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Visualisation of the distributions of melanin
and indocyanine green in biological tissues

E.A. Genina, 1.V. Fedosov, A.N. Bashkatov,
D.A. Zimnyakov, G.B. Altshuler, V.V. Tuchin

Abstract. A double-wavelength laser scanning micropho-
tometer with the high spectral and spatial resolutions is
developed for studying the distribution of endogenic and
exogenic dyes in biological tissues. Samples of hair and skin
biopsy with hair follicles stained with indocyanine green are
studied. The spatial distribution of indocyanine green and
melanin in the biological tissue is determined from the
measured optical transmittance.

Keywords: visualisation, double-wavelength laser scanning microp-
hotometer, melanin, indocyanine green.

1. Introduction

Lasers find expanding applications in medicine and
cosmetology. Along with the rapid development of
diagnostic methods such as optical coherent tomography
[1], laser fluorescence spectroscopy [2], confocal and
multiphoton fluorescence microscopy [3, 4], new technol-
ogies in laser therapy and surgery attract the attention of
researchers. Among them are the photodynamic therapy of
cancer [5] and infectious diseases [6], laser photothermolysis
in medical treatment of acne wvulgaris [7] and other
dermatology diseases [8], laser photothermolysis in con-
junction with local immunotherapy of cancer tumours [9],
coagulation of blood vessels [10], laser eye surgery [11],
laser correction of cartilaginous tissues [12], hair depilation
[13], etc.

To enhance the image contrast of objects under study in
laser diagnostics and to produce the selective laser action on
biological tissues, both endogenic and exogenic chromo-
phores are used. They include melanin, haemoglobin,
porphyrins, and photosensitisers and biologically compat-
ible dyes having a sufficiently narrow absorption band in the
‘therapeutic window’ region between 600 and 1200 nm, i.e.
in the wavelength range where the intrinsic absorption of
biological tissues is comparatively weak. The use of these
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dyes requires a detailed study of their localisation regions
and distributions in biological tissues. Despite numerous
studies devoted to this problem, the investigation of the
localisation of dyes in biological tissues remains an urgent
problem. For this purpose, various optical methods are
used, in particular, Raman spectroscopy [14], confocal
microscopy [4, 15], reflection spectroscopy [16, 17], fluor-
escence spectroscopy [18, 19], photoacoustic methods [17],
the digital analysis of optical images [20—23], and others.

Indocyanine green (ICG), a biologically compatible dye
having the intense absorption band in the near-IR region at
~800 nm and a weaker band at ~720 nm, is widely used
both for fluorescence diagnostics of the functions of liver,
kidneys, heart [24, 25], brain blood circulation [26, 27], and
the localisation of tumours [28, 29] by visualising blood
streams in blood vessels feeding a tumour. The possibility of
using ICG as a photosensitiser in photodynamic therapy
was demonstrated in many papers [7, 30]. The narrow
absorption band and the high absorption coefficient of
this dye allow its applications in photothermal therapy
[7, 9] and laser photocoagulation and welding of biological
tissues [11, 31]. Depending on a solvent and the ICG
concentration in the solution, its absorption maximum
can vary between 650 and 820 nm; this also occurs during
the bonding of the dye with biological molecules in cells
[30, 32—34]. Laser excitation into the absorption band of
ICG provides the high selectivity of the combined action of
the laser and dye, excluding the damage of the healthy
tissue. In this case, it is important to know the distribution
of the dye in a biological tissue to provide the optimal dose
and localisation of laser radiation.

The visualisation of ICG in the skin by fluorescence
spectra requires the use of the expensive equipment [24 —28].
In addition, to monitor simultaneously the content of
melanin and ICG in the skin, microspectrophotometry
should be performed in a broad spectral range. The visual-
isation method based on the digital analysis of the colour
images of the skin has received wide applications due to its
availability and a comparatively low cost [20—23]. The
information content and contrast of images are enhanced
by means of polarisation filters, which either improve the
quality of observation of the surface properties of the skin
or allow the observation of processes proceeding under the
skin surface such as erythema and pigmentation or of hair
follicles, etc. However, this method often gives only
estimates.

Thus, the problem of visualisation and localisation of
endogenic and exogenic dyes in biological tissues remains
topical. The aim of this paper is to develop a device for the
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simultaneous visualisation of melanin and indocyanine
green in the skin.

2. Methods and materials

The experimental setup is based on a standard universal
binocular 60> microscope (Fig. 1). Laser radiation was
focused by the objective of the microscope condenser in a
spot of diameter 2—10 pm on a sample. The sample was
placed in an immersion liquid with the refractive index
n = 1.5 between the object and cover glasses, which were
fixed on a translation stage. The stage translations were
performed in the mutually perpendicular directions in the
horizontal plane with a step of 10 um by means of two
computer-controlled step motors. Measurements were
performed with the help of an Abbe refractometer at 589
nm for ¢ =20 °C.
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Figure 1. Scheme of a two-wavelength laser scanning microphotometer.

The transmittance of biological tissues was measured
with two photodetectors. The incident beam intensity was
measured by deflecting a part of the beam by means of a
thin glass beamsplitter in the receiving channel of the
reference photodetector. The measuring photodetector
with the photodiode area of 3 x3 mm was placed directly
at a distance of 1.5 mm under the sample and collected the
scattered light within a wide angular aperture ~45°, which
was determined by the photodetector parameters. Signals
from each of the photodiodes were amplified, digitised in an
ADC (L-154, L-card, Russia), and fed to a PC. Two pulsed
648-nm and 783-nm diode lasers were used as radiation
sources. These wavelengths are used because the absorption
maximum of the ICG solution is located at 783 nm and
absorption in the dye solution in this region exceeds
absorption by melanin contained in human hairs, whereas
absorption in melanin at 648 nm, on the contrary, domi-
nated over absorption in the ICG solution. The spectral
dependences of the optical density of the ICG solution [32]
and human hairs [35] are shown in Fig. 2.

Lasers generated alternately the trains of ten 1-ms pulses
with a pulse repetition period of 2 ms. Simultaneously with
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Figure 2. Spectral dependences of the optical density of the ICG solution
(1) and dark brown (2), brown (3), and light yellow-brown (4) hairs
[35].

the generation of pulses, the output signals of photo-
detectors were fed via the ADC to the PC. The
transmittance of the sample at each point was determined
as the ratio of signals from the measuring and reference
photodiodes. This allowed us to take into account the
fluctuations of the photodiode power during measurements.

To minimise the influence of scattering in biological
tissues, the refractive indices of the biological tissue and
environment were matched by immersion to exclude the
scattering of light from the sample surface. The light
transmitted through the sample was collected within a
wide angular aperture. The measurement system was
calibrated by a signal from glasses with immersion liquid
between them. This procedure allowed us to take into
account signal losses due to absorption of radiation in
the glass and immersion liquid and reflection of radiation
from the air— glass—immersion liquid — glass —air interfaces.

The transmittance of biological tissues was measured
with the microphotometer at two wavelengths. The spatial
resolution of the microphotometer in the study of hairs was
~20 um along the hair stem and 10 pm across it. The
transmittance distribution was obtained by scanning a laser
beam 30 times across the hair stem, the transmittance at
each point being determined from averaged transmittances
obtained in each transverse scanning.

The scan area and step were chosen depending on the
sample size. The two-dimensional array of the transmittance
values of the sample at 648 and 783 nm was recorded during
the scan.

The visualisation method of the ICG dye distribution
regions in skin samples includes several stages:

(1) The object is imaged at 648 nm and 783 nm based on
the scan data. The brightness B of each of the image pixels,
varying between 0 and 255, is matched to the transmitted
radiation intensity. Thus, the white colour, having the
highest brightness 255, is assigned to the maximum trans-
mitted radiation intensity, while the black colour, having the
brightness 0, corresponds to the zero signal.

(i) The difference image is determined by subtracting the
transmitted radiation intensity at 783 nm from that at 648
nm. Because absorption in ICG at 783 nm exceeds its
absorption at 648 nm, and therefore the transmission of
light in stained regions at 648 nm considerably exceeds their
transmission at 783 nm, the stained regions have positive
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intensity differences. For melanin, on the contrary, trans-
mission at 648 nm is smaller than at 783 nm, and therefore
the intensity differences in the regions containing melanin
will be negative. (Upon visualisation of melanin localisation
regions, the difference image is obtained by subtracting the
radiation intensities obtained at 648 nm from those obtained
at 783 nm. In this case, only regions containing melanin will
have positive intensity differences.) The image is constructed
in the grey-level scale, the white colour being assigned to the
maximum intensity difference and the black colour — to the
minimum intensity difference.

(iii) To visualise the dye more distinctly, a contrast image
is constructed by assigning zero values to the negative
intensities in the difference image and representing them
by the black colour in the image, while the grey shades are
assigned only to positive intensity values. Thus, only regions
stained by ICG remain in the image, which enhances the
image contrast.

This system is adjusted to each image of a biological
tissue, by assigning the white colour to the maximum
intensity to enhance the image contrast.

We studied the distribution of melanin and ICG in the
skin in vitro by using seven skin biopsy samples from
volunteers, which was preliminarily stained in vivo by the
ICG solution (Palomar Medical Product Inc., USA) [32].
The solvent contained glycerol, propylene glycol, ethanol,
and water, which provided the better penetration of the dye
to the skin. The absorption maximum of the solution was
located at 783 nm. The skin biopsy was performed from the
external region of the forearm of two healthy volunteers by
means of special instruments for biopsy (Acuderm Inc.,
USA) in a clinic by the standard method using the local
anaesthesia. The skin with dark hairs was studied. The
samples were 2 mm in diameter and 4—5 mm in depth.

All the samples were additionally photographed with a
microscopic video system combined with a PC.

3. Results and discussion

Figure 3 demonstrates the measured optical transmittance
of an individual unstained hair and the hair image
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Figure 3. Distribution of the transmittance T of the hair along its axis (a)
and hair images constructed by its transmittances at 648 nm (b) and
783 nm (c).

constructed based on it. The transmittance distribution
along the hair axis is shown in Fig. 3a. The measurement
error of the average transmittance was 5 %. One can see
that the transmittance at 648 nm is considerably lower than
that at 783 nm. This is explained by the absorption in
melanin contained in hair. The absorption spectrum of
melanin has no distinct absorption bands and the
absorption coefficients of the two types of melanin —
eumelanin and pheomelanin, monotonically decrease with
increasing wavelength from 200 to 1100 nm [36, 37].
Absorption in melanin in the near-IR region becomes
negligible.

Figures 3b and c present the hair images at two
wavelengths. The lighter image in Fig. 3¢ corresponds to
the transmittance distribution for the hair at 783 nm, and
the darker image in Fig. 3b — to that at 648 nm. The images
exhibit distinct dark regions with the higher amount of
melanin in the hair bulb and stem, which are inherent in the
growing hair. In the hair bulb, the functioning melanocytes
— cells producing melanosomas — are located; here, melanin
is also released from melanosomes. Afterwards, melanin
granules are fixed between keratin fibrils during the hair
growth and densification, thereby distributing over the hair
stem. The mitotic activity of melanocytes, the production of
melanosomes and their release to the hair stem occur only in
the active phase of the hair cycle [38].

Figure 4 demonstrates the stages of receiving a contrast
image. Figure 4a presents the microphotograph of the
fragment of the epilated hair in the follicle region. The
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Figure 4. Images of the hair fragment stained in vivo by the ICG
solution: microphotography obtained by using a microscopic video
system (a); images of the hair constructed by its transmittances at 648
nm (b) and 783 nm (c); the hair image constructed by the difference of
intensities at 648 and 783 nm (d) and the contrast image of the hair
constructed by the positive difference intensity at 648 and 783 nm (e).
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hair was epilated from the skin on which the ICG solution
was applied. This image obtained with the help of a
microscopic video system shows the stained follicle regions;
however, the accurate determination of the depth and
boundary of the stained regions is complicated. Figures
4b and c show the hair images constructed by the values of
the hair transmittance at 648 and 783 nm. One can see that
the follicle regions stained with ICG are darker in Fig. 4c
than in Fig. 4b because absorption of ICG at 783 nm
exceeds its absorption at 648 nm. For melanin, on the
contrary, transmission at 648 nm is smaller than at 783 nm,
and therefore the hair stem in Fig. 4b looks darker than in
Fig. 4c. Thus, after the subtraction of the intensity values at
783 nm from these at 648 nm, only the region stained with
ICG have positive intensity values. The difference hair
image is shown in Fig. 4d. The distribution boundaries
of the dye in the tissue can be determined more accurately
by distinguishing the region with positive intensity values by
the grey shades and representing the rest of the region in the
black colour, thereby considerably increasing the image
contrast. The contrast image of the hair is presented in
Fig. 4e.

To distinguish clearly the dye localisation regions and to
determine accurately the boundaries of the dye distribution
in the skin stained with the ICG solution is even more
difficult than in an individual hair because the dye concen-
tration in follicles is low and light is strongly scattered in the
skin. The ICG distribution in the skin obtained by the
method proposed here is shown in Fig. 5, where the
microphotograph of the fragment of the skin biopsy with
two hair follicles is presented. The ICG solution was
preliminarily applied on and rubbed in the skin of a
volunteer, the remaining solution being then removed.
Because the skin biopsy sample was a cone with the
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Figure 5. Image of the fragment of the skin biopsy with hairs stained in
vivo by the ICG solution; microphotograph obtained with the help of a
microscopic video system (a) and the contrast images of the upper (b)

and lower (c) hair.

apex located deep in the skin and the base located on
the skin surface, when the sample was covered with a cover
glass, the stained skin surface occupied the region of width
~0.2 mm in the upper part of the sample (the dark strip at
the left edge of the sample in Fig. 5a). The dye was also
distributed along follicles and accumulated in the region of
the oil gland output at a depth of 0.2—0.3 mm under the
skin. The stained regions in Fig. 5a look darker; however, it
is impossible to determine the boundaries of the dye
distribution region. The difference images of each of the
follicles shown in Figs. 5b and c allow us to refine the
penetration depth of ICG inside follicles, which proved to be
equal to 0.93 £0.02 and 0.59 4+ 0.02 mm, respectively. The
spatial double-wavelength scanning and processing of the
obtained images give the distinct localisation regions of
melanin (dark regions) in hair follicles and of ICG on the
skin surface and along hair follicles. Thus, the difference
image of the skin sample proves to be considerably more
informative than microphotographs.

There exist methods for visualisation of dyes in bio-
logical tissues such as scanning confocal and fluorescence
microscopy and multiphoton microscopy which have a
better resolution achieving 1—-3 pm [4, 15]; however, they
require the expensive instruments. The digital image analysis
provides quite accurate visualisation of the stained regions
of biological tissues with distinctly outlined boundaries
[21, 22]. However, at low dye concentrations, when the
colours of the stained and unstained regions of a biological
tissue differ insignificantly or the boundaries of the stained
region are blurred, this method cannot provide reliable
results.

The spatial resolution of the method of double-wave-
length laser scanning depends first of all on the geometrical
parameters of the probe laser beam. The choice of these
parameters is determined to a great extent by the sample
thickness because the beam cross section should not change
significantly over the sample thickness. We used here skin
samples of thickness from 30 to 70 pm (hairs) and from100
to 200 um (skin biopsy samples). To provide the constant
cross section of the laser beam over the sample thickness,
laser radiation was focused with a waist of diameter
~10 um. Because the main scatterers in the hair are
keratinocytes, melanocytes, and air bubbles of micron
and submicron sizes, according to the Mie theory, the
indicatrix of radiation transmitted through the sample is
strongly anisotropic, the main part of radiation being
scattered forward. The use of a wide-aperture photodetector
eliminates the influence of scattering of light by biological
tissues on the estimate of absorption. Moreover, the
application of the immersion liquid considerably reduces
light scattering and enhances the intensity of the directly
propagated radiation component [39]. The geometrical
parameters of the scheme used in experiments were calcu-
lated based on the optical thickness of the hair of the order
of 4—5, which were obtained from the data presented in [23].
In the case of thinner samples, a tighter focusing is possible,
which can provide the spatial resolution of a scanning
microphotometer to 1.5 pm.

The refractive index n = 1.5 of immersion liquid used in
experiments can be considered constant in the range from
580 to 800 nm [40]. The immersion agent, which has the
refractive index close to that of the main scatterers (colla-
genic fibres) in the skin, n., = 1.47 [39], considerably affects
the scattering properties of the skin, by reducing the
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scattering coefficient due to matching between the refractive
indices of the tissue fluid and collagenic fibres [39]. The
refractive index of keratinocytes (basic components of hairs)
is 1.5 [41], and for this reason the immersion agent reduces
by tens of times scattering from the hair surface caused by
its inhomogeneities. As shown in [23], dark hairs containing
melanin at high concentrations have comparatively weak
scattering parameters compared to hairs of other types
[s ~ 30 and ~15 ecm™! at 648 and 783 nm, respectively,
where ! = (1 — g) is the transport scattering coefficient;
u, is the scattering coefficient; and g is the anisotropy
factor], which is obviously related to the size of scatterers in
these hairs and their dense packing. Due to the use of
immersion, the intensity of transmitted radiation will be
mainly determined by the absorption of light by the
structural components of biological tissues. However, mel-
anin, having the refractive index equal to 1.7 [42], will still
contribute to light scattering, which will lead to the addi-
tional increase in the image contrast upon visualisation of
the melanin distribution. At the same time, the influence of
immersion on the absorbing properties of biological tissues
can be considered insignificant [39]. Thus, the immersion
liquid does not distort considerably the visualisation of the
distribution of dyes and pigments in biological tissues.

Other factors determining the spatial resolution are the
accuracy of the sample positioning and the recording time of
one point of the image. In the case of fast scanning devices,
it is possible to study extended samples with a very high
resolution because the dimensions of the sample are
restricted only by the maximum travel of a dual-axis
translation stage. Thus, the maximum travel of the trans-
lation stage in our system was 100 mm with an error of
10 pm, which allows the study of tissue samples of size
greatly exceeding the field of view of a standard microscope.

Thus, the method of spatial two-wavelength laser
scanning and image processing is quite simple to realise
and can be used for studying the diffusion of dyes in
biological tissues and measuring the boundaries of local-
isation regions of melanin and dyes in various biological
structures.

4. Conclusions

By using the two-wavelength laser scanning, we have
determined quire accurately the spatial distribution of the
transmittance of biological tissues at two wavelengths and
constructed the difference image separating with a high
contrast the localisation regions of melanin and the dye in
the biological tissue.

The main advantage of this method is its low sensitivity
to the small-angle scattering loss of the probe radiation
because the aperture of a photodetector provides the
collection of the greater part of forward-scattered radiation.

The scanning microphotometer described in the paper
and the method for obtaining the images of biological
tissues can be used in medicine and biology, in particular,
for optical diagnostics, photodynamic and laser therapy,
and the study of distributions of natural pigments and some
organic dyes, in particular, indocyanine green in biological
structures.
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