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Noninvasive selective detection of lycopene and -
carotene in human skin using Raman spectroscopy

Igor V. Ermakov Abstract. The predominant long-chain carotenoids found in human
Maia R. Ermakova skin are lycopene and B-carotene. They are powerful antioxidants and
Werner Gellermann thought to act as scavengers for free radicals and singlet oxygen
University of Utah formed by normal metabolism as well as excessive exposure of skin to
Department of Physics and Dixon Laser Institute sunlight. The specific importance of the particular representatives of
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E-mail: werner@physics.utah.edu the carotenoid antioxidants regarding skin defense mechanisms is of

strong current interest. We demonstrate fast and noninvasive detection

Jurgen Lademann of B-carotene and lycopene concentrations in living human skin using
Humboldt University Raman detection of the molecules’ carbon-carbon double bond
Berlin, Germany stretch vibrations. Employing excitation with suitable blue and green

laser lines, and taking advantage of differing Raman cross sectional
profiles for B-carotene and lycopene, we determine the relative con-
centration of each carotenoid species. This novel technique permits
the quantitative assessment of individual long-chain carotenoid spe-
cies rather than their composite level in human skin. The obtained
results reveal significant differences in the carotenoid composition of
the subjects’ skin and show that the ratio between B-carotene and
lycopene concentration can vary from 0.5 to 1.6. The technique holds
promise as a method for rapid screening of carotenoid compositions
in human skin in large populations and should be suitable for clinical
studies correlating carotenoid status with risk for cutaneous diseases.
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1 Introduction to UV light.'*"*3 There is limited evidence that they may be
protective against skin malignanciegut more research is
needed to confirm these findings.

For many decades, the standard technique for measuring
carotenoids has been high-pressure liquid chromatography
(HPLC). This time consuming and expensive chemical
method works well for the measurement of carotenoids in
L serum, but it is difficult to perform in skin tissue since it
thought4 5t0 act as scavengers for free rad'éaﬁnglet requires biopsies of relatively large tissue volumes. Addition-
oxygen,™ and other harmful reactive oxygen spetieich ~ally, serum antioxidant measurements are more indicative of
are all formed, e.g., by metabolic processes or by excessivegnort-term dietary intakes of antioxidants rather than steady-
exposure of skin to the ultraviolet components of sunlight. If state accumulations in body tissues exposed to external oxi-
unbalanced by antioxidants, the destructive effects of reactive gative stress factors such as smoking and UV-light exposure.
oxygen species and free radicals can lead to skin malignancies\evertheless, the scientific basis of carotenoid function in the
and disease. In animal models carotenoids have been showmuman body has been extensively studied for over 30 years
to inhibit carcinoma formation in the skinlt has been shown  using the HPLC methodology.
that skin carotenoid levels are strongly and significantly cor- Recently we developed resonance Raman spectroscopy as
related with carotenoid levels in plasfhas is found in a novel noninvasive optical alternative to HPLC for the mea-
plasma, skin carotenoid levels are lower in smokers than in surement of carotenoids in living human tissues, including the
nonsmokersp-carotene levels in skin are known to increase human retina, skin, and oral mucosal tis$tié® In skin, the
with supplementatiofi,and supplementgB-carotene is used  absolute levels of carotenoids are much lower than in the
to treat patients with erythropoietic protoporphyria, a photo- human retina, but the laser power can be much higher and
sensitive disordél® Supplemental carotenoids have also been @cquisition times can be much longer to compensate for this.

shown to delay erythema in normal healthy subjects exposedBaCkground fluorescence of the tissue can be quite high, but
base line correction algorithms are still adequate to yield caro-

Carotenoid molecules play an important role in the skin’s an-
tioxidant defense systelThe five most concentrated caro-
tenoid antioxidants in human skin are lycopene, alpha-
carotene, beta-carotene, phytoene, and phytofluene, with
lycopene and the carotenes accounting for about 60%—70% of
total carotenoid contenfsee Table 1 and Ref.)2They are
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Table 1 Carotenoid composition of human skin in ng per g tissue 50% of all subjects form the centéaverage of the distribu-
(adopted from Ref. 2). tion. Another 50% contribute to the wings of the distribution,
causing a fivefold variation of carotenoid contéRaman sig-

Skin source nals varying from 10000 to 49000 countdn previous
measurementsve established the short-term and day-to-day-
Carotenoid 1 2 3 Mean repeatability of the Raman response of a particular subject to
be within 10% for the same skin region. Therefore we inter-
Lycopene+Z-isomers 105 9 93 69 pret the between-subject variation in Fig. 1 as substantial evi-

dence for significant variations in tissue carotenoid content in
different subjects.
Lutein+Zeaxanthin 26 ND® ND® 9 Field studies have recently been carried out where a popu-
lation of 1375 healthy subjects could be screened within a
Phytoene+Phytofluene 113 Sl 74 79 period of several week$. Preliminary analysis of the data
Total 340 68 299 210 confirmed that smokers had dramatically lower levels of skin
carotenoids as compared to nonsmokers. Furthermore, the
study showed that people with habitual high sunlight exposure
have significantly lower skin carotenoid levels than people

tenoid resonance Raman spectra with excellent signal-to-noiseith little sunlight exposure, independent of their carotenoid
ratios. The Raman method exhibits excellent sensitivity and Intake or dietary habits.
specificity and is an appealing alternative to reflectance N all previous Raman measurements of dermal caro-
method$’ since it does not require complex correction mod- tenoids we measured the composite level of the long-chain
els. Also. this method allows one to measure absolute caro-carotenoid species since they all are simultaneously excited
tenoid Ie’vels in these tissues employing suitable calibration under the used visible excitation conditions and all contribute
procedures, so the method does not have to rely on inducedt© the overall Raman response. Short-chain carotenoids like
concentration changes. Deep melanin pigmentation likely in- Phytoene and phytofluene absorb in the near-UV wavelength
terferes with penetration of the laser beam, so measurementd@g€ and are not resonantly excited with visible laser excita-
are routinely performed on the palm of the hand where pig- tion. In this paper we demo_nstrate a technique fo_r the selec-
mentation is usually quite light even in darkly pigmented in- V€ measurement of two important representatives of the
dividuals. As with reflectometry/. relatively high levels of ~ Carotenoids in human skin, i.e., carotenes and lycopene. Ac-
skin carotenoids are measured by the Raman method on th&°rding to a HPLC analysis of excised skin samples, these
forehead and on the palm of the hand, while other body areascarotenoid species are the most dominant ones in this particu-
are lower lar tissue(see Table ), as they are in human bloddind they
Measurements of large populations with the Raman device &€ thought to play special roles in the human body. For ex-
have demonstrated a bell-shaped distribution of carotenoid @MP!€, there is considerable interest in a specific role for ly-
levels in the palm of the hand, as shown in Fig. 1 for a group ¢0P€n€ 1N prevention of prostate cancer and other
of 57 healthy volunteergoth genders, 25—75 years of age dlseas_eé,’ and a noninvasive blomg(ker for lycopene con-
Clearly, the histogram of Raman carotenoid response demon-SUmption would be of tremendous utility.
strates a strong between-subject variability. Approximately

Carotenes a, B, vy, & 96 8 55 53

@ Nondetectable.

2 Optical Properties and Raman Scattering of
18 . r , . , B-Carotene and Lycopene

. _ 1 Lycopene andB-carotene arer-electron conjugated carbon-
chain molecules. Their chemical structures are shown in the
n 14 - inset of Fig. 2. The “backbone” of these molecules consists of
) . .
S 2l ] alternating carbon single and double bonds. Fearotene
o) | molecule has nine conjugated carbon double bonds along its
2 10L- _ backbone and four methyl groups attached as side groups.
‘s _ Furthermore, the molecule is terminated on each end by an
5 8 N=57 ionone ring, each having an additional internal carbon bond,
'E 6L _ and each adding to the effective conjugation length of the
= molecule. Lycopene has 11 conjugated carbon double bonds
Z ar- N along its backbone, two un-conjugated double bonds, and no
2L | end groups.
The stretching vibrations of the carbon double and single
0 } T T i I_l. bonds of the carotenoids, as well as the rocking motion of the
()} 10 20 30 40 50 60 methyl Sid%) groups, can be detected with Raman
. . 3 spectroscopy: In Fig. 2 we show the absorption spectra for a
Skin carotenoid content, 10° Counts solution of B-carotene and lycopene dissolved in methanol.
Fig. 1 Histogram of Raman measurements for a group of 57 healthy The electronic absorpthns are strong in each case, occur in
subjects, showing a wide distribution of carotenoid levels in the large broad band$~100 nm width, and are centered at450 and
subject base. Measured skin site is the inner palm. 460 nm, respectively. Both show a clearly resolved substruc-
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Fig. 2 Absorption spectra of solutions of lycopene (solid line) and E
B-carotene (dotted line) in methanol. At top, the structures of both € 5000
molecules are shown. Note the vibronic substructure of the absorp- g
tion bands and the noticeable spectral shift originating from the dif- o
ference in effective conjugation length of the two molecules. o 0 ;
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Raman Shift, cm™
ture with a spacing of~1400 cml. The spectral shift be-

tween both bands is a result of the different effective conju- Fig. 3 Resonance Raman spectrum of an acetone solution of lycopene
gation lengths of the two carotenoids. This absorption (solid lines) and B-carotene (dotted lines), measured under argon laser
behavior is due to electric-dipole allowed vibronic transitions €X¢iation at 488 nm (upper panel) and 514.5 nm (bottom panel.

1 Both solutions had identical carotenoid concentrations. Raman spec-
of the molecule’s conjugated-electron from thel A sin- tra were recorded using identical excitation power and sensitivity-

glet ground state to tha’-‘lB singlet excited state. matched instruments. Strongest Raman peaks correspond to the
Optical excitation within the absorption band leads to very stretch vibrations of the carbon single and double bonds of the mol-
weak, Stokes-shifted luminescence barfdsdth ~70 nm) ecule (at ~1159 and ~1525 cm™, respectively).

centered at~530 nm in both case$not shown. The ex-

tremely low quantum efficiency of the luminescence is caused

by the existence of a second excited singlet statg, 1A

state, which lies below th& !B, state. Following excnauon anthin had virtually identical resonance Raman spectra at
of the 1 !B, state, the caroten0|d molecule relaxes very rap- room temperature within the resolution lin{it10 cni’?) of

idly, within ~200-250 f&! via nonradiative transitions, to  our spectrometer.

this lower 2 lAg state from which electronic emission to the As seen in Fig. 3 and Table 2, the Raman signal excitation
ground state is parity forbidden. The ldW'B,—1 1A lumi- efficiency for lycopene ang-carotene under 488 nm radia-
nescence efficiencyl0 °-10 %) and the absence dflA tion is approximately the same. However, under irradiation

—1 lA fluorescence of the molecules allow us to explore the with 514.5 nm wavelength, the Raman excitation efficiency
resonant Raman scattering response of the molecular vibra-for lycopene is a factor of about 6 higher than fcarotene.
tions while avoiding potentially masking fluorescence signals. This is easily understood since tresonanceRaman scatter-

Indeed, measuring the resonance Raman spectrum ofing cross section usually follows the absorption spectral
B-carotene and lycopene in acetone, we observe strong androfile?? and since the lycopene absorption band is shifted by
clearly resolved Raman signals superimposed on a weak fluo-~10 nm toward longer wavelengths comparedstoarotene
rescence background, as shown in Fig. 3, where we used 48&s a consequence of the increased conjugation length. This
nm as well as 514.5 nm argon laser excitation. The Raman spectral difference in absorption then makes it possible to
response in both cases is characterized by two prominentmeasure either the composite response of these carotenoids or
Stokes lines at~1159 and 1524 cit, which have nearly to measure their individual contributions. The composite re-
identical relative intensities. These lines originate, respec- sponse is obtained by excitation with 488 nm, where
tively, from carbon—carbon single-bond and double-bond p-carotene and lycopene contribute almost equally toward the
stretch vibrations of the conjugated backbone; the 1008'cm overall Raman response. The individual responses are ob-
line is attributed to rocking motions of the molecule’s methyl tained from measuring, in addition, the Raman response under
componentg® We found that other carotenoids found in hu- excitation with a green laser line, which is chosen to excite
man skin such as zeaxanthin, lutein, canthaxanthin, and astaximostly the long-wavelength shoulder of lycopene.

334 Journal of Biomedical Optics * March/April 2004 + Vol. 9 No. 2



Table 2 Relative excitation efficiency of the C=C double bond Ra-
man line for B-carotene and lycopene dissolved in acetone.

Excitation wavelength

Carotenoid 488.0 nm 514.5 nm
B-carotene 1.00 0.11
Lycopene 0.82 0.62

3 Instrumentation

The prototype Raman instrument used in combination with a
hand-held light delivery and collection module is schemati-
cally shown in Fig. 4. It has been described in detail
elsewheré? The instrument is suitable for Raman measure-
ments on human skim vivo. It consists of a small air-cooled

488 nm argon laser, a small light delivery and collection mod-
ule, “Raman probe,” and a high throughput spectrograph that
is coupled to a charge coupled devig@CD) camera. For a

Noninvasive selective detection . . .

For selective lycopene an@-carotene measurements we
constructed a second Raman instrument with identical me-
chanical and optical design, but using a 514.5 nm argon laser
for excitation and using suitable laser line and holographic
notch filters. To calibrate the instruments we used Raman ac-
tive KNO3 powder as a standard. We measured the relative
intensities of the strongekNO; Raman line, originating
from the Ay vibrational mode of th€NO3) ~ ion under vis-
ible, nonresonant excitation with 488 and 514.5 nm, and com-
pared them with the Raman intensities expected according to
their A\ =% wavelength dependence. Then the sensitivity of the
514.5 nm instrument was adjusted to the sensitivity of the 488
nm device. Since the Raman response of the calibration ma-
terial is spectrally close to that of the carotenoids, the correc-
tion coefficient established in this way compensates for any
differences in the spectral response of the CCD detectors and
other optical components such as grating and holographic
notch filters of the spectrograph.

4 Selective Detection of B-Carotene and

typical measurement, the Raman probe window is placed in Lycopene: Experiments with Living Human Skin

contact with the skin. The excitation laser light is routed
though an optical fiber, collimated with a lens, filtered with a
narrow-band dielectric filter, and directed onto the skin where
it iluminates a 2-mm-diam spot. The Raman scattered light is
collected in an off-180° backscattering geometry with a sec-

Based on the spectral absorption shifts of lycopene and
B-carotene, we investigated their Raman response in human
skin using two-wavelength excitation with 488 and 514.5 nm
argon laser lines. A skin site suited particularly well for caro-
tenoid Raman measurements is the inner palm, which, besides

ond lens, passed through a holographic notch filter and routedaccessibility, has several other advantagascarotenoid con-
via fiber bundle to the spectrograph. The spectrograph cameracentrations are among the highest of all itésince caro-
is interfaced to a personal computer. In all measurements ontenoids are lipophilic, and since the skin of the palm has a

living human skin we used a laser power of 5 mW and an
exposure time of 20 s. Taking into account the 2 mm laser
light spot size on the skin, this results in an intensity of 0.16
W/cn? at the skin surface, which is considered safe by ANSI
Z136.1-2000 standards.In fact, for the used laser intensity

high lipid-to-protein ratig, (b) the differences in pigmentation
among various skin types are minimal in the palm, &)dhe
stratum corneunthickness of the palni~400 um) is high
compared with other skin sites. The small laser light penetra-
tion depth in this highly scattering skin layer will confine our

on the skin, the exposure time required for a measurement ismeasurement to th&ratum corneumAssuming that the mor-

about a factor of 1000 below the maximum allowed as set

phology of thestratum corneundoes not change appreciably

under this safety standard. The probe window material, fused from person to person, a consistent intra-subject sampling will
silica, was seen to have no confounding effects on the mea-then be realized.

surements since its optical response was negligible.

Spectro-|
graph

Art laser

Fig. 4 Schematics of the carotenoid Raman detector, showing beam
delivery and collection optics (not to scale).

Following the calibration procedures outlined above, we
measured the inner palm of seven healthy volunteers using the
488 and 514 nm Raman probes in succession. Care was taken
to measure the same tissue spot with each probe; a potential
mismatch was estimated to be smaller than 0.5 mm. Since the
skin Raman response changes only very gradually throughout
the palm(it is essentially the same within a 1-cm-diam area
this minor sampling mismatch would not cause any errors
caused by measuring tissue sites with different concentrations.
A typical skin Raman carotenoid spectrum obtained from a
subject with the “488 nm instrument” is shown in Fig. 5.
Similar spectra were measured with the “514.5 nm instru-
ment.”

The strongest feature of the optical response is a spectrally
broad background response originating from skin autofluores-
cence(which presumably is caused by collagen, porphyrins,
elastin, etd, and not by carotenoidsSuperimposed on the
large fluorescence background response are the characteristic
Raman peaks of the carotenoids, which appear as small
bumps in the top trace of Fig. 5. In the course of the measure-
ments we discovered that the fluorescence background
bleached partially over a time period of several mindfes.
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e e A Table 3 Experimental intensities, /, of the C=C double bond Raman
line measured for the palms of seven volunteer subjects under blue
300 |- and green laser excitation. The ratio Ng /N, , determined with Eq. (3),
® indicates the ratio of B-carotene to lycopene in the subject’s skin.
‘g I
8 Subject ID 88(C=C) PP'4C=C) r=1*88/P"" Nz/N,
Y 200 -
- 1159 em™ 1524 em™ I 26 622 12393 2.1 0.7
L
% \1/ j M 17174 6445 2.7 1.2
9 (
£ 0t i W 28830 11743 25 1.0
S - P 23051 7709 3.0 1.55
£
g 5 7] R 23088 10483 2.2 0.76
| J 28125 13968 2.0 0.54
o - —
LT T U 35000 11619 3.0 1.55
800 1200 1600
Wavenumber, cm™
Fig. 5 Typical Raman spectra for human skin, measured in vivo under a.nd lycopene under excitation with 488 nm,.respecyvely. The
488 nm laser excitation. Top trace—spectrum obtained before sub- 5|g_nal me_asured gnder 514.5 nm laser excitatioH, is de-
traction of autofluorescence background; bottom trace—after subtrac- scribed with the similar expression

tion.
1SM= 151 g N+ 0N, ). 2

Here, o3** and 7' are resonance Raman scattering cross

While the fluorescence signal is seen to significantly decreasesections fors-carotene and lycopene under 514.5 nm excita-
due to bleaching, the Raman signal levels remain tion.

unchanged* Raman peaks can be retrieved with excellent  Since the optical properties of healthy human glibsorp-
resolution and high signal-to-noise ratio. This is demonstrated tion and scatteringdo not change drastically over the narrow

in the lower trace of Fig. 5, where the fluorescence back- spectral range from 488 to 514.5 nm, as can be seen from Fig.
ground has been fitted with a fourth-order polynomial and 6, we can assume that they are essentially the same for either
subtracted from the original spectrum. The two strong Raman excitation wavelength. A similar assumption can be made for
peaks correspond to the 1159 and 1524 tearbon—carbon  the Raman responséat 527 and 558 nip and therefore it
single- and double-bond stretching vibrations, respectively, of can be assumed that the sampling volume for either excitation
the carotenoid molecules, and their peak heights correlatewavelength will be the same. Furthermore, the constitits

with the existing carotenoid concentrations in the skin. andk>in formulas(1) and(2) then represent the respective
5 Selective Detection of B-Carotene and 0.55 ——————————————1—
Lycopene: Data Analysis 050 488 0m 5145 nm .
The amplitudes of the £C Raman peaks obtained under | - ——- 7]
resonant 488 nm excitatioh!®{ C=C), and under 514.5 nm 2 045 L .
excitation,| 514 C=C), were measured for the inner palm of 2
seven healthy subjects. They are shown in the second and = 0.40
third column of Table 3. Values for the Raman signal obtained 75 ’
from the skin under 514.5 nm excitation were corrected as k=
) ) e 0.35

described in Sec. 3. Q

We consider a very simple model for the skin Raman re- 0.30

sponse, assuming that only two carotenoifs;arotene and
lycopene, contribute to the Raman signal of human skin, and 0.25 |
are excited either with 488 or 514.5 nm laser light. In this
case, the measured amplitude of the=C Raman peak under

460 480 500 520 540 560 580 600

488 nm excitation] “®8 can be described by Wavelength, nm
Fig. 6 Absorption spectrum of normally pigmented human skin in the
488__ 1,48 48 48
17%°=k S(O'B 8NB+ gL 8NL): (1) visible spectral range. The spectrum, adapted from Ref. 24, shows a

. slowly changing monotonically declining absorption behavior. Note
whereNg and N, are the concentrations ¢8-carotene and the small difference in absorption for two pairs of wavelengths corre-

. . . 3 488
lycopene in the particular Skm. sample, amés ando™ are sponding to excitation (488 and 514.5 nm) and Raman (527 and 558
the resonance Raman scattering cross sectiong-tarotene  nm) wavelengths.
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Fig. 8 Carotenoid composition of human inner palm skin obtained for

Fig. 7 Plot used to evaluate the carotenoid composition of human seven healthy volunteers using selective resonant Raman spectros-
skin if the Raman response of the skin under 488 nm and under 514.5 copy.

nm is known. The ratio of B-carotene to lycopene concentration in
human skin, Ng/N,, scales according to expression (4).

The results are tabulated in Table 3 and are also shown as a
bar graph in Fig. 8 along with the relative concentrations of
sensitivities of the 488 and 514.5 nm instrumer_lts, provided each carotenoid species found in the skin of the subjects.
that the 488 and 514.5 nm Raman probes deliver an equal  As seen from Table 3, there is a strong, almost threefold,
intensity to the skin. variation in carotene-to-lycopene ratio even in a relatively
Combining Egs(1) and (2), we can obtain an analytical  small group of human subjects, ranging from 0.54 to 1.55.
expression(3), linking the ratioNg /Ny , i.e., B-carotene con-  That means that substantially different carotenoid composi-
centration over lycopene concentration, to the ratio of mea- tjons exist in normal human skin. Some subjects exhibit al-
sured Raman signals=1%1°" and to the optical param-  most twice the concentration of lycopene compared to caro-

eters of the carotenoid molecules tene, and other subjects show just the opposite effect. This
behavior could reflect different dietary patterns regarding the
Ng ag‘L‘BS_ gfl4r intake of lycopene or lycopene-containing vegetables, or it
N~ 54 s (3 could point towards differing abilities between subjects to ac-
L og I—aog cumulate these carotenoids in the skin.

In this expressiornr=k*¥¥k%* and equals 1 if the 488 nm

instrument has the same sensitivity as the 514.5 nm instru- .

ment and if both probes deliver the same intensity at the skin. 6 Conclusion

For practical applications, expressi(ﬁ) can be rewritten as Resonance Raman scattering is a viable optical technique for
the measurement of carotenoid antioxidants in living human

N. 0.82—0.6% skin. It is precise, specific, and sensitive. Most importantly, it
_B_ - (4) is also noninvasive, fast, and suitable for clinical and popula-
N 0.1r-1 tion studies. It permits the assessment of antioxidant status in

where we use a relationship between the resonant Ramarf* [arge subject base and it may become a useful method to
cross sections of the carotenoids as reported in Table 2. A plot€valuate the correlation between skin carotenoid levels and
of expression(4), shown in Fig. 7 and giving\g/N, as a risk fqr malignancies caused t_)y QX|da_1t|\_/e stres_s.
function ofr, can be used to find the ratio gkcarotene to ~_ JUSINg two-wavelength excitation, it is possible to selec-
lycopeneNg /N, . The following expression) and(6), ob- tively measure the two most p_romlnent skin c_arote_nmds, ly-
tained from Eq.(1), can be used to find the relative concen- copene angs-carotene. Accordmg to the medlcal literature,
tration of lycopeneN, , and B-caroteneNg these compounc_js may play different roles in the human body
and be part of different tissue defense mechanisms. First mea-
surements of the carotenoid skin composition in a group of

-1 -1 . . . L.
_ 1 488 Ng 488 Ng seven healthy volunteers reveals a wide inter-subject variation
N =—— % | —+0.82] ~17°°|—+0.82] , . . : : ;
k488,288 N, L in the B-carotene-to-lycopene concentration ratio, showing ei-
(5) ther lycopene opB-carotene as the predominant carotenoid in

the particular subject. This finding may reflect a different di-

1 etary pattern for different subjects participating in the study.

. —+O.82) ] (6) Alternatively, we can hypothesize that opposite carotenoid
composition patterns of human skin may be a consequence of
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differing individual abilities to uptake carotenes and lyco-

penes, or consequences of differing external stress factors.
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