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ABSTRACT

Melanins are phenol-based pigments with the potential for widespread applications including
bioelectronics and tissue engineering. The concentration-dependent structural transition of sepia
melanin in water is analyzed. This biopolymer at high concentration gives the well-known
nanospheres, whereas sample dilution gives unforeseen nanofibres exhibiting the structural
features of mature amyloid fibrils. We propose a mechanism of pigment self-assembly dependent
on the interaction of residual melanosomal protein(s) with eumelanin heteropolymer. Our results

contribute to understanding the peculiar physico-chemical properties of this ubiquitous pigment.
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INTRODUCTION

Melanin is a pigment useful in nature for photoprotection, radicals scavenging, alarm and
camouflage. [1-3] It has been found in most living kingdoms and in fossils like cephalopod ink
sacs from the Jurassic period. [4] Sepia ink is the main source of this pigment because it contains
large amounts of pure eumelanin, i.e. a heteropolymer, dark and almost insoluble in water,
produced starting by oxidation of tyrosine by tyrosinase. [5] The complex morphology changes
observed depending on the pigment isolation and preparation methods indicate the need for a
better description of the sepia melanin assembly mechanism. [5] Normally, sepia melanin
assumes a round shape with nanometric substructures. [6] However, in a few cases, sepia
melanin analysis has shown elongated structures for both the natural and synthetic polymers.
[6,7] Here we investigate the concentration-dependent structural transition of this biopolymer,
mainly by ultrahigh resolution scanning electron microscopy (SEM), of purified melanin from
cuttlefish ink (Sepia officinalis) finely dispersed in ultra-pure water in a range of concentrations
covering several orders of magnitude. We propose a mechanism to explain the observed
morphological heterogeneity of this phenol-based pigment, from familiar nanospheres to
unforeseen nanofibres, dependent on the well-known presence of interacting melanosomal
proteins estimated to be around 6 to 8 % in weight of the water-purified sepia melanin extract.

[6.8]

METHODS
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Materials

All chemicals were purchased from Sigma-Aldrich (U.S.A.) unless stated otherwise, including
the synthetic melanin prepared by oxidation of tyrosine with hydrogen peroxide (purity from
thin-layer chromatography (TLC) area 100.0 %; carbon content 54.8 %; nitrogen content 6.9 %).

The ink of Sepia officinalis (100%) was purchased from the Nortindal Sea Products S. L., Spain.
Isolation and purification

Natural melanin from the ink of Sepia officinalis (100 g) was isolated and purified in ultrapure
water (200 mL) in a dark vessel. The black slurry ink dispersion was vigorously stirred for 30
min. A pellet was obtained by centrifugation for 15 minutes at 13,000 rpm and 5 °C in a Sigma
2-16K centrifuge (Germany) and the supernatant was removed. The solid was redispersed and
this washing procedure was repeated 20 times. The final black pellet was lyophilized and
scanning electron microscopy indicated exclusion of contamination with cellular elements. The
purified melanin was weighed (1.0 mg/L; 0.100 g/L; 1.00 g/L; 10.0 g/L) and dispersed in ultra-
pure water in volumetric flasks. Subsequently, the samples were sonicated for 1 hour at 40 °C.

10 pg/L and 0.10 mg/L samples were obtained by dilution of the 1.0 mg/L suspensions.
SEM and scanning transmission electron microscopy (STEM)

Suspensions were dropped on single-side-polished silicon wafers for SEM, or copper grids
coated with a carbon film for STEM, and air-dried in the dark at room temperature. The values
of the initial concentrations of the biomaterial dropped on the surfaces are reported below.

Samples for SEM were covered with a very thin film (5 nm) of Au-Pd (80-20 weight %) in a
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high resolution sputter coater, 208HR Cressington Co. (U.S.A.), coupled to a MTM-20
Cressington High Resolution Thickness Controller. Morphological analysis was conducted by
collecting secondary electron (SEM) or transmitted electrons (STEM) images in an Ultra-high
resolution Field Emission Gun Scanning Electron Microscope (FEG-SEM), NOVA 200 Nano

SEM, FEI Co. (U.S.A)).
Atomic force microscopy (AFM)

Suspensions were dropped on a mica disc (9.9 mm diameter, 0.22-0.27 mm thickness). The
observations were performed, scanning the surface for 2 hours and then acquiring the images, in
the contact mode at 25 °C using silicon-nitride (Si3N4) cantilevers with a spring constant of 0.58
N/m and an E-series piezoceramic scanner (10 mm scanning range) in a Nanoscope Ill-a

Scanning Probe Microscope System (Digital Instruments Inc., U.S.A.).

RESULTS AND DISCUSSION

Sepia melanin assumes the well-known round shape for concentrations between 10.0 g/L
to 100 mg/L (Figures 1a, b, c). These nanospheres did not have a homogeneous dimension,
ranging between approximately 50 nm and 350 nm, although it has been stated that the dominant
constituents of sepia melanin are 150 nm spherical aggregates. [6] In this concentration range the
granules of melanin have well-defined contours but, in a few cases (Figure 1a), when the
particles were in proximity of each other but not in touch, they appear tethered by thin structures
of biomaterial (10 nm x 50 nm). The surface roughness of the granules reflects substructures
elsewhere described to be less than 20 nm in diameter. [6] Decreasing the sample concentration

to 1.0 mg/L the pigment preserves the spherical shape reported above, but the granules were
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mostly connected by and immersed in amorphous biomaterial such that they appeared larger than
their true sizes (Figure 1d). Much larger amounts of similar material as that in Fig. 1d has
previously been described as melanin disassembled melanin oligomers or residual scaffolding
protein(s) released from the interior of the melanin granules during the sonication of the samples.
[6] Probably, this glue-like material in Fig. 1d is an extended version of tethering structures
observed at higher sample concentrations (Figures 1a, b, c).

Surprisingly, very dilute samples, at 0.1 mg/L and 10 pg/L, showed well defined intertwined
fibres with increasing structural complexity and dimensions, starting from a minimum diameter
around 11 nm, extending up to several micrometers in length (Figures 2a, b, ¢ and d), and
aggregates of spherical and non-spherical particles connected to and emerging from these fibres
(Figures 2a, b, d). Other authors have previously shown elongated structures for melanin,
defining them as filaments, for the natural polymer, [6] or even fibrils for the synthetic melanin.
[7] However, those materials appeared as sticks with a fractal-like assembly in contrast to the
twisted morphology observed in our experiments which closely resembles the conformation of
mature amyloid fibrils elsewhere reported. [9-13] For full comparison, SEM images at low
concentration were also acquired for synthetic melanin, resulting in round-shaped aggregates
only without fibril-like structures (Figures 3a and b).

We confidently exclude the possibility of contamination by extrinsic fibres in our samples
during handling. If so, these fibrils should be observable at high concentration and within
samples of synthetic melanin too, using the same manipulation of samples and same
magnification of their images, whereas the fibrils appeared only for natural melanin at low

concentration. Moreover, we have observed the nanofibres by two other experimental
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techniques, namely atomic force microscopy (AFM) (Figure 4) and scanning transmission
electron microscopy (STEM) (Figure 5). The most complex morphology of the fibres was
achieved by the SEM sample preparation technique, probably because the surface on which
deposited affects the structure and size of the fibril deposits, as recently reported. [14,15] In
particular, the silicon wafers used for SEM resulted in particularly fascinating knitting patterns of
the filaments showing circular and star-like arrangements (Figure 2), whereas the samples
deposited on mica discs (AFM) and copper grids coated with carbon films (STEM) surfaces
resulted in branched fibrils only (Figures 4 and 5, respectively).

Unfortunately, the only way that has been reported to separate the eumelanin from associated
protein(s) requires harsh conditions that lead to protein(s) and pigment alteration and
degradation; it involves long treatment with strong acids at high temperature. [16] Moreover, our
attempts to use the typical characterization methods for amyloid were unsuccessful (data not
shown) due to the predominant absorbance of eumelanin (more than 92 % in weight of purified
sepia melanin) [6,8] in UV, visible and IR ranges of wavelengths. [17,18] Finally, the very low
protein amounts in the suspensions where the fibrils appeared (0.1 mg/L and 10 pg/L samples
contain 6-8 pg/L and 0.6-0.8 pg/L of protein(s), respectively) is some orders of magnitude lower
than that incurred using, for example, circular dichroism, infrared spectroscopy, calorimetry and
dye-binding characterization techniques. [19-22]

Although the fibrils formation rate is proportional to the amount of biopolymer, [23]
fibrils were predominant only at very low concentrations of our purified samples (Figures 2, 4,
and 5). To explain this apparent paradox we propose a mechanism of pigment self-assembly

dependent on protein(s)-eumelanin interactions (Figure 6). We suggest that the fibrils and
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particles occupy two different energy minima in a complex free energy landscape for sepia
melanin folding and assembly. These aggregates are already present before the solvent
evaporation, being determined by the starting concentration and treatment of the biomaterial in
suspension. The dilution of concentrated suspensions of sepia melanin causes the particles to
dissolve and the aggregation of the residual melanosomal protein(s), leading to protein(s)-driven
fibrils formation; these would be completely absent in synthetic melanin samples due to absence
of the proteins. However, the air-drying of very dilute samples in a relatively short time cannot
convert the fibrils into nanoparticles, likely because of the low unfolding rate. On the contrary,
the protein(s) fibrillogenesis is impaired by highly concentrated sepia melanin suspensions that
favor, instead, the eumelanin-driven pigment aggregation in nanoparticles, in agreement with the
inhibition of fibrils formation by polyphenols such as epigallocatechingallate (EGCG). [24,25] In
fact, EGCG completely impairs a-synuclein (aS) and amyloid-p (AP) fibrils growth and causes
the disassembly of preformed micrometric amyloid fibres, trapping and concentrating the aS and
AP oligomers in spherical aggregates with a diameter ranging between 10 and 100 nm. [24] In
this context, it is important to mention that the biosynthesis of the amyloid fibrils and melanin
possess an evolutionarily conserved linkage, [26] and, during melanogenesis in vertebrates,
eumelanin deposits on the filamentous form of pre-melanosomal glycoprotein (Pmel), similar to
AP fibrils; this templates and accelerates the formation of pigment. [12,26]. Moreover, it has
been suggested that Pmel has a close similarity to melanogenic peroxidase from Sepia officinalis
because both are components of the melanosomal matrix and are absent from coated vesicles that

deliver tyrosinase-related proteins to melanosomes. [27]

CONCLUSIONS
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Taken as a whole, the results herein and those of previous studies provide further confidence in
our hypothesis of protein-dependent fibrils formation at low concentration of pigment from Sepia
officinalis and its inhibition by eumelanin particles growth. We believe that these experiments
and explanations of the effect of residual melanosomal protein(s) should be beneficial,
permitting understanding of the origin of melanins properties and, subsequently, the design of
biomimetic materials with applications from physics to medicine. [28-30]
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Figure 1. Morphology of sepia melanin samples air-dried on silicon wafers from water
suspensions at 10.0 g/L (a), 1.00 g/L (b), 100 mg/L (c), and 1.0 mg/L (d). Arrows indicate a few

projections of smaller size.
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Fig. 2

Figure 2. Morphology of sepia melanin samples air-dried on silicon wafers from water

suspensions at 0.10 mg/L (a, b), and 10 pg/L (c, d). Fig. 2a and b, as well as Fig. 2c and d,
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represent different regions of the silicon wafers where the SEM images of sepia melanin were

acquired.
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Fig. 3a Fig. 3b

Figure 3. SEM images of synthetic melanin on silicon wafers from water suspensions at 10 ug/L

(a) and 0.10 mg/L (b).
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Figure 4. AFM image of sepia melanin sample on a mica disc from water suspensions at 10

pg/L.
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Figure 5. STEM image of sepia melanin sample air-dried on a copper grid coated with carbon

film from water suspensions at 10 pg/L.
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Figure 6. Proposed model of eumelanin/protein(s) self-assembly from fibrils to nanoparticles.
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