
Spectroscopic and Dynamic
Studies of the Epidermal
Chromophores trans-Urocanic
Acid and Eumelanin
JOHN D. SIMON
Department of Chemistry, Duke University, and Department
of Biochemistry, Duke University Medical Center,
Durham, North Carolina 27708

Received August 10, 1999

ABSTRACT
Photoaging and skin cancer can result from the exposure of skin
to ultraviolet A (UV-A, 320-400 nm) radiation. The detailed
chemical mechanisms by which these processes occur are not
known, but they must begin with the absorption of a UV-A photon
by one or more photoreceptor(s) within the skin. The situation is
complicated by the lack of understanding of the photoreactions
of many of the UV-A-absorbing molecules in skin. In this Account,
we describe recent research efforts directed at elucidating the UV-
A-induced photoreactivity of two light-absorbing epidermal pho-
toreceptors: trans-urocanic acid and eumelanin.

Chronic exposure of the skin to ultraviolet radiation can
cause premature aging and cancer. UV-A (320-400 nm)-
photoaged skin is characterized by a variety of physiologi-
cal changes including an increase in the elastic fibers (e.g.,
elastin) of the skin, which serves to replace the colla-
genated dermal matrix.1-4 Although the mechanisms by
which such UV-A-induced photodamage occurs have not
been completely determined, there is strong evidence that
reactive oxygen species play a role.5 Specifically, exposure
to UV radiation has been shown both to reduce the
antioxidant population in the skin6 and to sensitize the
production of reactive oxygen species such as singlet
oxygen, hydrogen peroxide, and the superoxide anion.7,8

Formation of these latter species enables oxidation of
lipids and proteins, which can affect the degree of cross-
linking between collagen and other proteins.9

The photoaging of skin is not the only possible adverse
result of excessive exposure to UV-A radiation. While
significant attention has been paid to UV-B (280-320 nm)
exposure (the region of direct DNA absorption), recent
data indicate that UV-A radiation also plays an important
role in the development of skin cancer.10 The incidences
of skin cancers (both melanoma and nonmelanoma) are
increasing.11 As with photoaging, the pathways by which
UV-A induces cancers are believed to involve reactive
oxygen species that are photochemically generated either
directly or indirectly by a UV-A-absorbing molecule.12

In our work we have tried to characterize the photo-
reactions of UV-A photoreceptors in skin. We are espe-
cially interested in those molecules that can photochem-
ically produce reactive oxygen species. In the Account that
follows, we focus on two such molecular systems: trans-
urocanic acid and eumelanin. One of the major goals of
this research is to establish links between the in vitro
photochemistry of these systems and the action spectra
for in vitro and in vivo UV-induced responses in skin.

Urocanic Acid. The epidermal chromophore urocanic
acid (UCA) has received considerable attention because
of its immunomodulatory behavior.13-15 UCA is synthe-
sized as a trans isomer (t-UCA, approximately 30 µg/cm2)
in the uppermost layer of the skin (stratum corneum).16

t-UCA accumulates in the epidermis until it is either
removed by the monthly skin renewal cycle or dissolved
in sweat.17

Upon absorption of UV light, t-UCA isomerizes to its
cis form, c-UCA (Scheme 1), which has an absorption
spectrum similar to that of t-UCA. c-UCA photoisomerizes
back to the trans isomer, and thus a photostationary state
between the two isomers is ultimately attained.19 Because
DNA lesions (e.g., pyrimidine dimers) in the lower epi-
dermis can result from UV-B absorption, initial research
proposed that t-UCA acts as a natural sunscreen.20 In 1983,
Drs. Ed De Fabo and Frances Noonan showed that the
action spectrum for immune suppression of contact
hypersensitivity overlapped the absorption spectrum of
t-UCA.13 Building upon this observation, they proposed
that c-UCA depresses the immune system in skin. Since
then, researchers have found that c-UCA induces a variety
of biological responses.21-25 An excellent review article on
the photobiology of UCA was recently published by
Mohammad, Morrison, and HogenEsch.26

Wavelength-Dependent Photochemistry of t-UCA.
t-UCA is an unusual molecule because the photoisomer-
ization quantum yield is wavelength-dependent.27 The
photoisomerization efficiency (Φ) peaks at 310 nm (the
red edge of the absorption spectrum) with Φ ) 0.49, and
is reduced near the absorption maximum (at 266 nm) with
Φ ) 0.05. This wavelength-dependent behavior could arise
from (1) the presence of multiple ground-state rotamers,
each having different photodynamics, or (2) the presence
of overlapping transitions to different excited electronic
states, which then have different photodynamics. Both
models have precedents in the literature and both models
have been proposed to explain the wavelength-dependent
isomerization of t-UCA.27-31 It is important to resolve this
issue experimentally for the following reason. Much of our
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understanding of the photoreactivity of t-UCA comes from
in vitro measurements of the molecule dissolved in buffer
solutions. If the photoreactivity of t-UCA is due to differing
ground-state rotamers, then one would need to know the
rotamer populations present in both these model systems
and in vivo in order to determine whether in vitro studies
are relevant. If the photoreactivity is due to different
excited electronic states, then in vitro studies can be
directly used to analyze in vivo observations.

We have been able to unambiguously determine the
origin of the wavelength-dependent isomerization behav-
ior using pulsed-laser photoacoustic spectroscopy.30 In our
experiments, two excitation wavelengths were used, 264
and 310 nm. These two wavelengths were chosen because
t-UCA exhibits fundamentally different photochemistry at
these two wavelengths.31 Upon excitation at 264 nm,
t-UCA undergoes rapid intersystem crossing (τ < 7 ps) to
a long-lived electronically excited triplet state (τ > 100 ns)
that does not absorb at 310 nm. Upon excitation at 310
nm, t-UCA simply isomerizes (τ < 100 ps) without the
production of long-lived intermediate states. In pulsed-
laser photoacoustic spectroscopy, the amplitude of the
experimental signal is a measure of the amount of
absorbed energy that is converted into heat within ∼100
ns of excitation. Thus, this technique generally reveals the
energetics of the primary photochemical events. Consider
an experiment in which the sum of the photoacoustic
signals generated by the two excitation wavelengths is
compared with the signal from a two-pulse time-delayed
experiment in which the 310-nm pulse overlaps the region
excited by a 264-nm pulse, but arrives at the sample 9 ns
after the initial excitation. The wavelength-dependent
photochemical properties of t-UCA result in different
predictions for the relationship between the sum of the
photoacoustic signals for the independent excitations and
the signal amplitude observed for the two-pulsed time-
delayed excitation for the cases where multiple rotamers
or multiple electronic states result in the observed pho-
tochemistry.

If the t-UCA absorption spectrum arises from the
overlapping absorption of different rotamers, then the
different photoreactivity observed upon excitation at 264
and 310 nm means that different rotamers dominate the
absorption at these two wavelengths. In the two-pulse
experiment, excitation of a t-UCA solution at 264 nm
populates a long-lived triplet, but because the absorptions
at 264 and 310 nm are due to different rotamer popula-
tions, the sample optical density at 310 nm would be
unaffected by the initial excitation. Thus, the sum of the
individual photoacoustic signals at 264 and 310 nm would
be the same as that for the time-delayed two-pulse
experiment. If the absorption spectrum of t-UCA arises
from the overlapping absorption to more than one
electronic state, then all molecules present in solution
absorb at both wavelengths. In this case, excitation at 264
nm results in a decrease in the sample optical density at
310 nm. Because the triplet-state lifetime is long compared
to the 9-ns time delay in the two-pulse experiment, the
sum of the individual signals will be larger than the

amplitude measured in the two-pulse experiment. In this
case, for the sample concentration and irradiation intensi-
ties used, the two-pulse experimental signal would be
∼11% smaller than the sum of the individual signals. This
agrees quantitatively with our experimental result (12 (
3%).30 These studies establish that the seemingly struc-
tureless absorption spectrum of t-UCA is comprised of
overlapping absorptions to different electronic states that
exhibit unique photoreactivity. This conclusion means
that insights into the in vivo photobiology of t-UCA can
be inferred from in vitro measurements.

Urocanic Acid and the Photoaging of Skin. Singlet
oxygen, O2(1∆g), initiates a wide range of physiological
responses and is often involved in biochemical mecha-
nisms for the photoaging of skin. For example, from
studies of UV-A irradiation of human dermal fibroblasts,
Scharffetter-Kochanek and co-workers report that O2(1∆g)
triggers the signaling pathway of interstitial collagenase
induction.32 Such processes ultimately lead to tissue
degradation. Their mechanism for the induction of col-
lagenase is reproduced in Figure 1.

The question at hand is what chromophore(s) in the
skin causes the formation of O2(1∆g). The first step toward
identifying the chromophore(s) would involve comparing
the action spectrum for the photoaging of skin with the
absorption spectrum of the chromophore. This approach
was the basis for the immunomodulatory behavior of
t-UCA reported by De Fabo and Noonan.13 A quantitative
comparison between photoaging action spectra and the
absorption spectra of endogenous chromophores in the
UV-A has remained elusive. Part of the reason such
comparisons may have been slow in coming is the
tendency for researchers to want to match the in vivo
action spectrum with the total absorption spectrum of
potential photoreceptors. This ignores the fact that the
absorption spectra of molecules can be comprised of
overlapping transitions, and that only one of the underly-
ing excitations may give rise to the photoreactions that
cause the observed response.

FIGURE 1. Sequence of events upon UVA irradiation of dermal
fibroblasts. The UVA induction of interstitial collagenase is mediated
by singlet oxygen. The sequence of events is schematically
delineated by encircled numbers. IL-1R ) IL-1 receptor, IL-6R )
IL-6 receptor. Reprinted from ref 32 with permission. Copyright 1997.
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If we focus on the UV-A absorption of t-UCA between
310 and 380 nm, we find that the absorption cross section
is small (ε < 1 L mol-1 cm-1). De Fabo and co-workers
have reported that excitation of t-UCA in the wavelength
range results in photoisomerization.33 However, photo-
acoustic measurements show that this is not the only
photochemical process that occurs in this wavelength
range.34 In addition to isomerization, excitation results in
the formation of a long-lived (>µs) excited electronic state
in oxygen-free solutions. The partitioning between these
two processes is wavelength-dependent. This results
because the absorption spectrum in this region is the
superposition of two absorption bands, one that leads to
isomerization, and one that leads to the formation of a
long-lived reactive state that can sensitize oxygen to form
O2(1∆g). Using the wavelength-dependent photoacoustic
data, the efficiency spectrum for O2(1∆g) sensitization was
determined.34 The shape of the efficiency spectrum mim-
ics the action spectrum for the photoinduced sagging of
mouse skin reported by Bissett and co-workers.4 On the
basis of these results and the physiological responses
initiated by O2(1∆g) (e.g., Figure 1), we proposed that UV-A
excitation of t-UCA may initiate the photoaging process.

It is important to emphasize that we have not com-
pared the in vivo action spectrum for photoaging with the
overall absorption spectrum of t-UCA. Rather, the in vivo
action spectrum is being compared with the efficiency for
a specific chemical process (O2(1∆g) formation) that arises
from a weak transition that contributes to the compli-
cated, yet structureless absorption spectrum of t-UCA. At
first glance, the t-UCA absorption spectrum would appear
to be completely unrelated to any physiological response
in the UV-A. However, our work shows that one must
consider the possible role of weak transitions of endog-
enous absorbing chromophores in initiating physiological
responses.

Melanin. Melanin is one of the most ubiquitous of
natural pigments, and it is interesting to note that its
chemical structure and biological role(s) are still subject
to much debate.35 There are two general classes of
melanins: eumelanin and pheomelanin. Each type of
melanin is likely to have different photodynamics. Fur-
thermore, because the polymerization is poorly under-
stood, it has remained impossible to assign a definitive
molecular weight to melanin and to determine its precise
molecular structure.36

It is generally believed that melanin is a photoprotec-
tive molecule that shields the skin against UV and visible
radiation. The molecular mechanism of how melanin
dissipates absorbed energy and thereby affords such
protection is still largely unknown.37 There is also evidence
that melanin is cytotoxic at UV wavelengths.38-42 Specif-
ically, UV-A excitation of cultured human melanocytes
demonstrated a correlation between the pheomelanin
content and the amount of UV-induced single-strand
breaks in the cellular DNA.40 In vitro experiments on
pheomelanin demonstrate that this pigment photocon-
sumes oxygen,41 and it is reasonable to speculate that the
mechanism for cellular DNA damage involves actived

oxygen species. Along the same lines, exposure of eu-
melanin in mouse cells to UV-C radiation supports the
conclusion that eumelanin also can photodamage DNA.39

Action spectra for the generation of free radicals and the
consumption of oxygen by synthetic and bovine eye
eumelanin have been reported, and while this process
occurs throughout the UV spectrum, the action increases
with decreasing wavelength.42 The reported action spectra
for these two chemical processes and different eumelanins
are identical, but as will be discussed below, they differ
significantly from eumelanin’s absorption spectrum.

Size-Dependent Properties of Eumelanin. Figure 2
shows a set of images of eumelanin obtained using
scanning electron microscopy (SEM). The sample in image
A is a bulk sample of commercial eumelanin extracted
from Sepia officianalis (Sigma). Image A shows that there

FIGURE 2. Scanning electron micrographs of melanin from Sepia
officianalis. (A) Bulk sample. (B) An enlargement of one of the
particles shown in (A). (C) Image of the 10 000 > MW > 3000
fraction, which reveals particles that range in size from 30 to 58 nm.
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is great variation in particle size and shape, and that the
pigment exists as large clusters and isolated doughnut
structures. These different macroscopic objects share a
common substructure, shown in image B. The large
particles are comprised of closely packed spherical struc-
tures of diameter 150 ( 34 nm.43 A careful study of these
images reveals small spherical objects (diameters ranging
from 15 to 40 nm) that adhere to the larger sperical
components. Image C shows the fraction of 10 000 > MW
> 3000 (MW ) molecular weight), which contains only
these small particles. For the fraction of MW < 3000, a
histogram of over 1000 particles gives a mean diameter
of 15 nm.44 Such small particles are the smallest particles
of Sepia eumelanin to be isolated to date. The existence
of different size melanin particles prompted us to separate
eumelanin as a function of molecular weight and examine
the physical and optical properties of these different
aliquots.45

Figure 3 presents the absorption and emission spectra
for four different size fractions. The absorption data
(Figure 3A) have been arbitrarily normalized at 270 nm
for illustration purposes. First, consider the peak at 270
nm. Eumelanin from S. officinalis has an associated
protein coat, which cannot be fully removed in the
isolation and purification process of the pigment. About
8% of the weight of the samples used in this study is
protein.46 The protein associated with these samples has
been shown to contain tyrosine and phenylalanine;47 these

amino acids have an absorption peak around 270 nm.
Synthetic eumelanin that is generated by the autoxidation
of 3,4-dihydroxyphenylalanine lacks a protein coat and
has an optical spectrum that matches the natural pigment
except for the lack of the 270-nm component.45 Thus, the
spectral feature at 270 nm is due to absorption of light by
the protein coat. The second feature worth noting is that
the optical density changes in the UV-A and visible regions
of the spectrum as a function of particle size. Specifically,
the spectrum extends to longer wavelengths with increas-
ing particle size. Because the molecular weight of eumela-
nin is not known, the absolute absorption cross section
at various wavelengths cannot be determined.

There are two reasonable explanations for the size-
dependent optical spectra shown in Figure 3A. First, the
spectra could reflect the size-dependent absorption prop-
erties of the pigment. With increasing polymer size, it is
reasonable to postulate that greater electron delocalization
would occur, which would be manifested by extension of
the absorption spectrum to longer wavelengths. Second,
with decreasing size, particles scatter less efficiently. Thus,
the trend that the optical spectrum extends to lower
energies with increasing particle size could suggest that
the tail of the spectrum (visible and possibly UV-A regions)
is due to light scattering. Assessing the contribution of
scattering from a comparison of the optical line shape to
theoretical predictions has not enabled an unambiguous
conclusion.

Figure 3B shows emission spectra for different particle
sizes using an excitation wavelength of 266 nm. We see
that the emission spectrum, like the absorption spectrum,
also depends on particle size. The origin of the structure
of the emission spectrum and its dependence on particle
size are not known. The multiple peaks in the spectrum
could correspond to emission from different chro-
mophores that are excited by the incident light. Or, the
lower energy peaks could correspond to emission from
chromophores that are populated by energy transfer from
an initially excited moiety of the pigment. Experiments
that begin to address these issues are discussed in the next
section.

Finally, photoacoustic techniques have been used to
study both bulk eumelanin at various excitation wave-
lengths and the different size fractions using an excitation
wavelength of 351 nm.45,48 Following absorption at 527 and
400 nm, essentially all of the photon energy is released
nonradiatively within a few nanoseconds of excitation,48

in agreement with previous work.49 At 351 nm, most of
the energy was released as heat; a small amount of energy
was retained (13% of the photon energy).45 It is interesting
to now ask whether the heat released upon excitation at
351 nm depends on the particle size. We find that the
percentages of absorbed energy that is released as heat
by the MW > 10 000, 10 000 > MW > 3000, 3000 > MW
> 1000, and MW < 1000 eumelanin samples are 89 ( 7%,
91 ( 9%, 83 ( 11%, and 44 ( 3%, respectively. For the
MW > 1000 samples, most of the absorbed energy is
released as heat on the nanosecond or faster time scale,
suggesting a negligible quantum yield for formation of
long-lived intermediates. The MW < 1000 fraction, how-

FIGURE 3. Absorption (A) and emission (λex ) 266 nm) (B) spectra
for aqueous solutions of size-dependent fractions of Sepia eumelanin
at room temperature. (a) MW > 10 000, (b) 10 000 > MW > 3000,
(c) 3000 > MW > 1000, (d) MW < 1000.
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ever, shows a dramatic increase in the amount of energy
retained by the eumelanin particle, characteristic of the
formation of a long-lived intermediate. ESR experiments
on bulk samples of eumelanin from S. officianalis indicate
the formation of electronically excited triplet states upon
excitation in this wavelength region.50 Given the inherent
time scale of ESR spectroscopy, the photoacoustic data
suggest that the ESR signals arise from the small particles.
If we assume quantitative formation of such a reactive
intermediate, then the photoacoustic measurements re-
veal that the energy of the triplet state of MW < 1000
eumelanin particles is ∼190 kJ mol-1 above the ground
state.

Energy Transfer within Eumelanin Aggregates. The
rate at which eumelanin dissipates absorbed light energy
and the mechanism by which such dissipation occurs is
largely unknown. Insight into these questions can be
gained from emission anisotropy measurements of eu-
melanin. Exciting at 335 nm and probing at 420 nm reveals
that the emission depolarization dynamics is temperature-
dependent, complete depolarization occurs on the ∼80
ps time scale, and the initial anisotropy has a value of
nearly 0.4.51 Analysis of the temperature-dependent dy-
namics reveals an activation energy of 21 ( 3 kJ mol-1

for the depolarization process.51 However, the depolar-
ization dynamics were poorly fit by a single-exponential
function, suggesting a more complicated process than
simple first-order kinetics.

We have concluded that the rapid depolarization of the
emission reflects energy-transfer processes between mo-
lecular chromophores that comprise eumelanin.51 The
observed depolarization dynamics of the emission from
eumelanin requires that number of donor and acceptor
sites be sufficient that the transition dipoles of the
embedded “molecular emitters” cover all possible orienta-
tions in three dimensions. Unfortunately, the identity of
the emitting molecular chromophores remains unknown.
Insight can be gained from structural studies of eumela-
nins. Wide-angle X-ray diffraction measurements of syn-
thetic eumelanin samples and STM images of monolayers
of synthetic eumelanin on graphite suggest that the
fundamental building block of the polymer is a three-sheet
stacking structure (lateral dimension of 2.0 nm, height of
0.76 nm) consisting of 15 to 24 5,6-indolequinone resi-
dues.52 A modeling of X-ray diffraction data of several
melanins by Cheng et al. gives a similar fundamental
melanin unit: a four-layer stacking of four to eight 5,6-
dihydroxyindole or 5,6-indolequinone units per layer.53

If we take such indolequinone units to be the emitting
chromophores, the above models predict that there are
tens of million of such chromophores in a melanin
subunit of diameter 150 nm (the mean of the particle size
distribution43). A small fraction of these is sufficient for
complete depolarization of the emission by energy trans-
fer. Such a structural model for melanin gives rise to a
large density of closely spaced excited electronic-state
energies for the constituent chromophores. While energy
transfer generally occurs to an acceptor site that has an
electronic energy less than or equal to that of the donor,
it is possible to excite acceptor with a slightly higher

electronic energy if the energy difference is on the order
of the thermal energy available. The importance of such
an energy-transfer process on the depolarization dynamics
increases with temperature because more potential ac-
ceptors become accessible with increased thermal en-
ergy.54 In the case of a large density of closely spaced
excited electronic-state energies, this electronic structure
would manifest itself as an activated energy-transfer
process, consistent with the experimental results reported.

Molecular Origin of Melanin Action SpectrasThe
Importance of Particle Size. Various photoreactions of
melanins have been studied, and in vitro action spectra
for particular chemical processes have been reported.42

In general, as discussed above for the case of t-UCA, an
action spectrum follows the absorption spectrum of the
primary photoreceptor involved in the photochemical
process. However, in the case of melanin, this relationship
has not been observed. For example, Figure 4A reproduces
the results of Sarna and Sealy, who compared the absorp-
tion spectrum of eumelanin to the action spectra for the
photoinduced consumption of oxygen and free radical
production.42 They found that the two action spectra are
essentially the same and that the action spectra are

FIGURE 4. (A) Absorption spectrum of the eumelanin compared to
action spectra for photoinitiated free radical production and oxygen
consumption. Reprinted from ref 42 with permission. Copyright 1984.
(B) Absorption spectrum of the eumelanin size fraction MW < 1000
(dotted line) compared to the average of the action spectra shown
in A (solid line). The dashed line is a fit to the spectrum to
approximate the absorption spectrum in the absence of protein (see
text for details).
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indistinguishable for synthetic eumelanin and bovine eye
melanin with and without the protein coat. Determining
why these action spectra reveal a different wavelength
dependence than the absorption spectrum is central to
developing an understanding of the photochemical prop-
erties of this pigment and its relationship to DNA damage
and skin cancer.

We now know that different-sized particles have dif-
ferent absorption properties,45 so it is of interest to
compare these action spectra for the photoinduced con-
sumption of oxygen and free radical production to the
data shown in Figure 3A. As shown in Figure 4B, we find
that the absorption spectrum of small eumelanin particles
(MW < 1000, curve d) is the only spectrum in Figure 3A
that has the same shape as the action spectra for wave-
lengths longer than 310 nm. This comparison suggests that
small eumelanin particles are responsible for this photo-
chemical behavior. Because the wavelength dependence
of the photoinduced consumption of oxygen and free
radical production does not depend on the presence of
protein,42 we should compare the action and absorption
spectra without regard to protein absorption (e.g., the peak
at 270 nm, Figure 3A).55 If we ignore the absorption feature
centered at 270 nm and extrapolate through this region
by performing a polynomial fit to the remaining part of
the spectrum, then we obtain the dashed curve, which is
nearly identical to the reported action spectrum. Thus, it
is possible that there is quantitative agreement between
these spectra in the UV-B, but we are unable to establish
this because the absorption properties of the protein
component have not been independently determined.
Recall that photoacoustic experiments on eumelanin
revealed that only the MW < 1000 particles exhibit
efficient formation of a reactive intermediate. This lends
further support for why we observe agreement between
the MW < 1000 absorption spectrum and the action
spectra for these chemical processes.

The Future. As stated in the introduction, one of the
major goals of this research is to establish links between
the in vitro photochemistry and the action spectra for UV-
induced responses. The above discussion demonstrates
that the starting point for establishing such links requires
an understanding of the structure and photoreactivity of
the molecules in question. In that respect, modern time-
resolved and spatially-resolved spectroscopic tools can
make a substantial impact.

Many important questions remain unanswered. For
example, in the case of urocanic acid, once a photosta-
tionary state is achieved, the concentration of c-UCA
exceeds that of t-UCA in the skin. Thus, the reactions of
c-UCA could also contribute to the action spectra of
urocanic acid in vivo. c-UCA generates O2(1∆g) following
UV-A excitation,30 but the action spectrum is not known.
In the case of melanins, the lack of detailed knowledge
about the molecular structure is clearly a major impedi-
ment to developing a detailed chemical understanding of
these system. Modern mass spectrometric, imaging, and
NMR techniques offer promise, and such work is currently
in progress.
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