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ABSTRACT: The contradictory biological function of
eumelanin (photoprotection vs photosensitization) has long
been a topic of debate in a wide range of disciplines such as
chemistry, physics and biology. For understanding full
spectrum of eumelanin’s photobiological aspect, revealing
how eumelanin’s complex structural organization dictates its
photophysical properties is critical step. Here, we report a
practical approach to controlling the hierarchically assembled
structure of natural eumelanin, which leads to disassembly of its structure into subunits and oxidized subunits, respectively. Based
on the well-characterized model system, it was possible to systematically determine how the photophysical properties of
eumelanin are ruled by its hierarchical assembly organization. Particularly, our experiments reveal that the chemical oxidation of
eumelanin’s subunits, which leads to delamination of their stacked layer structure, is critical to significantly increase their
photochemical reactivity to generate ROS under UV irradiation. This result provides clear experimental evidence that oxidative
degradation of eumelanin, which might be induced by phagosomal enzymatic activity in the process of melanomagenesis, is
responsible for triggering the negative photobiological role of eumelanin such as ROS source needed for development of
malignant melanoma.

■ INTRODUCTION

Eumelanin, the predominant type of melanin in human
pigment, has been one of the most enigmatic biomacromole-
cules in terms of its biological function. Eumelanin is
considered a beneficial biomolecule that provides protection
from UV light as a result of its distinctive optical properties,
broad monotonic absorption of UV−vis light and strong
nonradiative relaxation of absorbed photons.1−3 However,
eumelanin also exhibits an ability to generate reactive oxygen
species (ROS) under UV irradiation.4−6 The controversy
surrounding photobiological aspects of eumelanin originates
not only in the potent toxicity of photogenerated ROS but also
in the relevance of these ROS to disease-related events, such as
malignant melanoma. The ability of eumelanin to generate
ROS under UV irradiation is likely related to malignant
melanoma progression. In cutaneous pigment cells, the
production of eumelanin significantly increases with the
development of malignant melanoma.7 Moreover, it has been
suggested that melanin-generated ROS are related to the
progression of melanoma.8,9

For understanding the different photobiological aspects of
eumelanin, determining the complex structure of eumelanin
and revealing how eumelanin’s structural organization dictates
its photophysical properties is essential. Eumelanin has a
hierarchically assembled particle structure composed of stacked
layers of oligomers derived from two key monomers, 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA).10 Advanced spectroscopic and imaging

techniques indicated the sequentially assembled structure of
eumelanin, where fundamental oligomers are stacked via π−π
interactions with a 3.4 Å interspace, and hydrogen bonding and
hydrophobic interactions between stacked units forces the
three-dimensionally aggregated particle into a scale of
approximately several hundreds of nanometers.11−15 Several
experimental results have provided crucial clues that help
elucidate how this structural organization affects the photo-
physical properties of eumelanin. It appeared that the
aggregation of fundamental oligomers affects not only the
optical properties of eumelanin, but also its photochemical
reactivity upon UV irradiation, leading to ROS generation.16−18

Specifically, it was shown that oligomer units isolated from
Sepia eumelanin exhibits higher photosensitizing capability than
bulk aggregated pigment,17 which implies that oligomer units
released from the hierarchically assembled structure of
eumelanin is responsible for oxygen activation by eumelanin.
This result may be attributed to the several factors. Increased
surface area of oligomer units upon deaggregation would
contribute to enhancement of their photoreactivity.17 Another
possible factor is decrease in nonradiative relaxation process of
eumelanin upon deaggregation, which causes increase in
lifetime of photoexcited states of eumelanin.19 Increased
lifetime of photoexcited state reflects extended time to interact
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with oxygen. Time-resolved fluorescence spectroscopic study
showed that lifetime of the excited states of small eumelanin
aggregates is longer than large eumelanin aggregates,16 which
supports this expectation. In the light of these observations,
chemical oxidation is likely an important factor in enhancing
the photochemical reactivity of eumelanin. Enhanced radiative
emission of eumelanin upon chemical oxidation is general
phenomena.20 Furthermore, small-angle X-ray scattering and
scanning tunneling microscopy (STM) studies showed that
chemical oxidation of eumelanin model makes their hierarchical
assembly structure disintegrated and leads to generation of
oligomer units.19,21 Therefore, these experimental findings
suggests that chemical oxidation of eumelanin may increase its
potent photochemical reactivity.
Interestingly, the well-organized structure of natural

eumelanin undergoes structural alterations in particular
cases.22 In cutaneous pigment cells, eumelanin is present with
certain proteins and lipids in structures known as melano-
somes.23 Transmission electron microscopy studies have clearly
shown the well-organized particle nature of melanosomes in
normal cutaneous pigment cells.24 However, superficial spread-
ing melanomas show a higher number of aberrant melanosome
structures with an irregular internal structure, partially missing
regions and disintegrated granules compared with normal
pigment cells.25−27 Considering the experimental finding that
small oligomer units of eumelanin exhibits more efficient
photosensitizing capability to generate ROS than large
eumelanin aggregate,17 it can be postulated that the
deformation of the well-organized eumelanin structure leading
to generation of smaller subunits is a critical biological process
to stimulate its different photobiological function. Thus,
determining the effects of the biologically relevant structural
alterations of eumelanin on its photophysical properties is
necessary to understanding the full spectrum of eumelanin’s
biological functions. However, experimental study assessing the
biologically relevant structural alterations of the natural
eumelanin system has been limited by the lack of a practical
approach to control eumelanin’s three-dimensionally assembled
architecture. Two possible structural modifications can occur in
eumelanin during the process of melanomagenesis: the
fragmentation of its organized structure into smaller subunits
with or without the oxidative destruction of the chemical
structure at the level of fundamental oligomers.28 In these cases,
either subunits or oxidized subunits disassembled from the
hierarchical structure of eumelanin underlie its photophysical
properties, but the well-organized hierarchical assembly of
natural eumelanin and its insolubility in most of solvent
originated from large aggregation have made it hard to examine
the properties of its subunits. Thus, systematic investigations of
the relationship between the subunit products of biologically
relevant structural alterations in natural eumelanin and their
photophysical and photobiological aspects have never been
achieved.
In this study, we present a novel approach to controlling the

hierarchically assembled particle structure of natural eumelanin
in order to disassemble eumelanin into small subunits. By
exposing to deoxygenated alkaline solution, representative
eumelanin model, Sepia eumelanin particles ranging from 100
to 300 nm, could be completely disassembled into small
subunits composed primarily of stacked oligomers with an
average thickness of approximately 1 nm. The disassembly of
Sepia eumelanin in response to alkaline pH is most likely
related to the disruption of hydrogen bonding supporting

aggregation between stacked oligomers. In addition, it was
found that the subunits disassembled from Sepia particles could
be further delaminated into smaller subunits with partial
oxidative degradation under aerobic alkaline conditions. Using
this well-characterized model system, it was possible to
systematically determine that two key photophysical properties
of natural eumelanin can be altered as a function of biologically
relevant structural modifications. Particularly, our experiments
revealed that the chemical oxidation of eumelanin’s subunits,
which leads to delamination of its stacked layer structure, is
critical to significantly increase their photochemical reactivity to
generate ROS under UV irradiation. Our results provide clear
experimental evidence that oxidative degradation of eumelanin,
which might be induced by phagosomal enzymatic activity in
the process of melanomagenesis, is responsible for triggering
the negative photochemical aspects and biological roles of
eumelanin, such as ROS production, which contributes to the
progression of malignant melanoma.

■ EXPERIMENTAL SECTION
Preparation of Sepia Eumelanin. Sepia was extracted using a

syringe from a freshly dissected ink sac and collected by centrifugation
(18000 rpm) as described in a previous study.33 Ink sacs were obtained
by the dissection of Korean squid. In order to examine the disassembly
and oxidation process of Sepia eumelanin, Sepia eumelanin was
purified by more than 10 times of sequential centrifugation/
redispersion in water.

Synthesis of MelNPs. MelNPs were synthesized by a slight
modification of previously reported methods.29 A description of the
synthetic conditions is provided as follows: 180 mg of dopamine
hydrochloride (Aldrich Chemical) was dissolved in 45 mL of
deionized water. A NaOH (670 μL, 1 N) solution was added to the
solution of dopamine hydrochloride under vigorous stirring at 50 °C.
After 5 h, MelNPs were isolated and purified by several times of
centrifugation/redispersion in deionized water (4000 rpm for 10 min).

Disassembly and Simultaneous Disassembly/Oxidation
Process for Sepia Eumelanin and MelNPs. For examination of
disassembly aspect of Sepia eumelanin, 1.75 mL of NaOH solution (1
M) was added into 1.75 mL of Sepia suspension (0.1 mg/mL) under
N2 purging. Sepia suspension and NaOH solution were prepurged by
N2 for 20 min to eliminate dissolved O2. After 10 min, 2.5 mL of
deoxygenated KH2PO4 solution (1 M) was added to neutralize the
solvent and partially disassembled Sepia particles can be separated
from released subunit by centrifugation (13500 rpm, 10 min) and
redispersion in water. For examination of morphological change of
Sepia under pH-controlled disassembly, partially disassembled Sepia
was directly transferred to a carbon-coated TEM grid for TEM
investigation. Disassembly of MelNPs was examined as a same method
as described above. For fully disassembled Sepia, 3.5 mL of NaOH
solution (1 M) was added into 1 mL of Sepia suspension (1 mg/mL)
under N2 purging. Sepia suspension and NaOH solution were
prepurged by N2 for 20 min to eliminate dissolved O2. After 12 h, 5
mL of deoxygenated KH2PO4 solution (1 M) was added into fully
disassemble Sepia suspension to neutralize the solution pH and
prevent additional pH-induced oxidation of subunits under ambient
environment. Because subunits generated from Sepia eumelanin starts
showing some precipitate after 1 week, freshly generated subunits was
used to examine their optical properties and photochemical reactivity.
Oxidation process of Sepia eumelanin was progressed for 5 days with
same manner as described above excepting N2 purging. Generated
oxidized subunits shows very stable dispersion stability in the
neutralized buffer solution for more than 1 month.

Characterization of Subunits and Oxidized Subunits from
Sepia Eumelanin. For examination of morphological change of Sepia
under pH-controlled disassembly and oxidation process, subunits
disassembled from Sepia and oxidized subunits were characterized by
TEM. After the disassembly and simultaneous disassembly/oxidation
process, absorbance of equivalent concentration of subunits and
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oxidized subunits were characterized via UV−vis spectroscopy
(SINCO S-3100). Emission spectra of each sample were measured
by a Jasco FP-6500 spectrofluorometer at the excitation wavelengths of
314 nm. Excitation spectra for each emission maximum wavelength of
the emission spectra were obtained under the same experimental
setup. Solid state 13C NMR spectra of oxidized subunits compared to
nonoxidized subunits and their parental Sepia were collected on a
Bruker 400 MHz solid/microimaging high resolution NMR
spectrometer.
For AFM analysis, the subunits and oxidized subunits generated

from Sepia eumelanin were dialyzed respectively using a dialysis kit
(Thermo Scientific Slide-A-Lyzer Dialysis, 2 K MWCO) for 1 day.
This was performed in order to eliminate salt, and to rule out small
portion of oligomeric species from the whole subunits mixture. After
the dialysis, the subunits was deposited on a mica substrate through
dropping the diluted subunit solutions on a spinning mica substrate
(4000 rpm, 30 s) for AFM investigation. The AFM experiments were
performed using a Nanoscope IIIa microscope (Veeco Instruments,
Santa Barbara, CA) in air at ambient temperature. All images were
obtained on tapping mode using noncontact mode tips from BRUKER
with a spring constant of 40 N m-1 and a tip radius of ≤12 nm.
Subunits fraction (MW < 2000) can be separated from the whole
mixture of subunits or oxidized subunits through dialysis and they are
concentrated via evaporation of water. The concentrated subunit
fraction (MW < 2000) were characterized via UV−vis spectroscopy
and spectrofluorometer as method mentioned above.
For measurement of photoacoustic signal for Sepia eumelanin in

response to its structural alteration, the transparent plastic tubes
(AAQ04133, Tygon, Saint-Gobain Corp., Courbevoie, France) were
posed in a custom-made container that is filled with distilled water
whose temperature was stably maintained to be 24 °C. The Sepia
particles, their subunits and oxidized subunits were injected to the
tubes, respectively. Their weight concentration was tuned to be
equivalent. Radio-frequency (RF) PA data from the structurally
controlled Sepia samples were captured with a commercial US scanner
equipped with a SonixTouch research package (Ultrasonix Corp.,
Vancouver, BC, Canada) and a linear array transducer (L14−5/38)
connected to a 128-channel SonixDAQ parallel system. The RF
channel data acquisition sequence was initialized for every laser pulse
excitation event of an Nd:YAG OPO laser system (Surelite III-10 and
Surelite OPO Plus, Continuum Inc., Santa Clara, CA, U.S.A.) at the
rate of 10 Hz. The laser energy was delivered to the Sepia samples by a
custom-made bifurcated optical fiber bundle (Fiberoptic Systems, Inc.,
Simi Valley, CA, U.S.A.) integrated to the linear array transducer. The
laser pulse length of the emitted laser was 7 ns. Photoacoustic
response of the samples was measured at 723, 732, 738, 748, 759, 770,
782, and 794 nm. The distance between the integrated PA probe and
targets was fixed at 30 mm and the energy density on the samples was
maintained at 6.7 mJ/cm2.
Photogeneration of Reactive Oxygen Species (ROS) by

Sepia Eumelanin in Response to the Structural Alterations.
The generation of superoxide radical was monitored by the nitro blue
tetrazolium (NBT) method, which measured the changes of
diformazan absorption at 560 nm, resulting from the reduction of
NBT with superoxide radical during the photoirradiation.30,31

A total of 200 μL of freshly prepared NBT solution (1 mM) was
dissolved in 2 mL of phosphate buffer solution (1 M) in a quartz
cuvette, and an appropriate amount of Sepia samples (Sepia particles,
subunits, oxidized subunits before and after dialysis) was added to the
cuvette, individually. The total amount of subunits was varied as 30 μg
excepting for oxidized subunits after dialysis. After mixing the solution,
the quartz cuvette was exposed to the irradiation of a xenon lamp (100
W) at a distance of 10 cm. Absorption from diformazan at 560 nm was

obtained as a function of time during the irradiation. For evaluation of
photosensitizing capability for Sepia samples, increased absorption at
560 nm was plotted as a function of time.

For monitoring the generation of the hydroxyl radical, coumarin-3-
carboxylic acid (CCA) was used owing to the characteristic emission at
446 nm when it reacts with hydroxyl radical to produce 7-
hydroxycoumarin-3-carboxylic acid (7-OHCCA).32,33

CCA was dissolved in deionized water by adding 20 μL of ammonia
solution (28−30%) and its concentration was adjusted as 5 mM. 200
μL of the freshly prepared CCA solution was added into 2 mL of
phosphate buffer solution (1 M) in a quartz cuvette, and an
appropriate amount of Sepia samples was added to the cuvette,
individually. The total amount of subunits was 30 μg excepting for
oxidized subunits after dialysis. After mixing the solution, the quartz
cuvette was exposed to the irradiation of a xenon lamp (100 W) at a
distance of 10 cm. Emission spectra from 7-OHCCA (λex = 380 nm)
were obtained as a function of time during the irradiation. For
evaluation of photosensitizing capability for Sepia samples, increased
emission intensity at 466 nm was plotted as a function of time.

■ RESULTS AND DISCUSSION
pH-Controlled Disassembly and Simultaneous Dis-

assembly/Oxidation Process for Sepia Eumelanin. Sepia
eumelanin particles were utilized as a eumelanin model with a
hierarchically assembled particle structure. Sepia, a well-
characterized natural eumelanin, has been used as eumelanin
model to study the physicochemical properties of eumela-
nin16−18,34 due to its high purity and relatively simple
purification procedure. The hierarchical structure of Sepia
eumelanin, which comprises an aggregate of stacked-oligomers,
has been well characterized by SEM,35 AFM,15 and wide-angle
X-ray diffraction measurement.12 As shown in Figures 1 and 2b,
Sepia eumelanin extracted from the ink sack of squid showed
the characteristics of well-organized particles with a broad size
distribution ranging from 100 to 300 nm. However, it was
observed that the well-organized particle structure of Sepia
eumelanin can be disassembled into small subunits when it is
exposed to a deoxygenated alkaline condition. The morpho-
logical changes of Sepia eumelanin were monitored by TEM
after exposure to deoxygenated NaOH solution (0.5 M)
followed by centrifugation to separate the released subunits
(Figure 2c). As shown in Figure 2c, size of Sepia particles was
clearly decreased because of the released subunits from Sepia
particles. Sepia particles were completely transformed to small-
sized subunits after exposure to deoxygenated NaOH solution
(0.5 M) for 12 h (Figure 2d); these smaller subunits were
stored stably in neutralized buffer solution after adding
potassium dihydrogen phosphate solution. Because they start
showing some precipitate in the buffer solution after 1 week,
freshly generated subunits were utilized for characterization of
their photophysical properties.
Deoxygenation of solvent during pH-induced disassembly of

Sepia particle was important to prevent irreversible oxidation of
the subunits. It has been shown that dihydroquinone group of
eumelanin can be easily oxidized by dissolved oxygen under
basic solution.36 As a result of oxidation, not only oxidized
forms of dihydroquinone group such as semiquinone and
quinone but also superoxide radical are generated. In this
condition, superoxide radical acts as a propagator to induce
chain autoxidation process between them, which results in the
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production of further ROS. Because oxidative degradation of
eumelanin could occur by generated ROS, Sepia suspension
was purged with N2 during the pH-induced disassembly
process.
The oxidation of subunits disassembled from Sepia particles

could be induced by allowing dissolved oxygen in NaOH
solution during the disassembly process. As described above,
the autoxidation of dihydroquinone moiety in oxygen-dissolved
alkaline solutions results in the generation of ROS, such as
superoxide radical and hydrogen peroxide.36 Therefore,
increasing solvent pH in the presence of dissolved oxygen
not only caused the disassembly of Sepia eumelanin particles
into subunits but also led to their chemical oxidation by
generated ROS, which is very similar to the oxidative bleaching
process for eumelanin via alkaline peroxide solution treat-
ment.19 Chemically oxidized subunits were obtained by
exposure to NaOH solution (0.5 M) containing dissolved
oxygen for 5 days and stored in neutralized solution by adding
potassium dihydrogen phosphate solution (Figure 2e). They
showed very stable dispersion stability in the neutralized buffer
solution for more than 1 month.
Characterization of Subunit Products Resulting from

the Disassembly and Simultaneous Disassembly/Oxida-
tion of Sepia Eumelanin. Previous matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry studies
showed that mass of Sepia protomolecules was less than 1200,
and high molecular weight of polymers was not observed37

Scanning tunneling microscopic studies showed that lateral size
of eumelanin protomolecules is approximately 2 nm.21,38 These
results suggests that oligomer units composed of covalently
connected DHI or DHICA would be fundamental units of
eumelanin. Many studies based on advanced imaging
techniques12,21,38,39 and theoretical calculation40−42 have
elucidated Sepia eumelanin as hierarchical assembly system
where the fundamental oligomer units are stacked through π−π
interaction and the stacked layers of oligomeric units
(protomolecules) form a three-dimensionally aggregated
particle structure driven by noncovalent interactions such as

hydrophobic interaction and hydrogen-bonding (Figure 1).
Because pH-controlled disassembly process results in complete
disintegration of three-dimensionally aggregated particle
structure of Sepia into small subunits, considering the
hierarchical assembly picture of eumelanin, fundamental
oligomer units, stacked oligomers and cluster of the stacked
oligomers would be possible constituents of the resulting
subunits.
For the structural characterization of Sepia subunits, the

subunits generated from pH-controlled disassembly process
were divided in terms of molecular weight. Through dialysis
with a molecular weight cutoff at 2000, a subunit fraction with a
molecular weight less than 2000 was separated from the entire
subunits. Given the molecular weight range of Sepia
fundamental oligomer species observed by the previous mass
spectrometry studies, the oligomer units were separated from
the entire subunits after dialysis. By comparing UV−vis
absorption spectra before and after the dialysis process, the
approximate proportion of subunit fraction with MW less than
2000 relative to the entire Sepia subunit mixture could be
predicted. As shown in Figure 4c, slightly decreased absorption
contributing to the UV and blue regions was observed after the
dialysis process. Even though the lack of a clear molar
absorption coefficient for both subunit fractions makes it
difficult to predict precise proportions of each subunit fraction
by comparing UV−vis absorption spectra before and after
dialysis, very slight decrease in UV−vis absorption after the
dialysis process indicates that the subunit fraction with
molecular weight less than 2000 is very small in the whole
subunits mixture, while another subunit fraction with molecular
weight more than 2000 is main product resulting from pH-
controlled disassembly of Sepia eumelanin.
Thickness of the main subunit fraction (MW > 2000) as a

result of disassembly of Sepia was analyzed by atomic force
microscope (AFM) after depositing the subunit fraction on
mica substrate through dropping diluted subunit solution on a
spinning mica substrate. It is hard to estimate lateral size of the
subunits because the aggregation of the subunits could occur in

Figure 1. Schematic illustration of pH-controlled disassembly and simultaneous disassembly/oxidation of hierarchically assembled Sepia eumelanin.
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the x-y direction during the sample preparation process.
However, height analysis of subunits on the mica substrate
provides information about the thickness of subunits.21 The
average height of the subunit fraction (MW > 2000) appeared
to be 1.0 ± 0.1 nm (Figure 2f,g). Given the previous finding
that intersheet distance in stacked oligomers of Sepia
eumelanin is 0.34 nm,12 the average height indicates that the
subunit fraction (MW > 2000) are multilayered oligomers with
3−4 sheets. On the other hand, small portion of subunit
fraction (MW < 2000) would be composed of single oligomers
and thin-layered oligomers small enough to pass through
dialysis membrane.
Thickness of the main subunit fraction are well matched with

the height dimension of eumelanin protomolecules that was
previously observed by STM. Synthetic melanin deposited on
graphite crystals showed height of 1−1.5 nm, which has been
suggested as eumelanin protomolecules of stacked
oligomers.21,38 Therefore, it is reasonable to expect that Sepia
eumelanin protomolecules of multilayered oligomers with 3−4

sheets are major products generated from pH-controlled
disassembly of Sepia. In the light of hierarchical structural
picture of Sepia eumelanin, generation of Sepia protomolecules
reflects that noncovalent interaction forcing eumelanin
protomolecules aggregated would be significantly attenuated
under deoxygenated alkaline condition, which reads to
complete disintegration of Sepia eumelanin. As indicated in
Figure 1, hydrogen bonding between the protomolecules,
giving rise to the polyquinhydrone complex,43,44 has been
regarded as an important secondary interaction responsible for
edge-to-edge joining of eumelanin protomolecules.19,45 Because
redox equilibrium of eumelanin can be changed as a function of
pH,46 disruption of hydrogen bonding would be a possible
factor to induce disassembly of Sepia eumelanin under
deoxygenated alkaline condition. Increase in pH level would
shift its equilibrium from the polyquinhydrone complex to
polyquinone, which is possibly related to disruption of
hydrogen bonding between the protomolecules.

Figure 2. (a) Experimental scheme of pH-controlled disassembly (black pathway) and simultaneous disassembly/oxidation process (blue pathway)
for Sepia eumelanin, (b) TEM images of Sepia eumelanin, (c) partially disassembled Sepia particles, (d) subunits disassembled from Sepia particles,
and (e) oxidized subunits. (f) Tapping-mode AFM height image and (g) height histogram of nonoxidized subunits of Sepia eumelanin after the
removal of dissolved salts and oligomer species of MW < 2000 by dialysis. (h) CP-MAS 13C solid-state NMR spectrum of oxidized subunits with
comparison to parental Sepia and its nonoxidized subunits. The bottom column shows magnified spectra ranging from 150 to 220 ppm. The arrow
indicates characteristic peak around ranging 180−185 ppm corresponding to carbonyl resonances of pyrrole carboxylic acid resulting from oxidative
partial degradation of Sepia subunits. (i) Tapping-mode AFM height image and (j) height histogram of oxidized subunits after the removal of
dissolved salts and oxidized oligomers MW < 2000.
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Since the Sepia eumelanin contains proteins with weight
portion about 5−10%,47 proteins could be another possible
factor to induce pH-controlled disassembly of Sepia. However,
it has been shown that selective digestion of the protein
surrounding natural eumelanin by using proteolytic enzyme
does not affect its particle structure.48,49 This result indicates
that protein portion surrounding eumelanin particle is not
critical factor to retain three-dimensionally aggregated particle
shape of eumelanin. For more understanding of pH-induced
disassembly phenomena with relation to effect of protein, pH-
controlled disassembly of synthetic melanin-like nanoparticles
(MelNPs) was examined. MelNPs that we previously
developed are synthetic melanin model generated from
spontaneous oxidation of dopamine.29 Without any involve-

ment of biological molecules confining particle structure, simple
autoxidation of dopamine in water resulted in particular shape
of melanin. Recent structural studies suggested that structure of
products generated from autoxidation of dopamine is very
similar to hierarchical assembly of natural eumelanin.45,50

Because there is no involvement of biological molecule in
synthetic model, MelNPs are proper model to examine pH-
induced disassembly of Sepia eumelanin with relation to
involvement of biological molecules such as protein. As shown
in Figure 3, well-organized particle structure of MelNPs was
also disassembled into small subunits after exposure to
deoxygenated basic solution. Disassembly of synthetic melanin
model in response to increased pH indicates that biological

Figure 3. (a) TEM images of synthetic melanin-like nanoparticles (MelNPs), (b) partially disassembled MelNPs, and (c) subunits disassembled
from MelNPs.

Figure 4. UV−vis absorption properties of Sepia eumelanin as a function of structural alteration. (a) UV−vis absorption spectra of Sepia subunits
and oxidized subunits with respect to their parental particles; the weight concentration of each sample is equivalent. (b) Photoacoustic response of
Sepia eumelanin as a function of structural modification upon excitation in the near IR region: 723, 732, 738, 748, 759, 770, 782, and 794 nm. (c)
UV−vis absorption spectra of subunits resulting from pH-controlled disassembly of Sepia before and after removing the oligomeric unit fraction
(MW < 2000) through dialysis. (d) UV−vis absorption spectra of oxidized subunits resulting from simultaneous disassembly/oxidation of Sepia
before and after removing oxidized oligomeric unit fraction (MW < 2000) through dialysis.
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molecules deposited in Sepia eumelanin are not critical factor
with relation to the pH-controlled disassembly process.
Subunits generated by simultaneous pH-controlled disas-

sembly/oxidation of Sepia were characterized in the same
manner as the nonoxidized subunits. Through the dialysis
process, the subunits fraction (MW < 2000) was separated
from the entire oxidized subunits. The elimination of the
subunits fraction (MW < 2000) also resulted in decreased UV−
vis absorption spectrum (Figure 4d). In this case, a much larger
proportion of absorption in the UV region was decreased
compared with that of nonoxidized subunits as a result of
eliminating the subunits fraction. An increased amount of small
subunit, capable of passing through a dialysis membrane, is a
possible explanation of this result. A previous NMR study of
the oxidation of Sepia eumelanin indicated that chemical
oxidation causes the partial degradation of eumelanin
oligomers, generating a pyrrole carboxylic acid group in the
oligomer structure.51 Therefore, the attenuation of π−π
interactions between stacked oligomers induced by the
oxidative partial degradation of fundamental oligomers may
result in the delamination of stacked layers. This expectation
could be supported by experimental results showing decreased
size of synthetic eumelanin model in response to chemical
oxidation.19,21 Chemical oxidation of the eumelanin model with
an alkali peroxide solution has been demonstrated to decrease
its particle size.19,21 In a similar way, stacked oligomer fractions
generated from a pH-controlled disassembly/oxidation process
could be delaminated through oxidative partial destruction by
generated ROS, as consequently, the number of small subunits
would be increased. This expectation could be confirmed by the
size analysis of oxidized subunits by AFM measurement. The
average thickness of oxidized subunit fraction (MW > 2000)
decreased to 0.6 ± 0.2 nm compared with the corresponding
nonoxidized subunit fraction (MW > 2000) with a size of 1.0 ±
0.1 nm (Figure 2f, g, i, and j). The decreased thickness of the
subunit fraction (MW> 2000) indicates that they undergo the
delamination under pH-controlled oxidation processes, which
leads to an increased proportion of single and thin-layered
oligomer species. A CP-MAS 13C solid-state NMR study
provided further insight into the effects of the pH-controlled
oxidation process on structural modifications to Sepia
eumelanin subunits. As shown in Figure 2h, characteristic
spectra ranging from 180 to 185 ppm, which correspond to the
carbonyl resonances of the generated pyrrole carboxylic acid,
was clearly observed in oxidized subunits, while parental Sepia
and nonoxidized subunits did not show any signal in that range.
This oxidative partial destruction of subunits would be a crucial
factor in promoting oxidation-induced delamination of the
Sepia subunit structure via the attenuation of π−π interactions
between stacked oligomer units.
Absorption Spectra of Sepia Subunits and Oxidized

Subunits. It is found that monotonically increasing broad
UV−vis absorption moving toward the UV region, key optical
property of eumelanin related to its photoprotection
function,52,53 was changed as a function of structural
modification. Compared with the absorption pattern of parental
Sepia, the wide range of visible absorbance was decreased
through the disassembly and simultaneous disassembly/
oxidation processes (Figure 4a). A portion of the optical
scattering involved in the UV−vis absorption spectrum of each
sample could interfere with interpreting the absorption
spectrum of Sepia eumelanin as a function of its structural
alteration. Therefore, we measured the photoacoustic response

of parental Sepia, subunits, and oxidized subunits because the
photoacoustic response is proportional to the absorption
coefficient of absorbers as long as their fluorescence quantum
yields are equivalent. Fluorescence emission of each sample
upon excitation at near IR region is negligible. Thus, the
photoacoustic response at near IR excitation was used as a
parameter for comparing absorption properties. As shown in
Figure 4b, the photoacoustic response of Sepia decreased at
excitations in the NIR region as a function of disassembly and
further oxidation, which indicates that the electronic structure
of Sepia eumelanin constructing its UV−vis absorption
spectrum was changed with the structural alterations.
Deaggregation of stacked oligomers is a possible factor to

contribute to disassembly dependent absorption spectrum of
Sepia eumelanin. Several theoretical calculations and pulse
radiolytic studies have suggested that the optical properties of
eumelanin are only governed by the degree of π-electron
delocalization within oligomeric units that are fundamental
constituents of eumelanin.52,54,55 Based on this model, the
broad absorption of eumelanin is interpreted as an ensemble of
chemically distinct species with various absorption bands,
where the oligomerization of monomeric units with various
conformations, configurations and redox states causes their
absorption bands to be red-shifted, broadening and diverse.
However, recent theoretical and experimental efforts have
further illuminated this picture to the secondary structural level,
suggesting that noncovalent interactions, such as stacking and
aggregation, also play an important role in the optical
properties of eumelanin.40,42,56,57 This additional information
indicates that close proximity of subunits leads to their
electronic coupling, which allows HOMO−LUMO gap energy
of fundamental units to further shift to lower energy. Because
hydrogen-bonding would responsible for linking stacked
oligomers to be aggregated, the disruption of hydrogen
bonding may significantly decrease electronic coupling between
stacked subunits. Therefore, the proportion of optical density,
especially around visible and near IR, arising from the
aggregation of stacked oligomers could be reduced via the
disassembly of aggregated particle structures.
Oxidative degradation of subunits resulted in a further

decrease in their optical density in addition to the disassembly
of Sepia particles. This result can be explained by two distinct
effects. First, oxidative partial degradation of Sepia eumelanin
yields pyrrole carboxylic groups within their oligomers,51 and
thus, the π-electron delocalization system of oligomer units
would be shortened. As a result, the generation of pyrrole
carboxylic acid groups in fundamental oligomers could lead to
blue-shifting of the HOMO−LUMO gap of oligomer units.
Another possible cause of the decreased absorption is the
destacking of the stacked layer structure induced by oxidative
partial degradation of subunits. In this case, decreased
electronic coupling between oligomers within stacked species
would further contribute to decreased absorption around the
visible and near IR region.
It is noteworthy that involvement of protein in UV−vis

absorption spectrum of Sepia seems negligible. In the previous
study about UV−vis absorption spectra of size-selected Sepia
eumelanin, it was found that clear absorption peak of protein is
observed around 270 nm.18 Absorption peak originated from
protein is more clearly observed in size-selected Sepia fraction
with molecular weight less than 1000, which indicates that
majority of protein fraction in Sepia have molecular weight less
than 1000. In the other hand, any appreciable peak near 270
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nm in the monotonically increasing absorption of Sepia was not
observed in this study. Furthermore, both size-selected subunit
fraction disassembled from Sepia particles did not show any
absorption peak around 270 nm. This observation reflects that
most of protein portion in Sepia eumelanin particle would be
removed and thus, its absorption contribution is negligible. It is
expected that more than 10 times of sequential centrifugation/
redispersion of Sepia particle in water would result in effective
removal of protein portion in Sepia particles.
Fluorescence Emission Spectra of Sepia Subunit and

Oxidized Subunits. Considering that UV light exposure is
highly responsible for skin damage and skin cancer, efficient UV
dissipation through strong nonradiative relaxation process is
another key optical property of eumelanin with relation to its
photoprotective functionality.1,3 Therefore, it has been well-
known that eumelanin exhibits a very low intensity of
fluorescence emission when it is excited by UV light. However,
the extremely low fluorescence emission intensity of Sepia
eumelanin increase with its structural disassembly into small
units and further oxidization. At the equivalent weight
concentration of each sample, subunits disassembled from
Sepia particles yielded enhanced fluorescence emission between
350 and 550 nm with excitation at 314 nm (UV−B) compared
with parental Sepia (Figure 5b). In addition, oxidized subunits
exhibited further increased fluorescence intensity compared

with nonoxidized subunits. In order to minimize problematic
phenomena, such as the attenuation of the excitation beam and
reabsorption of emitting light, the absorbance of each sample at
excitation wavelength was tuned to be equivalent and their
concentration was highly diluted (Figure 5a). In this case, they
showed very similar structure-dependent fluorescence emission
(Figure 5b). This result indicates that both deaggregation of
Sepia protomolecules and oxidation of the protomolecules are
closely related to decrease in strong nonradiative relation
process.
To better understand the fluorescence emission of Sepia

eumelanin as a function of its structural alteration, emission,
excitation and absorption spectra of size-selected subunits were
compared. As described above, the subunits products generated
from the pH-controlled disassembly process or simultaneous
disassembly/oxidation process could be separated in terms of
molecular weight through the dialysis process. It is noteworthy
that the subunit fraction (MW < 2000) showed a distinguish-
able absorption peak at 314 nm. When the subunits fraction
(MW < 2000) are excited at 314 nm, they showed broad
emission peak in the visible (Figure 5d). The excitation
spectrum corrected at the wavelength of emission maximum
exhibited a characteristic peak around 314 nm (Figure 5f). The
characteristic absorption band of the subunits fraction near 314
nm would be attributed to single fundamental oligomer units. It

Figure 5. Emission spectra of Sepia eumelanin as a function of structural alteration. (a) UV−vis absorption and (b) emission spectra of Sepia
subunits (Subunits), oxidized subunits (Ox-subunits), and parental particles (Sepia). Subunits were obtained by disassembly of Sepia and Ox-
subunits were collected by simultaneous disassembly/oxidation of Sepia. For emission spectra, the absorbance of all samples at 314 nm was tuned to
be equivalent by adjusting the concentration as shown in (a). Emission spectra were corrected with excitation at 314 nm. The concentration of each
sample was highly diluted until the absorbance at the wavelength matching a sample’s emission peak was below 0.1 to minimize fluorescence
reabsorption. The inset shows emission spectra of Sepia and its subunits and oxidized subunits at the equivalent weight concentration. It also shows
the emission intensity as a function of structural alteration. (c) UV−vis absorption and (d) emission spectra of size-selected subunits and oxidized
subunits. In a similar manner, the absorbance of all samples at 314 nm was tuned to be equivalent by adjusting the concentration for collecting
emission spectra at an excitation of 314 nm. The concentration of each sample was highly diluted until the absorbance at the wavelength matching a
sample’s emission peak was below 0.1 to minimize fluorescence reabsorption. (e) Normalized excitation spectra corresponding to emission spectra
shown in (c). Excitation spectra of size-selected subunits and oxidized subunits were taken at the maximum wavelength of each emission peak. The
excitation spectra show a characteristic peak ranging from 314 to 355 nm. The spectra are normalized at the peaks around 314−355 nm. (f)
Normalized emission spectra of oligomeric Sepia subunit fraction before and after oxidation. Note that isolated oligomeric unit fraction were
selectively oxidized by increasing pH in oxygen-dissolved water. The absorbance at 314 nm for the oligomeric fraction and the oxidized product was
tuned to be equivalent by adjusting the concentration. The spectra were corrected with excitation at 314 nm. The inset shows unnormalized
emission spectra, which indicates that the emission intensity of oligomeric subunit fraction is slightly decreased with oxidation. (g) Normalized
excitation spectra of the oligomeric subunit fraction and the oxidized product. The spectra were taken at the maximum wavelength of each emission
peak. The spectra are normalized at the peak near 314 nm.
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has been shown that S0−S1 transition of the fundamental
oligomeric components of eumelanin makes their absorption
band observed around 314 nm.56,58 Therefore, it is expected
that the single oligomeric units are main composition
responsible for the intense fluorescence emission of the
subunits fraction (MW < 2000) when they are excited at 314
nm.
In the other hand, subunits fraction composed of stacked

oligomers (MW > 2000), they showed weaker fluorescence
emission intensity than oligomeric units of another subunits
fraction (MW < 2000; Figure 5d). In the light of structural
difference between two subunit fractions, stacking structure of
the subunit fraction (MW > 2000) is a possible structural factor
to influence on its red-shifted and weak fluorescent emission.
As described above, theoretical calculation studies predicted
that close proximity of the fundamental oligomeric units results
in electronic coupling between them and leads to red-shifting of
their HOMO−LUMO gap.40,57 Comparison of the absorption
spectra between two subunits fractions provide insights into the
electronic coupling between fundamental oligomer species
confined in stacked structure. As shown in Figure 5c, the
stacked oligomeric unit fraction showed more absorption
contribution in the visible and near IR regions than the subunit
fraction with molecular weight less than 2000. Electronic
coupling between fundamental oligomeric units in stacked
structure is also found in the emission spectra. Emission
spectrum of the stacked oligomeric unit fraction shows broader

and red-shifted emission peak than the unstacked oligomeric
units in subunit fraction (MW < 2000) (Figure 5e). In addition,
corresponding excitation spectrum of the stacked oligomeric
unit fraction also exhibited red-shifting of characteristic peak
near 314 nm (Figure 5f). The electronic coupling between
stacked oligomers may be attributed to the stacking-mediated
fluorescence quenching. Broad and red-shifted emission is
characteristic of self-assembled system of aromatic chromo-
phores. When one of chromophores is electronically excited in
the assembled system, the molecules forms excimer complex in
excited state and they exhibits broad and red-shifted
emission.59,60 As a similar manner, stacked layers of Sepia
oligomers would undergo electronic coupling in excited state
and new energy states generated by the excimer formation may
be involved in strong nonrelaxation process of the whole
stacked oligomer system. However, exact relaxation process
associated with stacking structure is unclear now. More detailed
study on the stacking-mediated fluorescence quenching
mechanism of Sepia subunits is on the way
The stacking-mediated fluorescence quenching behavior of

Sepia subunits could be linked to the oxidation-induced
fluorescence enhancement of Sepia eumelanin, because
subunits composed of stacked oligomer units are prone to be
destacked as a result of pH-controlled oxidation. Therefore, we
predicted that the decreased stacking size of the stacked
oligomeric fraction (MW > 2000) induced by oxidation would
make absorption contribution in visible region decreased and

Figure 6. (a) Time profile of the relative amount of photogenerated superoxide radical by oxidized Sepia subunits compared with their parental
particles, nonoxidized subunits, and oxidized subunit fraction (MW > 2000) composed of stacked oligomers and (b) their comparison results under
nonirradiation conditions. (c) Time profile of the relative amount of photogenerated hydroxyl radical by oxidized Sepia subunits compared with their
parental particle, nonoxidized subunits, and oxidized subunit fraction (MW > 2000) composed of stacked oligomers and (d) their control experiment
results under nonirradiation conditions.
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strong nonradiative relation process attenuated. As expected,
normalized absorption spectrum of the oxidized subunit
fraction composed of stacked layers (MW > 2000) showed
decreased absorption contribution in the visible region
compared with the corresponding nonoxidized subunit fraction
(Figure 5c). In addition, the oxidized subunit fraction showed
enhanced fluorescence intensity in comparison to the
corresponding nonoxidized subunit fractions. These results
are consistent with the stacking effect expected in the
comparison between the nonoxidized unstacked and stacked
oligomer fractions.
The oxidized subunit fraction with molecular weight less than

2000 also showed increased fluorescence intensity compared
with the corresponding nonoxidized subunit fraction (MW <
2000). The delamination of stacked oligomers induced by
oxidation may result in the generation of highly florescent
single and thin-layered oligomers capable of passing through a
dialysis membrane. Accordingly, the newly generated small
subunits would contribute to the enhanced fluorescence
intensity of the oxidized oligomeric subunit fraction (MW <
2000). For understanding relatively high fluorescence intensity
of oxidized subunit fraction (MW < 2000) compare to
nonoxidized subunit fraction (MW < 2000), isolated subunits
fraction (MW < 2000) was selectively oxidized by pH-
controlled oxidation process and their fluorescence emission
behavior was compared with the oxidized subunit fraction
(MW < 2000) generated from simultaneous pH-controlled
disassembly/oxidation process. Considering the fact that
fluorescence emission of subunit fraction (MW < 2000) with
excitation at 314 nm is mainly generated from fundamental
oligomeric units, selective oxidation of the subunit fraction
(MW < 2000) offers insight into understanding fluorescence
emission behavior of the fundamental oligomeric units in
response to ROS-mediated oxidation. As shown in Figure 5g,
the isolated subunit fraction (MW < 2000) showed slightly
decreased fluorescence emission intensity after pH-controlled
oxidation. In addition, the emission contribution in lower
energy region was decreased after oxidation (Figure 5g) and its
corresponding excitation spectrum exhibiting a characteristic
peak at 314 nm showed slightly blue-shifted behavior as a
function of oxidation (Figure 5e). On the other hand,
fluorescence emission spectra of oxidized subunits fraction
(MW < 2000) as a result of simultaneous disassembly/
oxidation showed red-shifted emission spectra compared with
the corresponding size-selected nonoxidized subunits (Figure
5e). These results indicate that chemical oxidation of eumelanin
oligomeric units does not make their fluorescence emission
intensity enhanced. The slightly decreased fluorescence
emission is possibly originated from their oxidative partial
degradation accompanying change of their π conjugation
system. Based on this result, we concluded that single or
thin-layered oligomers generated by the oxidation-induced
delamination of stacked oligomeric units contributes to
enhancement of fluorescence intensity of two subunits
fractions.
Photochemical Reactivity of Sepia Subunits and

Oxidized Subunits. Finally, the photochemical reactivity of
Sepia eumelanin models to generate ROS in aerobic conditions
was examined to explore the relationship between its
hierarchical structure, optical properties, and photobiological
aspect. Major ROS products, superoxide and hydroxyl radicals,
generated from photoirradiated Sepia eumelanin in aerobic
water were monitored as a function of eumelanin’s structural

alteration. The photogenerated radical species from the Sepia
eumelanin models were observed by ROS probes, such as nitro
blue tetrazolium (NBT)30,31 and coumarin-3-carboxylic acid
(CCA).32,33 The methods are based on the evolution of
absorption from a reduced form of NBT by the superoxide
radical and emission from the hydroxylated form of CCA,
respectively. As shown in Figure 6a,c, subunits disassembled
from parental Sepia showed negligible signal enhancement of
the superoxide and hydroxyl radicals compared with parental
Sepia particles during photoirradiation. However, oxidized
subunits showed enhanced photochemical reactivity to generate
ROS. The capability to generate ROS for oxidized subunits was
decreased to be comparable to the level of the parental Sepia
particle and nonoxidized subunits in the absence of light
irradiation (Figure 6b,d). This indicates that the detected ROS
were not generated by chemical reaction between oxidized
subunits and dissolved oxygen but were the result of the
photochemical reaction of oxidized subunits with oxygen
molecules.
Enhanced photochemical reactivity of oxidized subunits

compared with their parental Sepia particle and nonoxidized
subunits is likely associated with several structural factors. The
nonradiative relaxation pathway of photoinduced electrons in
eumelanin would compete with the process to activate oxygen
and generate ROS. Thus, it can be expected that relatively high
fluorescence subunit species are more photoreactive than low
fluorescent stacked oligomers. Therefore, newly generated
fluorescent species as a result of pH-controlled oxidation of
Sepia subunits would increase the photochemical reactivity of
oxidized subunits. As indicated in Figure 6a,c, oxidized subunits
still showed appreciable ROS generating capability after
removal of the subunit fraction (MW < 2000), which reflects
that newly generated florescent subunit species including
stacked oligomers of decreased stacking size in the subunit
fraction (MW > 2000), as well as single and very thin-layered
oligomers in the other subunit fraction (MW < 2000), are
responsible for the enhanced photochemical reactivity of
oxidized subunits. In addition, eumelanin can serve not only
as a photosensitizer producing ROS but also as an antioxidant
capable of quenching generated ROS.4,61−63 Accordingly, the
quantity of photogenerated ROS determined by chemical
probes is a result of the combination of two distinct functions.
Because the oxidation of Sepia subunits leads to partial
degradation of the dihydroquinone moiety responsible for
ROS quenching capability, it is reasonable to expect that a
decreased ROS quenching capability of oxidized subunits along
with their increased photochemical reactivity would result in an
increased amount of photogenerated ROS detected by chemical
probes. In the case of the nonoxidized subunit fraction, a very
small portion of single oligomer species (MW < 2000) may
generate ROS when irradiated, but the amount of photoreactive
species would not be enough to overwhelm the ROS quenching
capability of the majority of stacked subunits, which possibly
makes their photochemical reactivity determined by chemical
probe negligible. From this structural implication in the
photogeneration of ROS, the parental Sepia particle has a
great advantage in retaining its photochemical stability because
even a small portion of photoreactive single oligomer species is
confined by the three-dimensionally aggregated particle
structure. This hierarchically assembled structure of Sepia
may be an architectural strategy utilized to retain its
photoprotective function while deactivating its photochemical
reactivity.
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Proposed Mechanism of the Janus Behavior of
Eumelanin. Substantial and systematic alterations of photo-
physical properties of Sepia eumelanin in response to its
biologically relevant structural alterations were clearly observed
using a well-organized model system, the pH-controlled
disassembly and simultaneous disassembly/oxidation process.
This result suggests that the contradictory biological functions
of eumelanin (photoprotection vs photosensitization) are
closely related to the oxidation of their subunits. The proposed
structure−property-function relationship of eumelanin, empha-
sizing the importance of the oxidation of eumelanin’s subunit
structure, is schematically summarized in Figure 7.
Given that the fluorescent single oligomer species is highly

responsible for the photoreactivity of eumelanin, we conclude
that the hierarchically assembled structure of eumelanin,
including the aggregation of stacked oligomer units and the
stacking structure of fundamental oligomeric units, may be a
critical structural strategy that eumelanin adopts to deactivate
the photochemical reactivity of its oligomeric subunit species
while providing photoprotective functions. According to this
hypothesis, eumelanin will offer efficient photoprotective
function against UV light through broad monotonic absorption
and strong nonradiative relaxation processes. Even if the
aggregated particle structure of eumelanin is disrupted by
particular biological factors and disintegrated into subunits, the
majority of stacked subunits will still serve as photoprotective
biomolecules because their stacking structure prefers non-
radiative relaxation processes when irradiated. However,
structural alteration accompanying the destacking of stacked
oligomers by overloaded oxidative stress in a biosystem will
significantly alter the photobiological aspects of eumelanin and
cause it to play a different biological role. This perspective
pointing to the structure-biological function relationship of
eumelanin provides insight into predicting various photo-
biological aspects of eumelanin with relation to melanoma-
genesis. Abnormal structural alteration of melanosomes
exhibiting disintegration of particle structures is more
frequently observed in malignant melanoma cells than normal
pigment cells.25−27 In the darkly pigmented region of
melanoma, melanosomes are positioned in autophagosomes.7

Inside of phagosome, phagosomal NADPH oxidase produces
superoxide radical and hydrogen peroxide.28 Therefore, it can
be predicted that structural alteration of melanosome would be
attributed to ROS generated by phagosomal enzymatic activity.
Accordingly, experimental results in this study suggest that
structural modification of melanosome induced by oxidative
stress in the process of melanomagenesis may change its
biological role to contribute to progression of malignant
melanoma.

■ CONCLUSIONS

Photophysical and photobiological aspects of eumelanin with
relation to its biologically relevant structural alteration were
explored through a well-characterized model system, pH-
controlled disassembly and oxidation of natural Sepia
eumelanin, in order to understand the Janus biological behavior
of eumelanin. The Sepia eumelanin model that is structurally
controlled by the pH-controlled disassembly and oxidation
process revealed that two key optical properties of eumelanin,
which provide its photoprotective function, monotonically
increasing UV−vis absorption toward UV region and extremely
strong nonradiative relaxation process, are governed by two
characteristic noncovalent interactions: the stacking of
fundamental oligomeric units and aggregation of stacked layers
of oligomers. In particular, the oxidation of eumelanin subunits,
which causes the destacking of stacked oligomers, is a critical
factor that shifts the photobiological functions of eumelanin
from a photoprotective to a photoreactive species that
generates ROS. These results provide clear evidence supporting
the hypothesis that the disintegration of the hierarchically
assembled eumelanin structure into oligomeric species, possibly
induced by phagosomal enzymatic activity in the process of
melanomagenesis, may trigger a switch in its biological role,
such as ROS production stimulating the progression of
malignant melanoma.
We believe that the present study will provide important

clues to understanding full spectrum of biological aspects of
eumelanin. In addition, the practical approach of manipulating
the physical properties and biological aspects of eumelanin
through pH-controlled disassembly and oxidation processes
provides a novel platform for investigating the effects of aging-
related structural disruption in various regions of melanin on its
other beneficial physicochemical properties, such as antioxidant
efficiency and metal-binding capability, and determining its
relevance to disease-related events, such as ocular diseases and
Parkinson’s disease.
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