
Journal of Biomedical Optics 9(6), 1198–1205 (November/December 2004)
Raman spectroscopy of in vivo cutaneous melanin
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Abstract. We successfully acquire the in vivo Raman spectrum of
melanin from human skin using a rapid near-infrared (NIR) Raman
spectrometer. The Raman signals of in vivo cutaneous melanin are
similar to those observed from natural and synthetic eumelanins. The
melanin Raman spectrum is dominated by two intense and broad
peaks at about 1580 and 1380 cm−1, which can be interpreted as
originating from the in-plane stretching of the aromatic rings and the
linear stretching of the C-C bonds within the rings, along with some
contributions from the C-H vibrations in the methyl and methylene
groups. Variations in the peak frequencies and bandwidths of these
two Raman signals due to differing biological environments have
been observed in melanin from different sources. The ability to ac-
quire these unique in vivo melanin signals suggests that Raman spec-
troscopy may be a useful clinical method for noninvasive in situ
analysis and diagnosis of the skin. © 2004 Society of Photo-Optical Instrumenta-
tion Engineers. [DOI: 10.1117/1.1805553]
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1 Introduction
Melanin is one of the most ubiquitous and biologically impor-
tant natural pigments,1 and is largely responsible for the color
of skin, hair, and eyes. Functionally, melanin can act as a
sunscreen, scavenge active chemical species, and produce
tive radicals that can damage DNA.2 Melanin can be divided
into two main classes: 1. eumelanin, a black-to-dark-brown
insoluble material found in black hair and in the retina of the
eye, and 2. pheomelanin, a yellow-to-reddish-brown alkali-
soluble material found in red hair and red feathers.3 Because
of its biological importance, particularly its role in skin, mela-
nin has been extensively studied using a wide variety of tech
niques including mass spectrometry, x-ray diffraction, nuclea
magnetic resonance, and scanning tunneling microscopy.4–7

Although eumelanin is currently believed to be a heteropoly-
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mer consisting of varyingo-dihydroxyindolic and phenolic
units, its chemical structure and biological functions are s
subject to debate.3,8–11

Since melanin’s interaction with light is one of its chara
teristic physical and functional properties, optical measu
ments are a standard tool for itsin vivo detection and mea-
surement. At the present time,in vivo optical measurements o
melanin are largely based on its absorption properties.8,12–16

Specifically, the relative absence~negative signal! of remitted
or transmitted light from a tissue sample is usually inferred
indicating the presence of melanin. However, melanin has
distinctive absorption peaks to distinguish itself from oth
cutaneous chromophores. Instead, melanin absorption
creases monotonically with increasing wavelengths from 3
to 1100 nm. This makes it very difficult to quantify melaninin
vivo on the background of other cutaneous chromopho
such as oxy- and deoxy-hemoglobin. A positive metho
which probes signals from a melanin-containing samp
would be in general much less ambiguous and more appro
ate for quantitative evaluation. Raman spectroscopy, wh
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Raman spectroscopy of in vivo cutaneous melanin
probes molecular vibrations, constitutes such a positive
method. However, the extremely low quantum efficiency of
Raman excitation necessitates high illumination power den
sity and long data acquisition times using conventional instru
mentation. Experimentation under these conditions will likely
damage the melanins under investigation. Although prelimi-
nary Raman studies on synthetic melanin and persulfate ox
dized tyrosine~POT! were carried out by Panina and Cooper
et al.,17,18 in vivo Raman measurement of melanin has not ye
been reported to date. A previous study of Raman spectros
copy of human hair did not report any Raman signals from
black hair,19 the melanin of which consists of 99%
eumelanin.20

We report the successfulin vivo Raman measurement of
melanin in human skin. Using low incident laser power and a
rapid spectral acquisition technique, we have observed tw
intense Raman bands fromin vivo skin and hair as well as
from synthetic and natural eumelanins. These two bands ca
serve as a spectral signature for eumelanin and can potentia
be used for clinical noninvasivein situ analysis and diagnosis.

2 Materials and Methods
2.1 Melanin Samples and Human Skin
Natural melanin isolated from cuttlefish ink sacs ofSepia of-
ficinalis ~M-2649! and synthetic dihydroxyphenylalanine
~DOPA! melanin ~M-8631! were obtained from the Sigma-
Aldrich Chemical Corporation~St. Louis, Missouri!. These
two forms of eumelanins did not undergo any further process
ing prior to spectroscopic analysis at four excitation wave-
lengths: 457.9, 514.5, 632.8, and 785 nm. To examine Rama
scattering ofin situ melanins, human skin~i.e., normal dark
skin from an African volunteer, benign melanocytic com-
pound nevus, and malignant melanoma! as well as human and
feline black hair were measured under 632.8- and 785-nm
excitation. This study was approved by the Clinical Research
Ethics Board of the University of British Columbia.

2.2 Raman Spectroscopy Measurements
The Raman spectra of the melanin samples and human sk
and hair were obtained using a rapid acquisition dispersive
type near-infrared~NIR! Raman spectrometer with a 785-nm
diode laser. This spectrometer was developed for real timein
vivo biomedical applications and provided optimal optical
throughput and high charge-coupled device~CCD! detector
sensitivity.21 The spectral resolution of the system is 8 cm21.
The power density of the excitation light was 1.56 W/cm2

~150 mW over a 3.5-mm-diam spot!, and data acquisition was
completed within 1 s to ensure high-quality Raman spectra
without damaging the melanin samples or tissues. For thein
vitro melanin samples only, Raman spectra were also obtaine
under different excitation wavelengths using two other Raman
systems: an 80-cm conventional triple Raman spectrograp
with an argon ion laser, and a confocal MicroRaman system
with a helium-neon~He-Ne! laser~J.Y. Horiba!. The spectral
resolution of the triple Raman spectrograph is 5 cm21, while
the MicroRaman system has a spectral resolution of 2 cm21.
Since these two latter systems require much longer data a
quisition times~as long as 20 min!, great care was taken to
make sure that the melanin samples were not damaged by t
laser irradiation during measurements. The excitation powe
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density was controlled not to exceed 1 W/cm3. Under these
conditions, the measured spectra are similar to those obta
with the rapid acquisitionin vivo Raman system. In aggregat
four laser lines were used to excite Raman scattering: 45
nm (Ar1), 514.5 nm(Ar1), 632.8 nm~He-Ne!, and 785 nm
~diode!.

All measured melanin spectra were corrected accordin
the spectral responses of the respective Raman systems.
nomial functions were used to fit the autofluorescen
backgrounds.22 A second-order polynomial was found to b
optimal in this study for fitting the melanin autofluorescen
background in the spectral range of 800 to 1800 cm21, and
this polynomial was therefore subtracted from the raw sp
trum to yield the melanin Raman spectrum alone. Each of
melanin Raman spectra was then normalized to the integr

Fig. 1 The emission spectrum of natural melanin isolated from Sepia
officinalis excited by 785-nm laser light.

Fig. 2 Emission spectra of Sepia melanin excited by laser light at
457.9, 514.5, 632.8, and 785 nm, respectively. The spectra are mea-
sured with three different systems. The intensities are in arbitrary units
(a.u.) and are not comparable between different curves.
medical Optics d November/December 2004 d Vol. 9 No. 6 1199
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area under the curve from 800 to 1800 cm21 to enable com-
parisons of the shapes and relative peak intensities amon
different spectra.

3 Results and Discussion
Under 785-nm diode laser excitation, the rapid acquisition
NIR Raman spectrometer measurements demonstrated tw
broad spectral peaks for natural melanin isolated fromSepia
officinalis around 880 and 895 nm on the basic raw emission
spectrum, which presumably included both autofluorescenc
and Raman signals~Fig. 1!. To more clearly delineate the
physical basis for these two spectral peaks, we measured th
spectra of the same natural melanin sample under three add
tional separate excitation wavelengths. At all four excitation
wavelengths evaluated~457.9, 514.5, 632.8, and 785 nm!, two
spectral peaks were regularly present on all the melanin spe
tra ~Fig. 2!, with their wavelength positions differing accord-
ing to excitation wavelengths~Table 1!. The wavelength de-
pendence for these signals suggested an origin from Rama
scattering rather than fluorescence emission. When the spec
were replotted in frequency units on a relative wavenumbe
~cm21! scale according to:

n51/l021/l, ~1!

wherel0 is the excitation laser wavelength,l is the measure-
ment wavelength, andn is the Raman shift in terms of relative
wavenumbers, the two peak positions appeared to be indepe
dent of the excitation wavelengths~Fig. 3 and Table 1!. This
confirms that the two spectral peaks observed were indee
Raman signals rather than fluorescence emission.

To yield the Raman signals alone, autofluorescence back
ground emissions were subtracted from the raw melanin spe
tra using second-order polynomials. Figure 4 shows the
background-subtracted Raman spectra of synthetic DOP
melanin and natural melanin isolated fromSepia officinalis
using laser excitation wavelengths of 457.9, 514.5, 632.8, an
785 nm, respectively. Both synthetic and natural melanins ex
hibited two characteristic broad spectral peaks near 1385, an
1585 cm21 at all excitation wavelengths, confirming again
their origin from Raman scattering rather than fluorescence
As to the broadband background autofluorescence emissio
properties of melanin, a more detailed study is currently being
carried out by our group and will be reported in a separate
work.

Human and feline black hair appeared to be similarly
dominated by the two constant strong bands at about 1375 an
1580 cm21 ~Fig. 5!. There was an approximately linear rela-

Table 1 The peak positions of Sepia melanin spectra when excited
by different wavelengths of lasers.

Excitation wavelengths (nm) 457.9 514.5 632.8 785

Peak 1 Wavelength (nm) 489.2 554.5 694.3 881.8

Wavenumber (cm−1) 1398 1402 1406 1396

Peak 2 Wavelength (nm) 493.6 560.1 703.1 896.2

Wavenumber (cm−1) 1579 1582 1580 1582
1200 Journal of Biomedical Optics d November/December 2004 d Vol.
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tionship between Raman signal intensity and excitation li
irradiance~Fig. 6!, thus eliminating the possibility that othe
two-step mechanisms~e.g., phosphorescence! accounted for
the observed melanin signals. These measurements fro
variety of melanin sources using multiple wavelengths co
firm that the two prominent peaks we observed in melan
are due to inelastic Raman scattering rather than fluoresc
or other nonlinear processes.

To evaluate Raman signals fromin vivo cutaneous mela-
nin, we have also measured human volunteers with other d
skin or pigmented skin lesions using the rapid Raman syst
Figure 7 shows thein vivo Raman spectra from normal skin o
a dark-completed volunteer of African descent~Fig. 7~a!!, a
benign compound melanocytic nevus, and~Fig. 7~b!!, and a
malignant melanoma~Fig. 7~c!! when excited by the 785-nm
laser. For comparison, Fig. 7~d! also gives the Raman spec
trum of normally pigmented skin adjacent to the maligna
melanoma from Fig. 7~c!. The corresponding clinical appea
ance of the dark-completed normal skin, the benign co
pound pigmented nevus, the malignant melanoma, as we
its adjacent normal skin forin vivo Raman measurements
also shown in Fig. 7. It can be observed that the spectra
cutaneous melanin mainly comprise two intense and br
bands peaking near 1368 and 1572 cm21 that are very similar
to the Raman patterns observed in eumelanin samples
black hair~Figs. 4 and 5!. In addition, thein vivo skin Raman
spectra showed vibrational bands for proteins and lipids t
were different in skin that appeared dark due to melanin.19,21

For instance, the weaker vibrational mode at 1742 cm21 as-
signed to C5O stretching of the lipid head group19 was
present in highly pigmented skin lesions, while other ban
were significantly reduced: e.g., then ~C5O! amide I band at
1654 cm21, the d (CH3) andd (CH2) at scissoring mode a
1445 cm21, the CH2 deformation at 1301 cm21, and then
~CN! and d ~NH! amide III bands at 1269 cm21. One may
note that the 1445-cm21 peak disappeared in the maligna
melanoma spectrum but was observed in the benign c

Fig. 3 Spectra of Sepia melanin (Fig. 2) excited by 457.9-, 514.5-,
632.8-, and 785-nm laser light, respectively, were displayed in units
of wavenumbers (cm−1). The y axis of each curve has been shifted up
or down for better comparison of the spectral shapes and peak posi-
tions.
9 No. 6



Raman spectroscopy of in vivo cutaneous melanin
Fig. 4 Raman spectra of synthetic DOPA melanin and natural melanin isolated from Sepia officinalis: (a) and (e) are excited by a 457.9-nm laser,
(b) and (f) by a 514.5-nm laser, (c) and (g) by a 632.8-nm laser, and (d) and (h) by a 785-nm laser. Autofluorescence background has been subtracted
from the measured melanin spectra using second-order polynomial functions.
h
-

an

lar-
pound nevus spectrum, whereas the converse was true for t
1269-cm21 peak. These differences as well as the peak posi
tions and bandwidths of the two melanin Raman bands~see
Table 2! may be potentially useful for noninvasive melanoma
Journal of Bio
edetection if they are confirmed in our future clinical Ram
studies with a large patient population.

Melanin Raman spectra were also measured using po
ized (I i) and depolarized(I') scattering geometry23 to deter-
Fig. 5 Raman spectra of human and feline black hair: (a) and (c) are excited by a 632.8-nm laser, (b) and (d) by a 785-nm laser.
medical Optics d November/December 2004 d Vol. 9 No. 6 1201
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mine the depolarization ratio(r5I' /I i) for melanin Raman
spectra~example shown in Fig. 8!, and showed no significan
differences except that the depolarized spectrum was we
than the polarized spectrum@Fig. 8~a!#. The depolarization
ratio ~r! is nearly constant at about 0.42 over a wide spec
range from 100 to 4000 cm21 @Fig. 8~b!#. Constant depolar-
ization ratios are commonly observed in amorpho
materials,24 and are presumably due to structural geome
randomness in the case of melanin.15,25,26 Furthermore, the
two melanin Raman bands are quite broad with a full width
half maximum greater than 100 cm21 ~see Table 2!, which is
about five-fold broader than Raman bands observed in hu
skin or white hair.19,21The wide bandwidths may be related
irregular arrangement in the molecular structure
melanins,26 particularly in terms of irregular polymeric con
nections among different monomers and functional grou

Fig. 6 Plots of log Raman peak intensity of Sepia melanin versus log
irradiance of laser light at 785 nm, giving linear lines with slopes of
0.92 and 0.88 for Raman peaks at 1580 and 1400 cm−1, respectively.

Fig. 8 (a) Polarized and depolarized Raman spectra of synthetic mela-
nin measured using the 457.9-nm line of an argon-ion polarized laser.
(b) The depolarization ratio (r5I' /I i) of the melanin spectra obtained
by dividing the polarized spectrum (I i) by the depolarized spectrum
(I').
9 No. 6



Raman spectroscopy of in vivo cutaneous melanin
Fig. 7 In vivo Raman spectra of cutaneous melanin obtained under 785-nm laser excitation from: (a) volar forearm skin of a volunteer of African
descent, (b) benign compound pigmented nevus, (c) malignant melanoma, and (d) normal skin site adjacent to the malignant melanoma. Also
shown at the right side are clinical images of the corresponding skin sites for in vivo Raman measurements.

Fig. 9 Comparison of the experimental Raman spectrum of synthetic melanin (black solid line) with Gaussian component spectra (red dotted and
solid lines). Parametric values used for the Gaussian spectra were given in Table 2.
Journal of Biomedical Optics d November/December 2004 d Vol. 9 No. 6 1203
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that alter bond strengths and vibrational frequencies. Thu
each broadband in the melanin spectrum may represent
group of related vibrational modes.

The observed melanin Raman spectrum shown in Fig. 8~a!
apparently is very similar to the Raman spectrum of disor-
dered graphite. In particular, the bands at about 1380 an
1580 cm21 are very similar to the well-known D band and G
band observed in the Raman spectra of disordere
graphite,27,28 and the broad feature near 3000 cm21 can be
interpreted as the overtone of these two bands via secon
order Raman effects.29 The G band of graphite, which is at
about 1580 cm21, arises from stretching the hexagonal carbon
rings. The D band, which occurs at about 1380 cm21 in dis-
ordered graphite, arises from linearly stretching three of the
six C-C bonds.27 Since both melanin and disordered graphite
are dark-colored carbon-rich materials and contain irregularly
connected hexagonal carbon rings, the similarity between th
spectra of these materials suggests similar interpretations
the observed Raman bands. On the other hand, melanin al
contains other structures, including methyl and methylene
groups, which should also have contributions to the Rama
spectrum. In fact, a band at 1380 cm21 was observed in IR
absorption spectra of synthetic melanins and black hair, an
was assigned to theCH3 andCH2 bending modes of methyl
and methylene groups.15,30 In addition, a weak band at 1585
cm21 appeared in the IR spectra of melanins complexed with
Cu21 or Fe31 ions,30 which could be due to phenyl skeletal
and methyl asymmetric vibrations.15,30–32However, since we
did not observed any C-H vibrational modes at other frequen
cies in the Raman spectrum of melanin, the contributions
from the methyl and methylene groups might be small. There
fore, it is reasonable to interpret the two prominent Raman
bands, observed in synthetic melanin and natural melanin
from Sepia, black hair, and human skin, as originating from
the in-plane stretching of the aromatic rings~near 1580 cm21!
and the linear stretching of the C-C bonds within the rings
~near 1380 cm21!, with some contributions from the C-H vi-
brations in the methyl and methylene groups.

Gaussian fit to the experimental data
The variation of melanin Raman spectra according to excita
tion wavelengths are shown in Figs. 4 and 5. The two broad
Raman bands consistently appeared at 1360 to 1400 and 15
to 1590 cm21, regardless of the excitation wavelengths, sug-
gesting that the observed spectra were a superimposition
two underlying signals~i.e., two groups of related vibrational
modes of molecular components!. A simple two-component
model was therefore used to deconvolute the melanin spect
of Figs. 4, 5, and 7. To facilitate a computer fit to the data, the
component Raman spectral intensityI (x) was assumed to be
Gaussian function,33

I ~x!5 (
i 51,2

Hi expF2
2~x2wi !

2

Dwi
2 G , ~2!

where

Hi5
Ai

DWiAp/2
;

1204 Journal of Biomedical Optics d November/December 2004 d Vol.
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Hi is the height of the respective Gaussian spectra; andAi is
the total area under the curve from the baseline.Wi represents
the center of the peak at which the Raman intensities re
maximum values for the two component spectra, andDWi is
approximately 0.849 times of the width of the peak at h
height.

A program was written to fit Eq.~2! to all of the spectra
shown in Figs. 4, 5, and 7. For instance, a reasonably goo
to the Raman spectrum of synthetic melanin at 785-nm e
tation is shown in Fig. 9. Similar results were also obtain
for other experimental data with the parametric values of
Gaussian base spectra listed in Table 2. Note that the su
the areas under the two Gaussian component spectra equ
for all spectra.

There are slight differences between the Raman spectr
natural melanin isolated fromSepia officinalisand synthetic
DOPA melanin~Fig. 4!. For the 1400-cm21 peak, theSepia
melanin spectral maximum is approximately 20 cm21 higher
than that of DOPA melanin, whereas at the 1580-cm21 peak,
the Sepia melanin spectral maximum is closer to that
DOPA melanin~Table 2!. The 1400-cm21 peak bandwidth of
Sepiamelanin is about 20 cm21 narrower than that of DOPA
melanin, while the 1580-cm21 peak bandwidths ofSepia
melanin and DOPA melanin are about the same. Differen
also exist in the peak positions and bandwidths between
man skin and black hair melanin~Figs. 5 and 7!. For the
1400-cm21 peak, the human black hair spectral maximum
located about 30 cm21 lower than that of feline black hair
while for the 1580-cm21 peak, the corresponding difference
negligible. The 1400-cm21 peak bandwidth of human blac
hair is about 20 cm21 broader than that of feline black hai
while the 1580-cm21 peak bandwidths of human black ha
and feline black hair are about the same. Comparing Ram
features between dark normal skin, benign nevus, and ma
nant melanoma, the first Raman band position~1370 cm21! is
similar for all three, while the bandwidth of normal dark sk
is about 10 to 30 cm21 less than that of the benign compoun
nevus and malignant melanoma. The details for these va
tions can be found in Table 2. The results show that there
differences in the spectral features~e.g., peak position,
strength, bandwidth! of these two prominent Raman band
between different forms of eumelanins, indicating that me
nin Raman signals are particularly sensitive to varying che
cal and biological environments. The observation that eum
nins possess characteristic Raman features may facil
better understanding of the structures and biological functi
of melanins in different biochemical systems.

4 Concluding Remarks
We have discovered that eumelanins exhibit specific Ram
scattering properties that are measurablein situ, thereby pro-
viding a novel, nondestructive means for characterizing me
nins according to their occurrence in different biological e
vironments. The confirmation that melanin from a variety
sources possesses two characteristic Raman bands at a
1360 to 1400 cm21, and 1570 to 1590 cm21 constitutes the
direct evidence that Raman spectroscopy can be used to
tify molecular groups and bonds within melanin. The bro
bandwidth ~.100 cm21! of the two Raman peaks and th
constant depolarization ratio from polarized Raman exp
9 No. 6
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Raman spectroscopy of in vivo cutaneous melanin
ments support that melanins are amorphous-like biopolymers
We also observe variations in the peak position and bandwidt
of these two Raman bands due to different pathologic condi
tions in skin, as well as different biological environments in
samples from different sources. The discovery of these uniqu
positive Raman signals inin vivoskin has opened the prospect
of direct noninvasivein situ optical measurement and charac-
terization of melanin in heavily pigmented tissues, which can
have important applications in biology and medicine.
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