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Investigation of dyed human hair fibres using apertureless
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Summary

We present the first studies of dyed human hair fibres performed
with an apertureless scanning near-field optical microscope.
Samples consisted of 5-pm-thick cross-sections, the hair fibres
being bleached and then dyed before being cut. Hair dyed with
two molecular probes diffusing deep inside the fibre or mainly
spreading at its periphery were investigated at a wavelength of
655 nm. An optical resolution of about 50 nm was achieved,
well below the diffraction limit; the images exhibited different
optical contrasts in the cuticle region, depending on the nature
of the dye. Our results suggest that the dye that remains
confined at the hair periphery is mainly located at its surface
and in the endocuticle.

Introduction

The cosmetics industry is very interested in understanding the
penetration pathways of different elements into hair fibres in
order to improve its knowledge of diffusion processes and to
adapt the nature of its products to consumer demand. The
penetration pathways into hair fibres are generally investigated
using fluorescent dyes with classical optical microscopy,
or confocal laser scanning microscopy (Corcuff et al., 1993;
Wortmann et al., 1997; Swift, 2000). However, these tech-
niques are limited by diffraction to about half the illumination
wavelength, and cannot resolve inner cell structures. Near-
field scanning optical microscopy was developed to break this
resolution limit by using a nanometer-sized probe to reveal the
evanescent field at the sample surface (Pohl et al., 1984; Lewis
et al., 1984). In this way, the optical resolution is only limited
by the size of the probe apex, i.e. its radius of curvature.
Another advantage of near-field optics is possible imaging of
chemical elemental composition (Knoll & Keilmann, 1999;
Cricenti et al., 2003), which is not feasible with an atomic
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force microscope. So far, most near-field studies on biological
samples have been carried out using optical fibers (Betzig &
Trautman, 1992; De Lange et al., 2001; Lewis et al., 2003).
However, apertureless probes such as scattering metallic tips
enable us to work over a broader spectral range and achieve
better resolution (Inouye & Kawata, 1994; Zenhausern et al.,
1994; Gleyzes etal., 1995; Formanek et al., 2003). Despite
several applications of atomic force microscopy to hair fibres
(Luengo & Leroy, 2004; Breakspear et al., 2005), the only near-
field studies of human hair were, to our knowledge, performed
using fluorescence detection by tapered optical fibers with
metallic coatings (Kelch et al., 2000).

Human hair fibres are generally 50-100 um in diameter,
and present three main structures (Zviak, 1986; Robbins, 2001)
when observed in cross-section (Fig. 1a). The inner structure,
with a diameter of about 5-10 pum, is called the medullary
canal or medulla. The medulla, although not always present,
is composed of cells separated by empty spaces and running
along the longitudinal axis of the hair. The cortex, which con-
stitutes the real core of the fibre, accounts for 90% of its total
weight. It is made of elongated cortical cells (=100 um in
length and= 1-6 wm in diameter) aligned along the axis of the
fibre, and contains semicrystalline substructures called
macrofibrils (=100—400 nm in diameter). Macrofibrils are
rod-like structures consisting of fibrillar keratin embedded in
an amorphous protein matrix. Keratin has the ability to cry-
stallize in the form of an a-helical structure.

Cystine, serine, glycine and N-acetylserine are the main amino
acids, and the chains are stabilized by a number of inter-
molecular and intramolecular interactions: electrostatic, van der
Waals, hydrogen and covalent (disulphide) bonds. These
units form hexagonal crystals called microfibrils (= 7.5 nm
in diameter) or intermediate filaments. Fibrillar and matrix
keratins build highly intricate structures that are strongly
anisotropic, giving hair its unique mechanical properties: high
rupture stress and elongation, high elastic modulus, and rapid
and total recovery even at high deformation (Fraser et al.,
1976; Zviak, 1986; Briki et al., 1998). The cortex also includes
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melanin pigments, responsible for hair colour, as ovoid or
spherical granules (= 200—800 nm in size). Hair thus appears
as a true bio-nanocomposite.

The hair envelope protecting the cortex, which is called
the cuticle, is composed of several (=3—-10) overlapping cells
arranged in a layer about 1 um thick (Swift, 1991, 1999).
These cells are connected by lipid-rich intercellular material.
Each overlapping cell is divided into three layers: the innermost
endocuticle, the exocuticle, and the outermost epicuticle.
The endocuticle, composed of cytoplasmatic and nuclear
remnants, has a low cystine content (= 3%) and is considered
to be the weakest component of the cuticle structure (torn scales
usually break through this layer). The exocuticle is composed
of a cystine-rich protein component; the part of the layer
closest to the exocuticle is referred to as the A-layer. Its high
cystine content suggests that the exocuticle is a highly cross-
linked material, and is therefore more compact, which could
account for its high mechanical resistance and water barrier
behaviour. The final structure of the outermost layer of the
cuticle is of especial interest, because the surface properties of
hair depend on the physicochemical properties of this layer
(Luengo & Leroy, 2004). The epicuticle membrane contains
highly cross-linked protein (= 75%) and fatty acids (= 25%).
Among the adsorbed fatty acids, 18-methyleicosanoic acid
appears to be covalently joined via thioester linkages to the
protein and is considered to play an important role in the
physicochemical and tribological surface properties of hair
(Negri et al., 1996). However, further measurements need to
be done to evaluate the accuracy of thisrepresentation, as well
as the extent or ordering of this suspected monolayer: the
degree of coverage on the scale structure, its dynamics in the
presence of surfactants or various treatments, etc.

Thus, the optical methods used so far on human hair have
achieved a resolution no better than a few hundred nanometers

Fig. 1. (a) Main morphological structures present in a
hair fibre. (b) Image of a microtomed cross-section of a
hair fibre, obtained by classical optical microscopy.

and involve a fluorescent dye, which complicates sample prepara-
tion and leads to photobleaching problems. The aim of this article
is to demonstrate that a new technique, apertureless near-field
scanning optical microscopy, is well adapted for the study of
spatial variations of optical properties of human hair sections
due to the presence of a dye, and can achieve a resolution as good
as 50 nm. After presenting the technique, we show experimental
images of human hair sections coloured with two different
dyes with unprecedented resolution. This first investigation
indicates that apertureless near-field scanning optical micro-
scopy is particularly suitable for observing optical contrasts due
to changes of dye concentration, with nanometer resolution.

Materials and methods

Samples

To demonstrate the capability of the instrument to provide
different optical contrasts on near-field images of hair fibre, we
prepared two sets of hair dyed with two molecular probes with
different affinities for the fibre. The samples consisted of bleached
white hair tresses immersed and stirred for 30 min at ambient
temperature in a 2.5 x 10~° m neutral solution (pH 7) of two
red-absorbent molecular probes. Hairs were then cleaned by
water rinsing, and finally dried. Subsequently, hairs were
embedded in an LR White Medium grade resin. Thin cross-
sections (= 5 wm thick) were obtained using a microtome
diamond knife and deposited on a glass cover slip. The transparent
resin is clearly visible on the outer parts of the image obtained
with classical optical microscopy (Fig. 1b). Bleaching was per-
formed by treating hair with a peroxide solution (hydrogen
peroxide 15 vol., sodium peroxodisulphate 22% and ammonia
2.9%) for 50 min at 30 °C. Neutralization was performed in a
0.22% sodium thiosulphate solution for 30 min at 30 °C.
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Fig. 2. Sketch of the experimental arrangement: a scanning near-field
optical microscope based on a quartz tuning fork and operating in
reflection mode. PZT, piezoelectric transducer.

Methods

For the experiments, we used a home-made apertureless near-
field scanning optical microscope in reflection mode (De Wilde
etal., 2003). The experimental setup is shown in Fig. 2. It is
based on an atomic force microscope operating in tapping mode,
combined with laser illumination of the tip. The probe consisted
of a sharp metallic tungsten tip prepared by electrochemical
etching (Oliva et al., 1996). The role of the tip was to scatter
the field located on the surface of the sample. Measurements of
the scattered field were performed while the sample was scanned
laterally under the tip. Our previous experiments (Formanek
et al., 2003) revealed that these tungsten tips typically have a
radius of curvature of about 20 nm. Thus, the lateral resolu-
tion is strongly enhanced compared to what could be achieved
with a conventional optical microscope. The tip was glued
onto the lower arm of a quartz tuning fork (Karrai & Grober,
1995) and oscillated perpendicularly to the sample surface.
The average distance between the tip and the sample surface
was maintained at a constant value using electronic feedback
of the tuning fork voltage. The total range of the piezoelectric
transducer that controlled the tip height on the sample sur-
face was 17 wm. This allowed us to follow important topo-
graphical variations that might occur, for instance, when the
tip is moved from the substrate to the cuticle within the same
scan, i.e. when the thickness of the hair section produces a
step in the surface topography that is about 5 um high. The
beam from alaser diode (with wavelength 655 nm) was focused
onto the sample through a high numerical aperture (NA)
objective (50x, NA = 0.6) in order to illuminate the surface.
The incident laser power used in the experiments was typically
10-20 mW, and the focalization spot was about 1 um in
diameter on the surface. The field scattered by the tip was col-
lected by the same objective and sent towards a photodiode
connected to a lock-in amplifier working at the tip oscillation
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Fig. 3. Far-field optical image recorded at A = 655 nm (without the tip) of
a hair fibre cross-section on which a dye diffusing mainly at the surface
was applied.

frequency Q or at its higher harmonics (2Q and 3Q). This
technique allowed us to extract the weak contribution due to
tip scattering from the background signal (Knoll & Keilmann,
2000; Formanek et al., 2005).

Results and discussion

In order to better interpret the near-field optical images, we
first obtained far-field images by removing the tip and the
tuning fork. The beam from the laser diode (A = 655 nm) was
focused onto the hair surface through a high-NA objective
(125x%, NA =0.8). Scattered light was collected by the same
objective and modulated to a few hundreds of hertz using a
mechanical chopper, and then focused with a lens onto a photo-
diode placed after a diaphragm. This diaphragm is mounted
in the image plane of the sample, in such a way that only light
scattered at the tip apex can reach the detector. The photo-
diode was connected to a lock-in amplifier working at the modu-
lation frequency imposed by the chopper. The optical image
was obtained by scanning the sample with a piezoelectric stage
and recording the signal for each position, as in confocal laser
scanning microscopy (Hadjur et al., 2002). Figure 3 shows an
11 x 11 wm? optical image thus obtained of a hair fibre on
which a dye diffusing mainly at the surface level was applied.
This image reveals different structures such as the cuticle
(arrow 1), melanin pigments (arrow 2) and the medullar chan-
nel (arrow 3). However, the resolution, estimated to be about
400 nm, remained too low to resolve the inner structures of
the cuticle and to study the penetration pathways of dyes.
Figure 4(a) shows a 10 x 10 um? topographical image of
a hair fibre on which a dye diffusing deep inside the fibre
was applied. Figure 4(b) shows the optical near-field image
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simultaneously recorded at 3Q. Figure 4(c) is an optical near-
field image of a magnified view of the cuticle (5.5 x 5.5 um?).
The advantages of demodulating the optical signal at higher
harmonics are that the interference effects can be reduced and
the resolution slightly improved (Knoll & Keilmann, 2000).
The near-field optical images clearly show better resolution
than the far-field image. The topography reveals the rema-
nence of nuclei (arrow 1) and borders (arrow 2) of cortical
cells. The macrofibrils (= 100—400 nm in diameter) located
inside the cortex explain the granular appearance of the hair
body. Although such details are also visible on the optical
image (Fig. 4b), the contrast is rather homogeneous over the
whole cortex and the cuticle, as seen in natural hair fibre
images (not shown here). However, Fig. 4(c) shows strong
contrast at the outer part of each cuticle cell (indicated by the
arrow). As the optical contrast follows the important topo-
graphical variations occurring at these precise positions, it
may simply arise from a topographical artefact (Hecht et al.,
1997) rather than from spatial variations in dye concentra-
tion. One way to get rid of such artefacts would be to obtain
constant height mode images, but it is not applicable for samples
with important relief variations.

Figure 5(a)showsa4.7 x 4.7 wm? topographical image of a
hair fibre on which a dye diffusing mainly at the surface
was applied. Figure 5(b) shows the optical near-field image
simultaneously recorded at 2Q. The optical resolution is esti-
mated from a profile (Fig. 5¢) to be about 50 nm. Here it is
defined as the width of the smallest detail that can be observed
in the image. The topographical image reveals parallel traces a
few nanometres high, which are clearly visible on the cuticle

2.6

Intensity [a.u.]

Fig. 4. Images of a hair fibre cross-section on which
a dye diffusing deep inside the fibre was applied. (a)
Topographical image and (b) corresponding near-field
optical image recorded at A = 655 nm. (c) Near-field
optical image of a magnified view of the cuticle.

(indicated by the arrow). Parallel traces of the same kind are
also visible on the cortex region in Fig. 4. These traces are gener-
ally observed in atomic force microscopy measurements on
microtome cuts of human hair (Luengo, unpublished data).
As hair is a soft material, they are reminiscent of the traces
resulting from sliding of the diamond knife at the surface of the
hair section that occurs when performing the microtome cut.
As they can be clearly distinguished from intrinsic hair struc-
ture, they do not hinder the interpretation of the near-field
optical images.

The dark stripes (arrow 1) on the optical image show inter-
ferences (Formanek et al., 2005) where the optical signal is
equal to zero. Interferences are sometimes expected when the
scan size is of the same order or larger than the wavelength of
the laser illumination. Outside these interferences, the signal
is almost homogeneous except in some bright regions (arrow
2) corresponding to the location of the intercellular material
and/or the endocuticle. The external edge of the hair fibre
(arrow 4) also presents a bright region. The optical contrast in
the vicinity of these bright regions (Fig. 5b) is opposite to that
observed in the surface topography (Fig. 5a), which rules out
the possibility of a topographical artefact. Intermediate areas
(arrow 3) including the exocuticle and the epicuticle appear
with the same amount of signal as the cortex. This observa-
tion was reproduced in several experiments, i.e. with different
tips and on different hair sections. The bright regions at the
location of the intercellular material and/or the endocuticle,
and at the external edge, have only been observed on hair
coloured with a dye that mainly diffuses at the hair periphery,
and never on natural hair or on hair coloured with a dye that
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Fig. 5. (a) Topographical image and (b) corresponding
near-field optical image of a hair fibre cross-section on
which a dye diffusing mainly at the surface was
applied, recorded at A =655 nm. (c) Profile of the
dotted line visible in (b).

diffuses homogeneously. We therefore conclude that the bright
regions correspond to zones with a higher dye concentration
than the surrounding areas. From their shape and thickness,
itis assumed that these bright regions correspond to the endo-
cuticle and may include the intercellular material.

Using lock-in detection of the optical signal combined with
an oscillatory movement of the tip in a direction z perpendicu-
lar to the sample surface provides information regarding the
variation of the electromagnetic energy density € along z.In a
rough approximation, the lock-in signal demodulated at the
fundamental tip frequency Q is Sq, o< de/dz, whereas the signals
demodulated at higher harmonics are S, o< 9*¢/9z* and S, o< 9°¢/
0z°. Hence, an optical image recorded with an apertureless
near-field scanning optical microscope cannot be quantita-
tively interpreted in simple terms. A quantitative study of
spatial variations of dye concentration in human hair sections
based on the contrast observed in apertureless near-field optical
images would require a precise knowledge of the optical
indices of the investigated dyes and of hair materials, the use of
hair from the same batch coloured with different dyes, and the
performance of tip-approach curves at various locations com-
bined with theoretical modelling based on electrostatic dipole
theory (Knoll & Keilmann, 2000). This is well beyond the
scope of this article.

Discussion

The first studies of human hair fibres using an apertureless
scanning near-field optical microscope are reported. Our optical
images recorded at a wavelength of 655 nm show a resolution
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of about 50 nm, higher than that obtained with optical
fibre probes. We were able to observe different optical contrasts
on near-field images of hair fibres, depending on the nature
of the applied dye. Whereas the dye diffusing deep inside
the fibre gave no optical contrast, the dye diffusing mainly at
the surface level showed that the major diffusion process
seemed to occur in the cell membrane complex located
between the outer cells of the cuticle and/or the endocuticle.
With use of a slightly modified version of our setup, the imag-
ing technique described here can be easily applied to biological
systems in aqueous media. Preliminary steps in this direction
have already been reported by some of us (Fragola et al.,
2004).
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