticated techniques were required to
coincide the repetition rates of these two laser sources.
Furthermore, the spectral coverage was limited to be
~300 cm™" due to the spectral bandwidth of the femtosecond
Stokes laser. The requirement of the synchronization was later
overcome by using ultra-broadband supercontinuum (SC) light
source.”>>* Since the SC can be generated just by seeding a
portion of the pump laser pulses into a tapered fiber*® or
photonic crystal fiber(PCF),** the pump and Stokes (SC) laser
pulses are automatically synchronized. Moreover, owing to the
ultra-broadband spectral coverage (>3000 cm ™) of SC, it covers
both the finger-print as well as the C-H, N-H, and O-H
stretching region."”?* This technique is currently referred to as
ultra-broadband multiplex CARS>* (or ultra-multiplex CARS>*
as in the present study) or broadband CARS (B-CARS)."”*°

In addition to CARS, multimodal nonlinear optical
microscopy can detect other common nonlinear optical pro-
cesses such as second harmonic generation (SHG), which can
probe unique and non-centrosymmetric filamentous struc-
tures. For example, we previously found that ciliary rootlets
composed of rootletin filaments®® are SHG active, as is the
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ventral nerve cord of the nematode Caenorhabditis elegans®
Moreover, we found a photo-induced weak SHG signal in
centrosymmetric polystyrene microspheres.”® These findings
indicate that our system can visualize hitherto unknown SHG-
active organelles. In the present study, we use multimodal
nonlinear optical imaging with the highly sensitive SHG
channel to visualize the medulla of human hair.

2. Methods

2.1 Ultra-multiplex CARS spectroscopic imaging system

We wused a home-built multi-modal nonlinear-optical-
microscopy system. The details of the setup are described else-
where.”” Briefly, the main laser source was a custom-made,
dual-fiber-output, synchronized laser source (OPERA HP,
Leukos, Limoges, France). The first laser output, having a
wavelength 1064 nm, temporal duration 50 ps, and repetition
rate 1 MHz, was used as the pump beam (w;) for the CARS
process. The second laser output delivered ultra-broadband
supercontinuum (SC) radiation, which was obtained by wave-
length conversion from 1064 nm fundamental radiation using
a PCF. The near-infrared spectral components of SC could be
used as the Stokes beam (w,). In our previous setup,*’ the
pump beam was free-space propagating, while the Stokes
beam originated from the PCF output. In order that the pump
and Stokes pulses be temporally overlapped, a free-space,
>5 m-long delay line had to be used on the pump path. On the
contrary, here dual-fiber-output scheme significantly simpli-
fies the experimental setup since the synchronisation between
the pump and Stokes pulses can be adjusted by equalizing the
fiber lengths of both arms, without the need for a delay line.
Just after the pump and Stokes fiber outputs, the two beams
were superimposed by a notch filter, and guided into a modi-
fied inverted microscope (ECLIPSE Ti, Nikon Corp., Tokyo,
Japan). The sample was placed on a piezoelectric stage (Nano-
LP200, Mad City Labs Inc., Madison, WI, USA) for three-
dimensional(xyz) position selection. The full scanning range
of the xyz-piezo stage was 200 pm.’> The laser beams were
tightly focused using a microscope objective (CFI Plan Apo 60x
NA 1.27, water-immersion, Nikon Corp., Tokyo, Japan). The
third-harmonic generation (THG) (3w,), SHG (2w,), and ultra-
multiplex CARS (2w;-w,) signals were collected using a second
objective lens (Plan S Fluor 40x NA 0.6, Nikon Corp., Tokyo,
Japan). The THG and SHG signals were detected using a
spectrometer (SpectraPro300i; Princeton Instruments Inc.,
Trenton, NJ, USA) equipped with a CCD camera (PIXIS 100B;
Princeton Instruments); the CARS signals were detected using
a spectrometer (LS785; Princeton Instruments) equipped with
a CCD camera (BLAZE 100HR; Princeton Instruments). The
spectral coverage and spectral resolution of the CARS signal
were ~3500 cm™" and 8 cm ™", respectively. The exposure time
at each spatial position was 100 ms for SHG/THG and 50 ms
for CARS. The overall exposure time of 100 ms was limited by
detection of the weak SHG signal. On the other hand, the
exposure time for the CARS signal was shorten to be 50 ms in
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order to avoid saturation of the CARS signal. It should be
noted that even with the 50 ms exposure time, the CARS signal
at the CH stretching vibrational mode was saturated at some
areas of the field of view. The typical laser power was about
100 and 25 mW for the pump and the Stokes beams, respect-
ively. The image size (pixels and microns) and step size are 61
x 61 pixels, 120 x 120 pm,> and 0.5 pm, respectively.

2.2 Spontaneous Raman spectroscopy

We used a home-built Raman-microscopy system. A diode-
pumped solid-state (DPSS) laser source (J200GS-11, KYOCERA
SOC Corporation, Kanagawa, Japan) was used for the Raman
excitation. The laser beam was introduced into a microscope
objective (100x NA 1.3, Nikon Corp., Tokyo, Japan), and then a
back scattered Raman signal was collected with the same
objective. The Raman signal was guided into a polychromator
(Omni-A, Zolix, Beijing, China) and finally detected by a CCD
camera (PIXIS 100BR, Princeton Instruments).

2.3 Sample preparation

Human white hair without any chemical treatment history
such as coloring or permanent waving was obtained from a
41-year-old asian female. White hair was used because the
high melanin-granule content in pigmented hair induces
sample destruction upon laser irradiation. Hairs were refriger-
ated without any chemical treatment until measurement,
immersed in phosphate buffer solution (PBS), cut into small
pieces, mounted on a slide glass, sandwiched with another
coverslip, and sealed with enamel. The hair sample in the
preparation was immersed in PBS.

Palmitic acid (FUJIFILM Wako), tripalmitin (Wako), and
wax esters (bees wax) (Nacalai tesque) were purchased, and
were used without further purification.

2.4 Data analysis

The spectral profile of the raw CARS signal was distorted due
to the interference of the vibrationally resonant CARS signal
with the so-called nonresonant background (NRB). In order to
retrieve the imaginary part of the third-order nonlinear
optical susceptibility,/*), from the raw CARS signal, we used
maximum entropy method(MEM).>®> The program code for
MEM is essentially the same as the reported work in the refer-
ence.” For the MEM calculation, we used Igor Pro 6.22
(Wavemetrics, Portland, OR, USA). As shown in Fig. S1,T we
confirmed that the Im[;®] spectrum retrieved from the raw
CARS spectrum of wax esters reproduced well the spontaneous
Raman spectrum.

3. Results and discussion

Fig. 1(a) and (b) show an optical image of an intact hair and
the corresponding CARS image. The CARS image was mapped
out simply by using the raw CARS signal intensity at
1650 cm™", where the apparent peak was observed as shown in
Fig. 1(c) (vertical solid line). The spectral profiles in red and
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Fig. 1 (a) Optical image of an intact hair sample, (b) CARS intensity
mapping at 1650 cm™. The image area corresponds to the white box
indicated in (a), (c) spectral profiles of the raw CARS signal (red and blue)
at red and blue crosses indicated in (b), corresponding to medulla and
cortex. The vertical line represents the CARS signal at 1650 cm™, which
was used in (b). The dotted curve (black) represents the CARS signal of
the glass cover-slip underneath of the sample, which was assumed as
non-resonant background (NRB).

blue in Fig. 1(c) were obtained at the positions of medulla (red
cross in Fig. 1(b)) and of cortex (blue cross), respectively. The
dotted line (black) in Fig. 1(c) represents the CARS signal of
the glass cover-slip underneath of the sample, which was
assumed as NRB, and was used for intensity correction of the
CARS signal. As mentioned in 2.1, the exposure time of the
CCD camera for the CARS signal was set to be 50 ms, which
results in saturation of the CARS signal at the CH stretching
region at some areas of the field of view. The ultra-multiplex
CARS spectral profile without saturation was shown in Fig. S2f
at the position of cortex different from the blue cross in
Fig. 1(b).

As is well known, the band around 1650 cm™" corresponds
to amide I and/or cis C=C stretching vibrational modes, which
are assigned as proteins and/or lipids, respectively. The raw
CARS signal consists of both a vibrationally resonant signal
and NRB; these interfere with each other and produce disper-
sive line shapes (see Fig. 1(c)). In order to extract the pure
vibrationally resonant signal to obtain spontaneous-Raman-
equivalent spectra, we performed the following procedures.
First, the raw CARS spectral profiles were divided with that of
NRB. The resultant intensity-corrected CARS spectra were
shown in Fig. 2(a) at the same spatial positions as in Fig. 1.
We then retrieved the pure vibrationally resonant spectra,
which corresponds to the imaginary part of ;& (Im[;®)])
spectra, from the spectra shown in Fig. 2(a) using MEM.>' The
Im[®)] spectra are shown in Fig. 2(b).

The characteristic Raman bands are indicated in Fig. 2(b).
The bands at 1657, 1457, 1445, 1300, 1133, 1068, 1008, and
895 ecm™" correspond to the vibrational modes due to amide I
and/or cis C=C stretching, CH; degenerate deformation, CH,
scissoring, CH, twisting, C-C(trans) stretching, C-C(trans)
stretching, phenyl-ring breathing, and C,-C,(trans) stretching
vibrational modes, respectively. The assignment of the sharp
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Fig. 2 (a) Intensity-corrected CARS spectra at the two positions indi-
cated as red and blue crosses in Fig. 1(b) (also shown in the inset). The
intensity-corrected CARS spectra were obtained by dividing the raw
CARS spectra with the NRB obtained at the glass cover-slip (dotted
curve in Fig. 1(c)). (b) Spontaneous-Raman-equivalent Im[;*¥] spectra at
the two positions indicated as red and blue crosses in the inset of
Fig. 2(a), which were retrieved from the spectra in Fig. 2(a). The dip indi-
cated by “*" is an artifact due to the weak vibrational resonance of a
glass cover-slip.

band observed at 1103 cm™" is unclear, but is probably assign-
able as C-C stretching due to lipids. Since the CARS signal of
the glass cover-slip, which we assumed as NRB, has weak
vibrational resonance around 850 cm™', the broad spectral
dip around 850 cm™" in Fig. 2(b) is the artifact due to the
vibrational resonance of the glass cover-slip.

We then analyzed the spectral profile of the Im[}®] signal
in more detail. Each band of Im[}*¥)] signal was first fitted
using a Gaussian function or the sum of two Gaussian func-
tions. Then, the amplitude of each band was mapped out. As a
typical case, the result on the phenyl-ring breathing mode at
1008 cm™', which was fitted by a Gaussian function, was
shown in Fig. S3(a).f Concerning the CH bending mode
around 1450 cm™", the spectral profiles were complicated, and
were clearly different between the protein-rich and lipid-rich
areas. Therefore, we first fitted representative protein-rich and
lipid-rich spectral profiles using the sum of two Gaussian func-
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tions, and defined f(¥) and g(v) as the protein-rich and lipid-
rich representative spectral profiles, respectively. Here ¥ corres-
ponds to Raman shift. Then, we fitted spectral profiles in all
spatial points using the sum of f(¥) and g(V) with two coeffi-
cients, namely ¢f(V) + c,g(V). The representative protein-rich
and lipid-rich spectral profiles (f(V) and g(v)) as well as the
decomposed each Gaussian function are indicated in
Fig. S3(b) and (c).t Fig. 3 summarizes the results for main 9
vibrational modes.

As shown in Fig. 3, the microscopic structures of the hair
were clearly visualized. The position of the medulla corres-
ponds to the area around the white broken line with dark con-
trast in the optical image (Fig. 3(a)). The medulla and cortex
are in the field of view, whereas the cuticle is not. Taking
account of the CARS image contrast and literature data,**®
the bands shown in Fig. 3(b), (d), (f), (), and (i) are assigned
as follows: (b) C=O0 stretching (ester); (d) mainly CH; degener-
ate deformation (proteins); (f) mainly CH, twisting (lipids); (g)
and (i) skeletal C-C(trans) stretching. These results are consist-
ent with the previous reports.'"'?

Fig. 3 (a) Optical image; CARS images of a hair sample at (b) C=0
stretching (1741 cm™), (c) amide | (1665 cm™), (d) mainly CH, scissoring
(lipids), (e) mainly CHz degenerate deformation (proteins), (f) CH, twist-
ing (1300 cm™), (g) skeletal C—C(trans) (1134 cm™3), (h) C—C stretching
(1103 cm™), (i) skeletal C—Cl(trans) (1067 cm™), and (j) phenyl ring
breathing (1008 cm™); (k) SHG, () THG. The spectral profile was fitted
by a Gaussian function for (b), (c), (f), (g), (h), (i), (j), (k), and (l). The spec-
tral profile of the CH bending vibrational mode ((d) and (e)) was fitted by
the sum of the representative protein-rich (Fig. S3(b)f) and lipid-rich
(Fig. S3(c)T) spectral profiles, as described in the main text.
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The CARS images in Fig. 3(c), (e), and (j) illustrate the
fibrous structure of the cortex. These images mainly visualize
keratin protein, which is abundant in the cortex. They are
ascribed to (c) amide I and/or cis C=C stretching, (e) mainly
CH; degenerate deformation, and (f) phenyl-ring breathing
vibrational modes, respectively. On the other hand, Fig. 3(k)
and (1) also show bright areas in medulla.

In the present study, we unexpectedly found an SHG signal
in the medulla. In order to identify SHG-active molecular
species, we performed a combined analysis using SHG and
CARS. Fig. 4 summarizes the results. Fig. 4(a), (b), (¢) and (d)
are the SHG image, the CARS images due to CH, twisting and
C=O0 stretching vibrational modes, and the spectral profile of
the Im[y!¥)] signal, respectively. The spectral profile (orange
in Fig. 4(d)) from the SHG-active area A (orange circle in
Fig. 4(a-c)) is similar to that of typical of fatty acids (FAs), such
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Fig. 4 (a) CARS image of human hair at 1300 cm™ (CH, twisting), (b)
SHG Image, (c) CARS image at 1741 cm™" (C=0 stretching), (d) spectral
profiles of Im[®)] signal at the two areas, A and B in (a), (e) Spontaneous
Raman spectra of palmitic acid (PA), tripalmitin (TP), and bees wax (BW).
Characteristic marker bands are indicated by the bright orange (fatty
acids) and purple (esters) bars in (d) and (e).
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as palmitic acid (PA) in Fig. 4(e). A characteristic marker band
is indicated by the bright orange bar in Fig. 4(d) and (e). The
sharp bands at 1130 cm™" and 1063 cm™', assigned to C-C
(trans), are marker bands of solid-phase lipids, which are
observed in three spectra in Fig. 4(e). According to the litera-
ture,"® FAs are one of the main lipids in hair. Thus, the SHG-
active area in the medulla corresponds to solid FAs.

We found that another lipid-rich area in the medulla, indi-
cated by the purple circle (B) in the images, is SHG inactive. In
order to elucidate the difference between areas A and B, we
performed an Im[y®] spectral analysis. The spectral profile
(purple in Fig. 4(d)) of the Im[;*)] signal from the SHG-inac-
tive area shows a band at 1750 cm™", which is assigned as
C=O0 due to ester. By comparing the spectrum with the spec-
tral profiles of a triacylglycerol (tripalmitin; TP) and a wax
esters(WEs) (bee wax; BW) (Fig. 4(e)) and the literature data,"
we identified the lipid-rich and SHG-inactive molecular
species as WEs. Although the mechanism of difference of SHG
activity between FAs and WEs is not clear, SHG activity was
confirmed by in vitro experiment. No SHG signal was observed
in solid-phase BW, while SHG signal was observed in solid-
phase PA.

Conclusions

In conclusion, we successfully visualized two different kinds of
IMLs of human-hair medulla. By combining CARS and SHG
analysis, we identified the two kinds, which are SHG-active
and inactive, respectively, as FAs and WEs. It should be
emphasized that the conventional spontaneous Raman
microscopy cannot elucidate the SHG activity of intra-medulla
lipids, because the laser source is typically continuous wave,
which does not have enough peak power to generate the SHG
signal. Our technique can be applied to elucidating other
unknown molecular species in tissue samples.
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