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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™', 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-
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mer consisting of varying-dihydroxyindolic and phenolic
units, its chemical structure and biological functions are still
subject to debat&8-11

1 Introduction
Melanin is one of the most ubiquitous and biologically impor-
tant natural pigmentsand is largely responsible for the color Since melanin’s interaction with light is one of its charac-

of skin, hair, and eyes. .Functlonglly, melgnln can act as a g iggic physical and functional properties, optical measure-
sunscreen, scavenge active chemical species, and produce aGAents are a standard tool for s vivo detection and mea-

tive radicals that can damage DNAVielanin can be divided  gyrement. At the present timi@, vivo optical measurements of
into two main classes: 1. eumelanin, a black-to-dark-brown melanin are |arge|y based on its absorption prope?ﬂéTS]:B
insoluble material found in black hair and in the retina of the Specifically, the relative absenéeegative signalof remitted

eye, and 2. pheomelanin, a yellow-to-reddish-brown alkali- or transmitted light from a tissue sample is usually inferred as
soluble material found in red hair and red featheBecause indicating the presence of melanin. However, melanin has no
of its biological importance, particularly its role in skin, mela- distinctive absorption peaks to distinguish itself from other
nin has been extensively studied using a wide variety of tech- cutaneous chromophores. Instead, melanin absorption de-
niques including mass spectrometry, x-ray diffraction, nuclear créases monotonically with increasing wavelengths from 300
magnetic resonance, and scanning tunneling microstdpy. to 1100 nm. This makes it very difficult to quantify melarn

o . _ vivo on the background of other cutaneous chromophores
Although eumelanin is currently believed to be a heteropoly such as oxy- and deoxy-hemoglobin. A positive method,

which probes signals from a melanin-containing sample,
would be in general much less ambiguous and more appropri-
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Raman spectroscopy of in vivo cutaneous melanin

Sepia Melanin (M2649,Sigma)
{Ex: 785 nm)

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 oxi-
dized tyrosingPOT) were carried out by Panina and Cooper
et al.}”8in vivo Raman measurement of melanin has not yet
been reported to date. A previous study of Raman spectros-
copy of human hair did not report any Raman signals from
black hair*® the melanin of which consists of 99%
eumelanirt®

We report the successfih vivo Raman measurement of
melanin in human skin. Using low incident laser power and a
rapid spectral acquisition technique, we have observed two
intense Raman bands froin vivo skin and hair as well as
from synthetic and n.atural eumelanins. T.hese two bands .CanFig. 1 The emission spectrum of natural melanin isolated from Sepia
serve as a spectral signature for eumelanin and can potentially = . .- Gioq by 785-nm laser light.
be used for clinical noninvasivia situ analysis and diagnosis.
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2 Materials and Methods
2.1

Natural melanin isolated from cuttlefish ink sacsS#pia of-
ficinalis (M-2649 and synthetic dihydroxyphenylalanine
(DOPA) melanin (M-8631) were obtained from the Sigma-
Aldrich Chemical Corporatior(St. Louis, Missoupi. These (diode.

two forms of eumelanins did not undergo any further process-  All measured melanin spectra were corrected according to
ing prior to spectroscopic analysis at four excitation wave- the spectral responses of the respective Raman systems. Poly-
lengths: 457.9, 514.5, 632.8, and 785 nm. To examine Ramannomial functions were used to fit the autofluorescence

density was controlled not to exceed 1 Wfcrinder these
conditions, the measured spectra are similar to those obtained
with the rapid acquisitioin vivo Raman system. In aggregate,
four laser lines were used to excite Raman scattering: 457.9
nm (Ar*), 514.5 nm(Ar*), 632.8 nm(He-Ne, and 785 nm

Melanin Samples and Human Skin

scattering ofin situ melanins, human skifi.e., normal dark
skin from an African volunteer, benign melanocytic com-
pound nevus, and malignant melangraa well as human and

background$? A second-order polynomial was found to be
optimal in this study for fitting the melanin autofluorescence
background in the spectral range of 800 to 1800 tnand

feline black hair were measured under 632.8- and 785-nm this polynomial was therefore subtracted from the raw spec-
excitation. This study was approved by the Clinical Research trum to yield the melanin Raman spectrum alone. Each of the
Ethics Board of the University of British Columbia. melanin Raman spectra was then normalized to the integrated

2.2 Raman Spectroscopy Measurements

The Raman spectra of the melanin samples and human skin
and hair were obtained using a rapid acquisition dispersive-
type near-infraredNIR) Raman spectrometer with a 785-nm
diode laser. This spectrometer was developed for real itime
vivo biomedical applications and provided optimal optical
throughput and high charge-coupled devi€CD) detector
sensitivity?* The spectral resolution of the system is 8 ¢m

The power density of the excitation light was 1.56 W#cm
(150 mW over a 3.5-mm-diam sppaind data acquisition was
completed withi 1 s toensure high-quality Raman spectra
without damaging the melanin samples or tissues. Foirthe
vitro melanin samples only, Raman spectra were also obtained
under different excitation wavelengths using two other Raman
systems: an 80-cm conventional triple Raman spectrograph
with an argon ion laser, and a confocal MicroRaman system
with a helium-neor(He-Ng laser(J.Y. Horiba. The spectral
resolution of the triple Raman spectrograph is 5 énwhile

the MicroRaman system has a spectral resolution of 2cm
S".]C.e. thege two latter systems require much longer data a'C-Fig. 2 Emission spectra of Sepia melanin excited by laser light at
quisition times(as long aS_ 20 min great care was taken to 457.9, 514.5, 632.8, and 785 nm, respectively. The spectra are mea-
make sure that the melanin samples were not damaged by thgyred with three different systems. The intensities are in arbitrary units
laser irradiation during measurements. The excitation power (a.u.) and are not comparable between different curves.

Sepia Melanin
(M2649,Sigma)
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Table 1 The peak positions of Sepia melanin spectra when excited T T T T y T y T
by different wavelengths of lasers. Sepia Melanin
(M2649,Sigma)

Excitation wavelengths (nm) 457.9 5145 6328 785

Peak 1 Wavelength (nm) 4892 5545 6943 881.8 457.9 nm

Wavenumber (cm™') 1398 1402 1406 1396 E
2
Peak 2 Wavelength (nm) 493.6 560.1 703.1 896.2 ‘G |514.5nm
g
Wavenumber (cm™') 1579 1582 1580 1582 =
632.8 nm
_ 785 nm
area under the curve from 800 to 1800 ¢nto enable com-
parisons of the shapes and relative peak intensities among . I T T I
d|fferent Spectra 800 1000 1200 1400 1600 1800
Raman shift (cm™)
3 Results and Discussion Fig. 3 Spectra of Sepia melanin (Fig. 2) excited by 457.9-, 514.5-,

Under 785-nm diode laser excitation, the rapid acquisition 328~ and 785-nm laser light, respectively, were displayed in units
of wavenumbers (cm™). The y axis of each curve has been shifted up

NIR Raman spectrometer measureme'ms demonStrat?d tWQyr down for better comparison of the spectral shapes and peak posi-
broad spectral peaks for natural melanin isolated f@epia tions.

officinalis around 880 and 895 nm on the basic raw emission

spectrum, which presumably included both autofluorescence

aﬂd iRalmban is'?nraf:'g' 3\/ To m(t)rrel cIezT(rIy delineate thg th tionship between Raman signal intensity and excitation light
physical basis Tor these two spectral peaks, we measure ﬁrradiance(Fig. 6), thus eliminating the possibility that other
spectra of the same natural melanin sample under three addi-

tional separate excitation wavelengths. At all four excitation two-step mechanisme.g., phosphorescencaccounted for
wavelengths evaluatdd57.9, 514.5, 632.8, and 785 rwo the observed melanin signals. These measurements from a

: variety of melanin sources using multiple wavelengths con-
spectral peaks were regularly present on all the melanin SPECim that the two prominent peaks we observed in melanins
tra (Fig. 2), with their wavelength positions differing accord-

. o are due to inelastic Raman scattering rather than fluorescence
ing to excitation wavelength€Table 1. The wavelength de- : 9

ndence for th ‘anal ted an origin f R or other nonlinear processes.
pendence Tor these signais suggested an origin rom Raman = ¢, o\ a1 ate Raman signals from vivo cutaneous mela-

scattering rather than fluorescence emission. When the spectra. we have also measured human volunteers with other dark

zl%?l)respélgréegctno:(rj(_equen.cy units on a relative wavenumber skin or pigmented skin lesions using the rapid Raman system.
Ing to: Figure 7 shows th& vivo Raman spectra from normal skin of
= 1k I\ 1) a dark-completed volunteer of African descéRig. 7(a)), a
0 ’ benign compound melanocytic nevus, dfdg. 7(b)), and a
where\ is the excitation laser wavelengthjs the measure-  malignant melanomé&Fig. 7(c)) when excited by the 785-nm
ment wavelength, and is the Raman shift in terms of relative  laser. For comparison, Fig(d also gives the Raman spec-
wavenumbers, the two peak positions appeared to be indepentrum of normally pigmented skin adjacent to the malignant

dent of the excitation wavelengtliBig. 3 and Table 1L This melanoma from Fig. (). The corresponding clinical appear-
confirms that the two spectral peaks observed were indeedance of the dark-completed normal skin, the benign com-
Raman signals rather than fluorescence emission. pound pigmented nevus, the malignant melanoma, as well as

To yield the Raman signals alone, autofluorescence back-its adjacent normal skin fon vivo Raman measurements is
ground emissions were subtracted from the raw melanin spec-also shown in Fig. 7. It can be observed that the spectra of
tra using second-order polynomials. Figure 4 shows the cutaneous melanin mainly comprise two intense and broad
background-subtracted Raman spectra of synthetic DOPAbands peaking near 1368 and 1572 ¢rthat are very similar
melanin and natural melanin isolated froepia officinalis to the Raman patterns observed in eumelanin samples and
using laser excitation wavelengths of 457.9, 514.5, 632.8, andblack hair(Figs. 4 and & In addition, thein vivo skin Raman
785 nm, respectively. Both synthetic and natural melanins ex- spectra showed vibrational bands for proteins and lipids that
hibited two characteristic broad spectral peaks near 1385, andwere different in skin that appeared dark due to melahfn.
1585 cm* at all excitation wavelengths, confirming again For instance, the weaker vibrational mode at 1742 tas-
their origin from Raman scattering rather than fluorescence. signed to G=O stretching of the lipid head grotbwas
As to the broadband background autofluorescence emissionpresent in highly pigmented skin lesions, while other bands
properties of melanin, a more detailed study is currently being were significantly reduced: e.g., the(C=0) amide | band at
carried out by our group and will be reported in a separate 1654 cm!, the § (CH;) and 8 (CH,) at scissoring mode at
work. 1445 cm’?, the CH, deformation at 1301 cit, and thew

Human and feline black hair appeared to be similarly (CN) and & (NH) amide Il bands at 1269 cm. One may
dominated by the two constant strong bands at about 1375 anchote that the 1445-cit peak disappeared in the malignant
1580 cm! (Fig. 5. There was an approximately linear rela- melanoma spectrum but was observed in the benign com-
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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.

pound nevus spectrum, whereas the converse was true for theletection if they are confirmed in our future clinical Raman

1269-cm ! peak. These differences as well as the peak posi- studies with a large patient population.

tions and bandwidths of the two melanin Raman ba(sge
Table 2 may be potentially useful for noninvasive melanoma

AN B R |
Human Black Hair

Raman Intensity (a.u.)

) v 1 K I v 1 v 1
3: Feline Black Hair

800 1000 1200

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.
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Melanin Raman spectra were also measured using polar-
ized(l,) and depolarizedl ) scattering geometfyto deter-
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A, are the total area under bands 1 and 2 from the baseline. W; and W, represent the center of the Raman peaks 1 and 2, and AW, and AW, are the bandwidths of peaks 1 and 2, respectively.

Table 2 Parameters of the Gaussian component spectra for fitting the experimental data in Figs. 4, 5, and 7. H; and H, are the heights of the corresponding Raman bands 1 and 2. A, and
R? is the correlation coefficient for the Gaussian spectra fit.

1202

Human skin in vivo

Mela-

noma
785 nm

Nevus

Normal

Feline black hair
632.8 nm 785 nm 632.8nm 785 nm 785 nm

Human black hair

Synthetic DOPA melanin

785 nm 4579 nm 5145nm 632.8 nm

Sepia melanin

4579 nm 5145 nm 632.8 nm

785 nm

785 nm

Parameters

1378
1572

1372
1578
172

1362
1566
160

1395
1585

1386
1578
153

1368
1575
169

1355
1584
178

1378
1589

1374
1588

1387
1592
180
102
2.12

4.179

1384

1595
195
101

1400
1583
160

1408
1581

1405
1585
158

1399
1585
169

Wi (em™")

W (em™)

192
102
1.78
3.09
0.47
0.53
0.983

148

186
115
1.92
3.63
0.44
0.56
0.996

184

175
101
2.26
2.88
0.48
0.52
0.996

AW] (cm”)

124 126

112
2.38
4.29
0.44
0.56

0.992

106
2.22
4.17
0.44
0.56

0.995

108
2.04
3.98
0.45
0.55

0.992

114
2.21
3.48
0.48
0.52

0.995

110
2.33
3.33

110
2.31
3.60
0.46
0.54

0.991

104
2.22
4.07
0.45
0.55

0.992

104
2.09

4.1

AWZ (cm”)

1.96
3.25
0.41
0.59
0.991

1.86
2.86
0.45
0.55
0.988

1.80
4.78
0.44
0.56
0.992

Hy(x1073)

1

Hy(x 1073

0.46
0.54
0.994

0.48
0.52
0.995

0.45
0.55
0.991
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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™', respectively.

mine the depolarization ratiGp=1, /1;) for melanin Raman
spectralexample shown in Fig.)8and showed no significant
differences except that the depolarized spectrum was weaker
than the polarized spectrufirig. 8@)]. The depolarization
ratio (p) is nearly constant at about 0.42 over a wide spectral
range from 100 to 4000 chi [Fig. 8b)]. Constant depolar-
ization ratios are commonly observed in amorphous
materials’* and are presumably due to structural geometric
randomness in the case of melafiR>?® Furthermore, the
two melanin Raman bands are quite broad with a full width at
half maximum greater than 100 ¢h(see Table 2 which is
about five-fold broader than Raman bands observed in human
skin or white hait>?' The wide bandwidths may be related to
irregular arrangement in the molecular structure of
melanins® particularly in terms of irregular polymeric con-
nections among different monomers and functional groups

15+
(a) Ssynthetic Melanin (M8631, Sigma)
1 (Ex: 457.9 nm)

Intensity (a.u.)
3

i

LA L SN S WAL AN LI SIS B SN A |
400 800 1200 1600 2000 2400 2800 3200 3600 4000

(b)

S o o =
PP 9. P

Depolarization ratio (1,/1,)

0.24

o
=]

T ¥ T v T L T ) T KL | ¥ T »: L) . 1 o 1
400 800 1200 1600 2000 2400 2800 3200 3600 4000
Raman shift (cm™)

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 (p=1, /1;) of the melanin spectra obtained
by dividing the polarized spectrum (/) by the depolarized spectrum
().
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Ex: 785 nm 1572

Raman intensity (a.u.)

y T T T — T — T
800 1000 1200 1400 1600 1800

Raman shift (cm'1]

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.

T T T T
Synthetic Melanin (M8631, Sigma)
(Ex: 785 nm)
R=0.996
. , v , v ; . . ,
800 1000 1200 1400 1600 1800

Raman shift (cm’')

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.
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that alter bond strengths and vibrational frequencies. ThusH; is the height of the respective Gaussian spectra;/qrid
each broadband in the melanin spectrum may represent ahe total area under the curve from the baselierepresents
group of related vibrational modes. the center of the peak at which the Raman intensities reach
The observed melanin Raman spectrum shown in K&. 8  maximum values for the two component spectra, AW, is
apparently is very similar to the Raman spectrum of disor- gpproximately 0.849 times of the width of the peak at half
dered graphite. In particular, the bands at about 1380 andheight.
1580 cm* are very similar to the well-known D band and G A program was written to fit Eq(2) to all of the spectra
band observed in the Raman spectra of disordered shown in Figs. 4, 5, and 7. For instance, a reasonably good fit
graphite?”?® and the broad feature near 3000 ¢htan be o the Raman spectrum of synthetic melanin at 785-nm exci-
interpreted as the overtone of these two bands via second-ation is shown in Fig. 9. Similar results were also obtained
order Raman effecfS. The G band of graphite, which is at  for other experimental data with the parametric values of the
about 1580 cm', arises from stretching the hexagonal carbon Gaussian base spectra listed in Table 2. Note that the sum of
rings. The D band, which occurs at about 1380 ¢rim dis- the areas under the two Gaussian component spectra equals 1
ordered graphite, arises from linearly stretching three of the for all spectra.
six C-C bonds! Since both melanin and disordered graphite  There are slight differences between the Raman spectra of
are dark-colored carbon-rich materials and contain irregularly natural melanin isolated frorSepia officinalisand synthetic
connected hexagonal carbon rings, the similarity between theDOPA melanin(Fig. 4). For the 1400-cm® peak, theSepia
spectra of these materials suggests similar interpretations ofmelanin spectral maximum is approximately 20 ¢nhigher
the observed Raman bands. On the other hand, melanin alsqhan that of DOPA melanin, whereas at the 1580-tipeak,
contains other structures, including methyl and methylene the Sepia melanin spectral maximum is closer to that of
groups, which should also have contributions to the Raman DOPA melanin(Table 2. The 1400-cm* peak bandwidth of
spectrum. In fact, a band at 1380 chwas observed in IR Sepiamelanin is about 20 cnt narrower than that of DOPA
absorption spectra of synthetic melanins and black hair, andmelanin, while the 1580-cit peak bandwidths ofSepia
was assigned to th€H; and CH, bending modes of methyl  melanin and DOPA melanin are about the same. Differences
and methylene group$:* In addition, a weak band at 1585 also exist in the peak positions and bandwidths between hu-
cm ! appeared in the IR spectra of melanins complexed with man skin and black hair melanifFigs. 5 and Y. For the
CWw* or FE®* ions® which could be due to phenyl skeletal 1400-cmi® peak, the human black hair spectral maximum is
and methyl asymmetric vibratiori$*°~**However, since we  |ocated about 30 ciit lower than that of feline black hair,
did not observed any C-H vibrational modes at other frequen- while for the 1580-cm? peak, the corresponding difference is
cies in the Raman spectrum of melanin, the contributions negligible. The 1400-cm' peak bandwidth of human black
from the methyl and methylene groups might be small. There- hair is about 20 cm' broader than that of feline black hair,
fore, it is reasonable to interpret the two prominent Raman while the 1580-cm’® peak bandwidths of human black hair
bands, observed in synthetic melanin and natural melaninsand feline black hair are about the same. Comparing Raman
from Sepia black hair, and human skin, as originating from features between dark normal skin, benign nevus, and malig-

the in-plane stretching of the aromatic ringear 1580 cm?) nant melanoma, the first Raman band positib8i70 cm?) is

and the linear stretching of the C-C bonds within the rings similar for all three, while the bandwidth of normal dark skin
(near 1380 cri'), with some contributions from the C-H vi- s about 10 to 30 cnt less than that of the benign compound
brations in the methyl and methylene groups. nevus and malignant melanoma. The details for these varia-

tions can be found in Table 2. The results show that there are
differences in the spectral featurgg.g., peak position,
The variation of melanin Raman spectra according to excita- strength, bandwidthof these two prominent Raman bands
tion wavelengths are shown in Figs. 4 and 5. The two broad between different forms of eumelanins, indicating that mela-
Raman bands consistently appeared at 1360 to 1400 and 158@in Raman signals are particularly sensitive to varying chemi-
to 1590 cm?, regardless of the excitation wavelengths, sug- cal and biological environments. The observation that eumela-
gesting that the observed spectra were a superimposition ofnins possess characteristic Raman features may facilitate
two underlying signalgi.e., two groups of related vibrational  better understanding of the structures and biological functions
modes of molecular component# simple two-component  of melanins in different biochemical systems.
model was therefore used to deconvolute the melanin spectra
of Figs. 4, 5, and 7. To facilitate a computer fit to the data, the .
component Raman spectral intensix) was assumed to be 4 Concluding Remarks
Gaussian functiof® We have discovered that eumelanins exhibit specific Raman
scattering properties that are measurablsitu, thereby pro-
viding a novel, nondestructive means for characterizing mela-
2) nins according to their occurrence in different biological en-
vironments. The confirmation that melanin from a variety of
sources possesses two characteristic Raman bands at around
where 1360 to 1400 cm?', and 1570 to 1590 ciit constitutes the
direct evidence that Raman spectroscopy can be used to iden-
A tify molecular groups and bonds within melanin. The broad
i:—'; bandwidth (>100 cm!) of the two Raman peaks and the
AWi\/’JT_/Z constant depolarization ratio from polarized Raman experi-

Gaussian fit to the experimental data

2(x—w;)?

Aw?

I(x)=i=§;2Hiexr{—
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ments support that melanins are amorphous-like biopolymers.
We also observe variations in the peak position and bandwidth
of these two Raman bands due to different pathologic condi-

samples from different sources. The discovery of these unique

positive Raman signals in vivo skin has opened the prospect 1°-

of direct noninvasiven situ optical measurement and charac-

terization of melanin in heavily pigmented tissues, which can 16,

have important applications in biology and medicine.
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