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Black and insoluble eumelanin biopolymers are the key
determinants of skin and hair pigmentation in dark human
phenotypes, and are believed to play a major antioxidant and
photoprotective role.l!l This latter property is attributed to the
peculiar physicochemical properties of eumelanins, including
a broad-band UV/Vis absorption, a distinct electron para-
magnetic resonance (EPR) signal,? and hydration-dependent
electronic—ionic-hybrid conductor behavior.®! The peculiar
bio-optoelectronic, dielectric, metal-binding and free-radical
properties of eumelanins have recently spurred intensive
research that is aimed at their exploitation as soft, bioinspired,
and biocompatible multifunctional (nano)materials for
a diverse range of technological applications, for example,
in organoelectronics to prepare nanoparticles with free-
radical-scavenging properties, and as antioxidants for the
thermooxidative stabilization of polymers.*! In human mel-
anocytes, eumelanin synthesis involves enzymatic oxidation
of tyrosine or dopa to give dopachrome, which undergoes
tyrosinase-related protein (Tyrp2)-assisted isomerization to
5,6-dihydroxyindole-2-carboxylic acid (DHICA), a major
circulating melanogen.”! In the absence of enzymatic assis-
tance, a spontaneous decarboxylation occurs instead to give
mainly 5,6-dihydroxyindole (DHI; Scheme 1). Thus, whereas
natural eumelanins consist of DHICA-derived units of more
than 50 %, synthetic dopa melanin contains mainly DHI, with
only 10% of DHICA.

To date, most of the application-oriented studies of
melanins have been performed on commercial materials or
on dopa melanins with a low DHICA content. Surprisingly,
possible differences between the synthetic polymers from
various precursors have been disregarded. Recently, it has
been reported that DHICA melanin exhibits potent hydroxyl
radical-scavenging properties in the Fenton reaction, whereas
DHI melanin does not.””" Moreover, photophysical studies of
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Scheme 1. Eumelanin synthesis. Numbers and arrows on the struc-
tures indicate the main bonding patterns in DHI and DHICA mela-
nins.

DHICA oligomers suggested efficient deactivation of the
excited state that is mediated by inter-unit interactions within
the oligomeric molecular scaffold.®

Notwithstanding these observations, the actual potential
of DHICA melanin as an efficient biocompatible antioxidant,
and the underlying structure—property relationships have
remained unexplored. Our current knowledge of DHI and

DHICA homopolymers is limited and can be summarized as

follows:

1) Oxidative polymerization of DHICA mainly leads to
atropisomeric 4,4- and 4,7-linked structures with hin-
dered inter-unit rotation, whereas DHI forms 2,4’- and
2,7-linked oligomers.”!

2) Upon oxidation, DHI dimers generate predominantly
planar species that strongly absorb in the visible region,”!
whereas DHICA oligomers do not show significant
absorption above 400 nm; this is due to inter-unit dihedral
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angles of circa 47° with localized o-quinone moieties, and
significant interruption of inter-unit m-electron delocali-
zation.!"!

3) DHI polymerization leads to two-dimensional structures
with an estimated thickness of 55 +2 nm.["?! Similar sheets
of protomolecules that stacked to form onion-like nano-
structures with an interlayer distance of 3.3 A have been
characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and theoretical
studies of synthetic dopa melanins.!'™

Several studies indicate that the properties of eumelanin
are intrinsically defined by the degree of electronic delocal-
ization across the planar oligoindole components, rather than
by their supramolecular organization.® This view has been
widely used as the basic principle that underlies structure—
property relationships of synthetic eumelanins. Recently,
however, a comparative investigation of the UV/Vis spectra
of solubilized eumelanins in a buffer that contained poly-
vinylalcohol (PVA; 1%)! showed that in solution, the
visible absorption spectrum of DHICA melanin, but not of
the DHI polymer, varies significantly and in a non-linear
fashion with dilution, which suggests aggregation-dependent
contributions. This unexpected finding prompted us to under-
take the first comparative investigation of DHICA, DHI, and
dopa melanins. The main goals of the study were: 1) to assess
the relative free-radical-scavenging capacities of the melanins
with different standard assays, and 2)to characterize the
optical, paramagnetic, and morphological properties of the
synthetic polymers to identify the key structural and elec-
tronic factors that influence the response to aggregation and
antioxidant capacities.

The free-radical-scavenging properties of the synthetic
melanins were determined by scavenging assays with 1,1-
diphenyl-2-picrylhydrazyl (DPPH),™! 2,2'-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS),!' and nitric oxide
(NO; Figure 1).'7 DHICA melanin proved to be a far more
efficient scavenger than DHI or dopa melanin in all assays.

To determine the origin of the superior free-radical-
scavenging properties of DHICA melanin, further experi-
ments were conducted to investigate its ;-electron properties
and its aggregation mechanisms, in comparison with the DHI
polymer.

The absorption spectra of DHI, DHICA, and dopa
melanins, which were finely suspended at pH 7.5, are shown
in Figure 2 (see also the Supporting Information, Figure S1).
Whereas DHI melanin gave a typical monotonic profile, the
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Figure 1. Free-radical-scavenging properties of DHICA (m), DHI (O),
and dopa (m) melanin (mean values £ SD for 3 experiments).
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Figure 2. UV/Vis spectra of synthetic eumelanins, as suspensions in
Tris buffer (2.5 mg/100 mL, pH 7.5). a) DHI melanin; b) DHICA mela-
nin; c) dopa melanin; d) DHICA melanin (acetate buffer, pH 3).

DHICA polymer displayed an intense absorption band in the
UV region at around 320 nm that persisted at acidic pH
values. This characteristic feature of DHICA melanin can be
attributed to reduced monomer-like chromophoric compo-
nents that co-exist with quinonoid units, and persist during the
polymerization process as a consequence of hindered inter-
unit m-electron delocalization within oligomer/polymer scaf-
folds. This observation has previously been described for
measurements of the monomer to the full polymer.['®!

Consistently, reductive treatment of DHICA melanin
with NaBH, did not affect the band at 320-350 nm, but caused
a ca. 30% decrease in the visible component, which suggests
a contribution to the latter from reducible quinonoid
chromophores (not shown).'”) The small but distinct band at
around 320 nm in the spectrum of dopa melanin can likewise
be attributed to the minor DHICA-derived component.

The EPR spectra of dry samples of DHI and DHICA
polymers, along with power saturation curves, are shown in
Figure 3. Despite very similar g values, quantitative determi-
nation of the signal amplitudes (AB) indicated a narrower
signal for DHICA melanin. A remarkable difference was also
apparent from the power saturation curves. Both data sets
together suggest greater homogeneity of the free-radical
components in DHICA melanin.>**! Recently, two main
free-radical components of synthetic eumelanins (a major
component assigned to carbon-centered radicals localized at
the center of the stacked units, and a minor component likely
attributed to semiquinone-type species) have been identi-
fied.”” Based on these results, the EPR signals of samples of
dehydrated melanin reported herein are likely to be mainly
due to carbon-centered radical species rather than to semi-
quinone-type components.

Furthermore, the spectra of eumelanin solutions that were
prepared by oxidative polymerization of DHICA and DHI in
a phosphate buffer-1% PVA!M! were compared with those of
solid samples that were prepared under the same conditions,
but in the absence of PVA. As previously shown, PVA inhibits
the precipitation of melanin during the polymerization, but
has no effect on the preformed polymer. Data obtained from
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Figure 3. a) EPR spectra of DHI and DHICA melanins. Spectra were
recorded on thoroughly desiccated samples. T=25°C, microbridge
power=0.6 mW. b) Power saturation profiles for DHI (@) and DHICA
(0) melanins. Quite similar values were obtained for lyophilized
samples recorded under the same conditions (see the Supporting
Information, Table S1).

dynamic light scattering indicated that it acts by physically
hindering the growth of aggregates beyond the threshold limit
that corresponds to the onset of precipitation.'” A signifi-
cantly lower AB value is obtained in PVA solution for
DHICA melanin, but not for DHI melanin (Table 1). This
experiment revealed that the free-radical population of
DHICA melanin is significantly affected by aggregation,
which increases dishomogeneity. Notably, the g factor was not
affected by aggregation for both melanins.

Analysis of the EPR spectra of dopa melanin and of whole
intact black human hair (DHICA content ca. 50 % )!® gave AB
values of 5.1+0.2 and 4.9+0.2 G, respectively, which is
midway between those for the DHI and DHICA homopol-
ymers (Figure 3).

Table 1: Differences in the EPR spectral parameters for DHI and DHICA
melanins prepared in the presence and in the absence of 1% PVA.

Ag A(AB) [G]

—0.0001 £ 0.0002
—0.0001 £ 0.0002

0.1+0.2
—0.8+0.2

DHI melanin
DHICA melanin
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The mode of aggregation of the oligomer species that are
formed during the initial stages of the oxidative polymeri-
zation of DHICA and DHI was investigated by TEM. The
images of DHICA polymers taken after a reaction time of two
hours (Figure 4) revealed relatively large elongated structures
that are more than 100 nm long and significantly different
from the onion-like aggregates with an approximate diameter
of 50 nm that were generated by the DHI polymer and other
typical eumelanins.['*><!

Major differences in the mode of aggregation of dopa,
DHI, and DHICA melanins were also apparent by SEM
analysis"**?"*! (see also Figures S2, S3).

The peculiar properties of DHICA melanin are controlled
by the carboxylate group, which diverts reactivity from the
pyrrole 2 position towards the 4 and 7 benzenoid positions,
and forces the inter-ring dihedral angles to twist to minimize
electrostatic interactions. The resulting oligoindole chains are
not amenable to m-stacking, and may give rise to atypical
weak intermolecular interactions. The UV/Vis absorption
profile of DHICA melanin would thus be due to both
electronically isolated monomer-like units in the UV region
and chromophores in the visible region, which are partially
generated by intermolecular n-electron perturbations.” The
comparatively low AB value and the power saturation profile
of DHICA melanin would suggest a relatively homogeneous
free-radical species that is spatially confined within restricted
segments of the polymer, in contrast to the broader variety of
free-radical species that could be generated within the
delocalized m-electron systems of the DHI polymer. Corre-
spondingly, a less effective chemical disorder for DHICA
eumelanin with respect to equivalent DHI macromolecular
ensembles has previously been predicted by computational
and spectrophotometric studies.® An overall view of these
concepts is given in Figure 5.

The somewhat counterintuitive conclusion is that the
efficient antioxidant, redox, and (photo)protective properties
of DHICA melanin are primarily determined by the desta-
bilizing effects of hindered inter-unit conjugation, which lead
to non-planar structures with monomer-like behavior and
weak aggregating interactions. Moreover, the formation of
weak aggregates may account for a greater accessibility of
free radicals to DHICA compared to the compact n-stacked
DHI and dopa melanins. Extrinsically defined properties
would thus reflect an adaptive mechanism that compensates
for low electron delocalization and intramolecular stabiliza-
tion. An analysis of these results in light of the recently
proposed hydration-dependent destacking model of struc-
tural disorder in dopa eumelanin may thus be worthwile."!

a) b

Figure 4. TEM images of DHI (a,b) and DHICA (c) polymers taken at
an oxidation time of 2 h.
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Figure 5. Structure—property relationships proposed for DHI and DHICA melanins.

In conclusion, the results reported in this paper 1) suggest
the use of DHICA melanin as a superior free-radical
scavenger compared to the melanins that have thus far been
used for technological applications, 2) expand on current
paradigms for eumelanin biopolymers to include aggregation-
dependent properties, and 3) offer a plausible chemical
explanation of why nature selected DHICA to confer
(photo)protective properties to skin melanins, which is
a crucial issue of human pigmentation.”*! Although the
proposed model remains to be fully confirmed, it may
stimulate further work aimed at assessing melanin properties
from a biological and technological perspective.

Received: July 3, 2013
Published online: October 7, 2013

Keywords: biopolymers - EPR spectroscopy - melanin - radicals -
TEM

[1] a) S. Ito, K. Wakamatsu, M. d’Ischia, A. Napolitano, A. Pezzella
in Melanins and Melanosomes (Eds.: J. Borovansky, P. A. Riley),
Wiley-VCH, Weinheim, 2011, pp. 167-185; b) J. D. Simon, L.
Hong, D. N. Peles, J. Phys. Chem. B 2008, 112, 13201-13217.

[2] P. Meredith, T. Sarna, Pigment Cell Res. 2006, 19, 572 —-594.

[3] A.B. Mostert, B. J. Powell, F. L. Pratt, G. R. Hanson, T. Sarna,

I. R. Gentle, P. Meredith, Proc. Natl. Acad. Sci. USA 2012, 109,

8943 -8947.

a) M. d’Ischia, A. Napolitano, A. Pezzella, P. Meredith, T. Sarna,

Angew. Chem. 2009, 121, 3972-3979; Angew. Chem. Int. Ed.

2009, 48, 3914-3921; b) P. Meredith, C. J. Bettinger, M. Irimia-

Vladu, A. B. Mostert, P. E. Schwenn, Rep. Prog. Phys. 2013, 76,

034501; ¢) K. Shanmuganathan, J. H. Cho, P. Iyer, S. Baranowitz,

C. J. Ellison, Macromolecules 2011, 44, 9499-9507; d) K. Y. Ju,

Y. Lee, S. Lee, S. B. Park, J. K. Lee, Biomacromolecules 2011, 12,

625-632.

[5] L. Panzella, A. Napolitano, M. d’Ischia, Pigm. Cell Melanoma
Res. 2011, 24, 248 -249.

[6] S. Ito, Pigment Cell Res. 2003, 16, 230—236.

[7] S.Jiang, X. M. Liu, X. Dai, Q. Zhou, T. C. Lei, F. Beermann, K.
Wakamatsu, S. Z. Xu, Free Radical Biol. Med. 2010, 48, 1144 -
1151.

[4

_

Angew. Chem. 2013, 125, 12916 -12919

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[8] M. Gauden, A. Pezzella, L. Panzella, M. T. Neves-Petersen, E.
Skovsen, S.B. Petersen, K. M. Mullen, A. Napolitano, M.
d’Ischia, V. Sundstrom, J. Am. Chem. Soc. 2008, 130, 17038 -
17043.

[9] a) M. d’Ischia, A. Napolitano, A. Pezzella, E.J. Land, C. A.
Ramsden, P. A. Riley, Adv. Heterocycl. Chem. 2005, 89, 1-63;
b) L. Panzella, A. Pezzella, A. Napolitano, M. d’Ischia, Org.
Lert. 2007, 9, 1411-1414; c) A. Pezzella, L. Panzella, A.
Natangelo, M. Arzillo, A. Napolitano, M. d’Ischia, J. Org.
Chem. 2007, 72, 9225 -9230.

[10] A. Pezzella, L. Panzella, O. Crescenzi, A. Napolitano, S.
Navaratnam, R. Edge, E.J. Land, V. Barone, M. d’Ischia, J.
Am. Chem. Soc. 2006, 128, 15490 —-15498.

[11] A. Pezzella, L. Panzella, O. Crescenzi, A. Napolitano, S.
Navaratnam, R. Edge, E.J. Land, V. Barone, M. d’Ischia, J.
Org. Chem. 2009, 74, 3727 -3734.

[12] M. Arzillo, G. Mangiapia, A. Pezzella, R. K. Heenan, A.
Radulescu, L. Paduano, M. d’Ischia, Biomacromolecules 2012,
13, 2379-2390.

[13] a) J. B. Nofsinger, S. E. Forest, L. M. Eibest, K. A. Gold, J. D.
Simon, Pigment Cell Res. 2000, 13, 179-184; b) A. A. R. Watt,
J. P. Bothma, P. Meredith, Soft Matter 2009, 5, 3754-3760;
¢) C. T. Chen, V. Ball, J.J. deAlmeida Gracio, M. K. Singh, V.
Toniazzo, D. Ruch, M. J. Buehler, ACS Nano 2013, 7, 1524 -
1532.

[14] L. Ascione, A. Pezzella, V. Ambrogi, C. Carfagna, M. d’Ischia,
Photochem. Photobiol. 2013, 89, 314-318.

[15] P. Goupy, C. Dufour, M. Loonis, O. Dangles, J. Agric. Food
Chem. 2003, 51, 615-622.

[16] R. Re, N. Pellegrini, A. Proteggente, A. Pannala, M. Yang, C.
Rice-Evans, Free Radical Biol. Med. 1999, 26, 1231 -1237.

[17] L. Marcocci, J.J. Maguire, M. T. Droy-Lefaix, L. Packer,
Biochem. Biophys. Res. Commun. 1994, 201, 748 -755.

[18] M. L. Tran, B.J. Powell, P. Meredith, Biophys. J. 2006, 90, 743 —
752.

[19] A. Pezzella, A. Iadonisi, S. Valerio, L. Panzella, A. Napolitano,
M. Adinolfi, M. d’Ischia, J. Am. Chem. Soc. 2009, 131, 15270
15275.

[20] A.B.Mostert, G. R. Hanson, T. Sarna, I. R. Gentle, B. J. Powell,
P. Meredith, J. Phys. Chem. B 2013, 117, 4965—4972.

[21] Y. Liu, J. D. Simon, Pigment Cell Res. 2003, 16, 72— 80.

[22] T. G. Costa, R. Younger, C. Poe, P.J. Farmer, B. Szpoganicz,
Bioinorg. Chem. Appl. 2012, 712840.

[23] D. Kovacs, E. Flori, V. Maresca, M. Ottaviani, N. Aspite, M. L.
Dell’anna, L. Panzella, A. Napolitano, M. Picardo, M. d’Ischia, J.
Invest. Dermatol. 2012, 132, 1196 -1205.

www.angewandte.de

emie

12919


http://dx.doi.org/10.1021/jp804248h
http://dx.doi.org/10.1111/j.1600-0749.2006.00345.x
http://dx.doi.org/10.1073/pnas.1119948109
http://dx.doi.org/10.1073/pnas.1119948109
http://dx.doi.org/10.1088/0034-4885/76/3/034501
http://dx.doi.org/10.1088/0034-4885/76/3/034501
http://dx.doi.org/10.1021/ma202170n
http://dx.doi.org/10.1021/bm101281b
http://dx.doi.org/10.1021/bm101281b
http://dx.doi.org/10.1111/j.1755-148X.2010.00771.x
http://dx.doi.org/10.1111/j.1755-148X.2010.00771.x
http://dx.doi.org/10.1034/j.1600-0749.2003.00037.x
http://dx.doi.org/10.1016/j.freeradbiomed.2010.01.033
http://dx.doi.org/10.1016/j.freeradbiomed.2010.01.033
http://dx.doi.org/10.1021/ja806345q
http://dx.doi.org/10.1021/ja806345q
http://dx.doi.org/10.1021/ol070268w
http://dx.doi.org/10.1021/ol070268w
http://dx.doi.org/10.1021/jo701652y
http://dx.doi.org/10.1021/jo701652y
http://dx.doi.org/10.1021/ja0650246
http://dx.doi.org/10.1021/ja0650246
http://dx.doi.org/10.1021/jo900250v
http://dx.doi.org/10.1021/jo900250v
http://dx.doi.org/10.1021/bm3006159
http://dx.doi.org/10.1021/bm3006159
http://dx.doi.org/10.1034/j.1600-0749.2000.130310.x
http://dx.doi.org/10.1039/b902507c
http://dx.doi.org/10.1021/nn305305d
http://dx.doi.org/10.1021/nn305305d
http://dx.doi.org/10.1111/php.12003
http://dx.doi.org/10.1021/jf025938l
http://dx.doi.org/10.1021/jf025938l
http://dx.doi.org/10.1016/S0891-5849(98)00315-3
http://dx.doi.org/10.1006/bbrc.1994.1764
http://dx.doi.org/10.1529/biophysj.105.069096
http://dx.doi.org/10.1529/biophysj.105.069096
http://dx.doi.org/10.1021/ja905162s
http://dx.doi.org/10.1021/ja905162s
http://dx.doi.org/10.1021/jp401615e
http://dx.doi.org/10.1034/j.1600-0749.2003.00009.x
http://dx.doi.org/10.1038/jid.2011.457
http://dx.doi.org/10.1038/jid.2011.457
http://www.angewandte.de

