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Abstract: Melanins represent one of the most ancient and important group of natural macromolecular pigments. They have multiple biological roles in almost all organisms across the Phyla, examples being photoprotection, anti-oxidative action, radical scavenger activity, and heavy metal removal. From the biomedical point of view, melanocytes are involved in the origin of melanoma tumors, and the main therapeutic advances for their treatment have been revised in Part 1 of this review. The chemical structure of eumelanin is a biological concern of great importance, and therefore, exploring theoretical molecular models and synthesis mechanisms will be here described, as well as molecular orbital features and supramolecular organization, which are responsible for the key properties that make these biological pigments so important, and so fascinating. Ultimately, this updated overview is devoted to describe present structural models and physico-chemical characteristics of eumelanin, in order to explain and utilize melanin properties on which new photothermal and ultrasonic protocols for melanoma treatment can be devised and applied.
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Introduction

Melanin is a rather descriptive term that denotes a black pigment of biological origin, but at present, it is accepted that it corresponds to a definite group of indole and catechol biopolymers. Melanin is considered one of the most ancient pigments widely found in the two domains of life, namely Prokaryota and Eukaryota, the last including the kingdoms Protista, Fungi, Plantae, and Animalia (Nicolaus et al., 1994; Land et al., 2004; d’Ischia et al., 2015; D’Alba and Shawkey, 2019; Martínez et al., 2019). The precise chemical structure of animal melanins is still poorly known, although overwhelming evidence indicate that they are formed by an indole polymer with high conjugation degree, which is related to their strong photon absorption and other physico-chemical features.

Following the first part of this review (Blázquez-Castro and Stockert, 2021), in this second part emphasis will lay on several proposed structural models, chemical synthesis, supramolecular organization and properties of eumelanin. Indole-type eumelanin is brown-black (in mammals, cuttlefish, etc.), and pheomelanin is yellow-red (in red hair and feathers). In plants and fungi, melanins commonly correspond to the catechol-type, and generally they are named allomelanins (Land et al., 2004; Zhou et al., 2019). In human melanosomes, melanin appears as formed by a pheomelanin core produced first, followed by a eumelanin shell deposited on the surface (the casing model), their ratio determining skin and hair color (Simon et al., 2008). Taking into account that pheomelanin is of relevant concern in melanin biology and pathology, a more specific contribution about pheomelanin will be published as Part 3 of this overview series on melanin and melanoma.

Although melanin is generally produced in melanosomes, neuromelanin (NM) from nervous structures like substantia nigra, locus coeruleus, stria vascularis, etc. (Nicolaus, 2005b) differs in that its biosynthesis does not take place within this organelle (Simon et al., 2008). NM is a Fe3+-rich insoluble pigment originated from dopamine-derived quinones contained in autophagic lysosomes, together with lipids. The melanin component is bound to cross-β-sheet peptides and aliphatic dolichols chains, which are the main components of lipid bodies within the NM-containing cell structure (Sulzer et al., 2018). In mammals, the retinal pigment epithelium has also a complex organization, with melanosomes, lipofuscin, and melanosomes encased in lipofuscin that are called melano-lipofuscin granules (Simon et al., 2008).

Melanins are very relevant compounds in biomedicine. They are antioxidants and detoxification agents, acting by removing reactive oxygen species (ROS), radicals, toxic heavy metals, and harmful chemicals. The conjugated structure of natural and synthetic melanins allows easy redox changes and equilibrium between quinone and catechol groups (Sarangarajan and Apte, 2006). These groups are also involved in binding to metal cations (Nicolaus, 1997; d’Ischia et al., 2015), and provide strong adhesiveness to other molecules and surfaces (Ruiz-Molina et al., 2018; Chen et al., 2021).

Melanin also characterizes the malignant melanoma, which is one of the most aggressive human tumors. Although a significant progress has been achieved for melanoma treatments involving cytokines, check point and kinase inhibitors, immuno-, genic-, and combinational-therapies (Berrios-Colon and Williams, 2012; Rughani et al., 2013; Achkar and Tarhini, 2017; Finocchiaro et al., 2019; Wang et al., 2020), successful protocols are still difficult in the case of the advanced disease (Ahn et al., 2017; Domingues et al., 2018; Naidoo et al., 2018; Li et al., 2020), and further studies on new therapeutic modalities based on chemical and physical approaches are still necessary.

New melanoma treatments need to be based on a deeper understanding of the molecular structure of melanin. Therefore, the aim of the second part of this review, in agreement with suggested rules and criteria for review articles (Cranford, 2021), is to update and propose chemical structures and synthesis mechanisms of eumelanin, as well as its supramolecular organization and properties, attempting to offer seminal perspectives for innovative therapeutic conceptions and further developments.

Chemical Structure

Previous and recent reviews on different chemical models of eumelanin have been published (Prota, 1997; Bridelli, 1998; Meng and Kaxiras, 2008; Liebscher et al., 2013; Micillo et al., 2016; Panzella et al., 2018; Blázquez-Castro and Stockert, 2021; Stockert, 2021), but at present no agreement has been reached yet regarding its precise chemical structure. High molecular weight, low or null solubility in water and organic solvents, resistance to hydrolysis, and some heterogeneity between samples difficult the structural analysis. In spite of these limitations, several polymeric linear models have been proposed (Fig. 1). Simpler models have been already described in the first part of this review (Blázquez-Castro and Stockert, 2021).
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Figure 1: Formal structure of linear eumelanin polymers with atom numbering. Note that rotation freedom of indole rings only occurs in poly 4-7 IQCA (A) (curved arrow). In contrast, poly 1-7,3-4 IQ (B) and poly-BQPo (C) have more than one bond between successive indoles, and then they are more rigid and planar. The porphycene ring Po is shown as a dashed ellipse. Non-ionic mesomer (D), imino-semiquinone (E), ionic (F), and π* conjugated ionic form (G) are indicated, as well as the hydrated IQ unit (H), and the 5,5’-ether bridge from two indole units (I). Structures are shown according to the models: poly 4-7 IQ (Liebscher et al., 2013; d’Ischia et al., 2015); poly 1-7,3-4 IQ (Meredith and Sarna, 2006); poly-BQPo (Olivieri and Nicolaus, 1999; Stockert, 2021).

Common research on eumelanin chemical structure has been performed by analysis of fragmented products, and less attention has been devoted to the application of physical methods. However, studies based on X-ray crystallography and electron microscopy have shown that amorphous samples of synthetic and natural eumelanins have a multilayer (graphite-like) structure (Thathachari and Blois, 1969; Bridelli et al., 1990; Watt et al., 2009; Chen et al., 2013), which explains most physico-chemical properties of this supramolecular solid-state material (Nicolaus, 1997; Olivieri and Nicolaus, 1999).

Melanin precursors are the following: (a) for eumelanin, tyrosine and/or 3,4-dihydroxy-phenylalanine (DOPA); (b) pheomelanin is produced from tyrosine and/or DOPA in the presence of cysteine; (c) allomelanins form using 4-hydroxy-phenylacetic acid, catechols, 1,8-dihydroxy-naphthalene (DHN), caffeic acid, etc., and (d) pyomelanin of micro-organisms results from homogentisic acid (Lindgren et al., 2015; Martínez et al., 2019; Lorquin et al., 2021). Most fungal melanins are polymers of DHN, but some fungi can also utilize tyrosine, catechol, catecholamines, etc., and thus correspond to eumelanins (Eisenman and Casadevall, 2012; Cordero and Casadevall, 2017; Camacho et al., 2019). Opiomelanins are another group of indole pigments related to opioid peptides (enkephalins) (Mosca et al., 1999).

In vertebrates, eumelanin is formed from L-tyrosine through enzymatic and spontaneous chemical reactions known as the Raper–Mason pathway (Prota, 2000; Simon et al., 2008; Borovanský and Wiley, 2011), and involves oxidation of tyrosine by tyrosinase to DOPA, followed by DOPA quinone, and then to 5,6-dihydroxyindole-2-carboxylic acid (DHICA) and 5,6-dihydroxyindole (DHI) (Edelstein, 1971; d’Ischia et al., 2015), which is the most versatile precursor.

DHICA and DHI can be oxidized and/or decarboxylated forming indole-5,6-quinone (IQ). From these precursors (shown here as DHI or IQ units), different dimers (e.g., bis 3-4 IQ, bis 4-7 IQ, bis 7-7 IQ, and bis 2-2 IQ [trans and cis, according the N site]) can be formed. The cyclic tetramer 2-7 IQ is a benzoquinone porphyrin (BQP). The structure of several possible IQ dimers and cyclic tetramers has been reviewed (Blázquez-Castro and Stockert, 2021; Stockert, 2021).

Flexible and rigid linear polymers are illustrated in Fig. 1. Note that bis-BQPo (tetra 2-2,3-3,4-4,7-7 IQ) corresponds to a benzoquinone derivative (BQ) of the porphycene ring (Po), which is a structural isomer of the porphyrin ring (Arad et al., 2002; Stockert et al., 2007). The eumelanin unit IQ (Fig. 1(C)) can adopt several mesomeric forms, in equilibrium between the formal uncharged unit (Fig. 1(D)), and the non-ionic (E), ionic (F) and excited mesomer (G). The latter corresponds to the π* conjugated ionic form, which represents the first excited singlet state (S1). This is the case of several dyes, in which the ionic- and non-ionic dye mesomers correspond to the excited (high energy) and ground (low energy) states, respectively (Nagasawa et al., 2001). IQ units can also suffer a reversible hydration at the 5-keto group (Bishop and Tong, 1964) (Fig. 1(H)), and metal ions chelation by oxygen ligands. Dehydration of DHI generates a 5,5’-ether bridge and a furan group between indole units (Fig. 1(I)) (Olivieri and Nicolaus, 1999).

Synthesis Mechanism

According to the fossil record, melanins are very ancient biopigments (biochromes) (Lindgren et al., 2015). It is tempting to speculate that on account of the easy spontaneous and non-enzymatic polymerization of catechols and indolequinones, melanins could have been one of the first aromatic macromolecules on the earth. In addition to enzymatic synthesis, melanin-like compounds are spontaneously formed in vitro at slight alkaline pH by oxidative polymerization of several precursors such as DOPA, dopamine (DA), DHI, IQ, adrenalin, serotonin, 5,6-dihydroxy-tryptamine, etc. (Dreyer et al., 2012; Micillo et al., 2016). Synthetic melanins do not contain protein components, and thus they are more suitable for biomedical and biotechnological applications. X-rays studies indicate that synthetic polydopamine-(PDA)-melanin, and tyrosine-melanin are essentially similar to natural eumelanin in their local atomic arrangements (Cheng et al., 1994).

Interestingly, self-assembly of aromatic building blocks to form organic polymers is a well-known process (Li et al., 2013). Self-assembly is promoted by face-to-face π–π stacking (Ryu et al., 2008; Ma et al., 2020), and it could occur in the spontaneous polymerization of melanin. A progressive self-assembly of precursors based on cation–π interactions has been suggested (Hong et al., 2018), using ammonium, Na+ and K+ ions to illustrate the assembly mechanism. Although the described process agrees with the broad absorption spectra of natural or synthetic eumelanins, it does not account for their well-known graphitic (multilayer) structural organization.

Under oxidative conditions, H atoms can be easily removed from phenolic -OH groups, which is a widely known chemical process (Krieg et al., 2007). In the case of indole and catechol precursors, polymerization can take place through O and C radicals (Zhou et al., 2019). After H removal, atoms with unpaired electrons (O• and C•) are intermediates in the oxidative polymerization of DHI units (Fig. 2). H atoms can be abstracted directly from =CH- and -NH- groups by previously generated O radicals (hydroxyl, superoxide, peroxyl). Highly reactive N• and C• radicals at positions 1, 2, 3, 4, and 7 can bind in out-of-plane reactions, forming C-C and C-N covalent bonds between indole precursors (Figs. 2(A)–2(D)). It is known that C atoms at 2,3,4, and 7 sites are the most reactive in the indole ring (Nicolaus, 1997).
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Figure 2: Possible synthesis mechanism of poly-BQPo. (A, B, C, D) Radicals formed in DHI from removal of H atoms bound to O or N atoms (left), and then transferred to C atoms (C•, right), allowing C–C bonding. (E, F, G, H) Stacked DHI O-cis/N-trans radical dimer (E) to form bis-DHI (F), stacked bis-DHI radical dimer (G), and BQPo (H). Energy minimization of the face-to-face stacked DHI dimer (E) was made with HyperChem 7, MM+ converged to 0.1 kcal/(Å mol). Formation of dimers (large arrows) occurs by rolling of thick-over-thin precursors and dimer units. Radical and bound C atoms are shown as yellow and cyan circles, respectively. Curved arrows indicate where rotation freedom of C–C bonds exists. Relevant atom numbers are indicated. Binding of metal cations to O (green) and N (violet) sites are indicated.

Easy auto-assembly processes can be based on stacking of DHI or IQ monomers forming a scaffold for polymerization. Following molecular modeling studies on the stacking of dyes (Stockert and Abasolo, 2011), the comparison between stacked dimers of IQ or DHI precursors shows that the O-cis-N-trans DHI dimer (Fig. 2(E)) have the lowest free energy (kcal/mol) for triggering dimerization. Other configurations of dimers with suitable low energy are also possible (e.g., O-trans/N-trans DHI). This radical-based process results in the formation of a double-stranded IQ chain (poly-BQPo) (Figs. 2(F)–2(H)), but also the poly 4-7 IQ chain can be formed by this mechanism.

Obviously, this is a simplistic representation of a more complex molecular process, but the results of these exploring synthesis mechanisms allow to illustrate the kind of process that could lead to spontaneous melanin synthesis. Taking into account the abundant precedents in the self-assembly of polymers based on radical formation and face-to-face stacking, a reasonable spontaneous polymerization to form eumelanin would involve stacked IQ or DHI precursor radicals as shown in Fig. 2.

However, eumelanin biosynthesis and melanosome biogenesis represent more complex and regulated processes than spontaneous synthesis. Enzymes, structural scaffolding proteins, metal ions, and acidic pH are key factors in eumelanin formation in living melanocytes (D’Alba and Shawkey, 2019; Wiriyasermkul et al., 2020), also involving interactions of the growing polyanionic melanin polymer with positively charged surfaces of basic melanosome proteins (Sarangarajan and Apte, 2006). Signaling pathways and regulation of enzymatic melanogenesis in mammals have been reviewed (Wasmeier et al., 2008; D’Mello et al., 2016).

Molecular Modeling

Exploring theoretical structures by molecular modeling has become an important task to attempt advances in understanding the organization of natural and synthetic melanins (Galvão and Caldas, 1990; Tran et al., 2006; Meng and Kaxiras, 2008; Chen et al., 2013; Chen et al., 2014). Regarding the basic structure of eumelanin, three types of molecular models can be taken into account, namely monomer and cyclic oligomers, flexible chains, and rigid chains. There are assets and opposing views for each of these structural models. In most cases, they will be presented in the oxidized IQ forms.

Monomer and cyclic oligomer models

Simple H-bond aggregates of isolated indole monomers (Dreyer et al., 2012) have a very low conjugation degree, and thus the broad-band absorption spectra of eumelanin cannot be easily explained. Massive chromophore stacking and π-interactions occur in aromatic compounds either in solution or solid state (e.g., tri- and macrocyclic dyes, as well as stacked base-pairs in nucleic acids), but they have no broad-band absorption but well-structured spectra (Stockert and Blázquez-Castro, 2017). Therefore, models of eumelanin only based on stacking of isolated indole units seem unlikely (Stockert, 2021).

IQ cyclization gives the 2-7 IQ tetramer or benzoquinone-porphyrin (BQP) (Kaxiras et al., 2006; Meng and Kaxiras, 2008). However, it is again not expected that only stacking of these structures without extensive covalent conjugation could explain spectral properties. Indeed, if the molecular structure of eumelanin is non-covalent and only based on hydrophobic and/or H-bonding forces, then solubilization and bleaching of the pigment should occur by treatment with organic solvents and H-bond disrupting agents (e.g., urea, formamide), and this is not the case.

It must be noted that instead of planar stacking of cyclic IQ tetramers, helical stacking of a linear continuous polymer has been suggested as an alternative melanin model (Meng and Kaxiras, 2008). The helix is formed by connecting successive tetramers through 2-7 bonds, with the fifth monomer stacked directly above the first, but without an adequate scaffold, the formation of this helical model is rather difficult to explain. Other planar cyclic or irregular oligomers containing 5-8 indole units have been also proposed as eumelanin models (Zajac et al., 1994; Arzillo et al., 2010; Chen et al., 2014). A tetra-indole model formed by two DHI and two IQ monomers linked by two amide groups between N1 and C2’ has been suggested for eumelanin (Schroeder et al., 2015).

On the other hand, a mixed model combining stacked monomers (Dreyer et al., 2012) and covalent chains (d’Ischia et al., 2015) has become fashionable. In this model, a stacked DA-DHI-DA physical trimer together with two linear zig-zag 2-2, 4-7 DHI trimers was shown as the molecular structure of PDA-melanin (Hong et al., 2012; Hong et al., 2018, Hauser et al., 2020). Again, it seems difficult that this model could explain the main properties of the synthetic polymer, as mentioned above.

Flexible chain models

A melanin-like, zig-zag chain of 2-2,3-3 indoles, named “indole black”, was suggested by Berlin (quoted by Nicolaus (1997)), but on account of steric hindrance, torsional angles of indole rings have 58° and the polymer is not planar. However, it is worth to note that free rotation of the 2-2 and 3-3 bonds can just form the BQPo ring. Likewise, a flexible 3-7 IQ chain has been proposed for eumelanin (Raghavan et al., 1990), with dihedral angle of ~20°.

In the case of 2-4,2-7 DHI or IQ polymers, the chain takes up a zig-zag way with a dihedral angle of ~18° between indole rings, allowing considerable π-stacking and almost a planar configuration (Micillo et al., 2016; Panzella et al., 2018). Linear poly 4-7 IQ and poly 4-7 IQCA chains are the most frequently shown flexible models (Liebscher et al., 2013; d’Ischia et al., 2015; Micillo et al., 2016; Panzella et al., 2018), with an angle of ~40° between IQ units, which becomes smaller (~20°) in the first excited state, allowing greater conjugation (Blázquez-Castro and Stockert, 2021).

Regarding the still poorly known 3D organization of these eumelanin models, there are different views according to the polymer. Stacking of flexible linear or zig-zag chains (d’Ischia et al., 2015; Liebscher et al., 2013), or bundling arrays of flexible linear chains have been proposed (Micillo et al., 2016; Panzella et al., 2018), but these models do not agree with the graphitic structure detected by both X-ray crystallography and electron microscopy.

Rigid chain models

Fused indole rings have been described to form a possible rigid polymer. A curved planar eumelanin model based in the formation of 2-7 and 3-4 bonds, followed by decarboxylation at 5 and 6 positions has been proposed by Swift (2009). An intriguing feature of this fused model is the absence of catechol or quinone groups, which do not allow the typical redox possibilities of eumelanin. A rigid oligomer based on a 1-7,3-4 IQ (see Fig. 1(B)) with a planar structure has been also suggested as a eumelanin model (Meredith and Sarna, 2006). In this case, a polymeric structure with suitable stacking and extended π conjugation is possible.

A very attractive double IQ chain for eumelanin was early suggested by Olivieri and Nicolaus (1999). This structure can be formulated as poly 2-2,3-3,4-4,7-7 IQ, and then the unit of this polymer is a tetra-benzoquinone (BQ) derivative of porphycene (Po) (see Fig. 1(C), and Fig. 3(A)). Therefore, this model can be simply named poly-BQPo. The Po ring and derivatives, as well as several metal complexes (e.g., Ni, Cu, Zn, Pd) are planar unsaturated macrocycles (Arad et al., 2002; Stockert et al., 2007).

The possibility that a planar BQPo unit could be the precursor of both natural and synthetic eumelanins is amazing (Stockert, 2021). Some authors have already indicated that a component of eumelanin could be BQPo (Bridelli et al., 1990) and similar indole derivatives (Zajac et al., 1994; Arzillo et al., 2010). In contrast with linear or zig-zag flexible chains, the BQPo model fulfills the main characteristics of eumelanin as a supramolecular solid (stacked multilayered graphite-like material), explaining its broad-band absorption, photoconductivity, photothermal decay with efficient heat production, and crystallographic and electron microscopical features. Therefore, it is tempting to assume that among the speculative models suggested for eumelanin, poly-BQPo could be the most plausible (Stockert, 2021), showing similar structure and properties to those of graphene oxide and graphite oxide (Dreyer et al., 2010).
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Figure 3: (A) Frontal view of an atomic volume model of tetra-BQPo. (B, D) Comparison between HOMO-0 (B) and LUMO+0 (D) patterns, showing positive (green) and negative (violet) π-orbital lobes with energy (E) values. (PM3 geometry optimization: 0.1 kcal/(Å mol), Gouraud shaded 3D isosurface, orbital contour: 0.00035). (C) Energy levels, showing the HOMO-0/LUMO+0 energy gap (Eg = 5.4 eV) from –8.84 eV to –3.44 eV, respectively, and the massive occurrence of LUMO excited states (CB, red) and HOMO states (VB, blue).

Molecular Orbitals

Inspection of molecular orbitals (MOs) allows a better understanding of the conjugation changes induced by photo-excitation (Stockert and Blázquez-Castro, 2017). MOs examples of flexible and rigid models have been described (Blázquez-Castro and Stockert, 2021; Stockert, 2021). The highest-occupied (HOMO), and lowest-unoccupied (LUMO) molecular orbitals represent the energy levels of the ground and excited molecule, respectively. In HOMO-d and LUMO+d, d is from 0 to the maximum energy level, and the HOMO-LUMO separation corresponds to the prohibited Fermi’s band gap energy (Eg) between the valence band (VB) and conduction band (CB) of semiconductors. The orbital phases are denoted by colors or signs of orbital lobes. Fused lobes with the same color are in-phase, and those with isolated lobes and different color are out-of-phase. In MO images, positive and negative signs have nothing to do with charge.

Regarding the BQPo model (Fig. 3(A)) (Stockert, 2021), it must be noted that ground and excited molecules with bonding (π) and anti-bonding (π*) electron states (S0 and S1, respectively), result in different MOs. The excited LUMO+0 of tetra-BQPo (Fig. 3(D)) has a more extended π-conjugation (longitudinal lobes) than that of the ground HOMO-0 (rather transversal lobes) (Fig. 3(B)). In this model, the energy levels of excited states result in a compact overlapping of the LUMO “block”, similar to the CB of semiconductors (Fig. 3(C)).

The same is valid for tetra 4-7 IQ, which has a clear longitudinal direction of LUMO+0 (Stockert, 2021). The increase of absorption and dark color of the DHI-melanin by further oxidation is explained by conversion of catechols to quinones (Micillo et al., 2016; Panzella et al., 2018), generating a long LUMO pattern. It is assumed that in pigments with high number of linear ortho-benzoquinones, black color and broad-band absorption spectra are closely related to the high π*-conjugation and longitudinal LUMO components, with low Eg and high semi-conductivity. However, in the curved fused poly 2-7,3-4 IQ (Swift, 2009), and zig-zag poly 2-4 IQ models there is no continuous LUMO, at least at low energy levels.

In other compounds such as poly 2-2 ortho-benzoquinones, the vicinal carbonyl-methine groups (=HC-CO-CO-CH=) also shows the extended LUMO pattern. It is noteworthy that conductivity based on polyene “spines” in organic polymers was early suggested (Little, 1964), and these spines just correspond to the extended LUMO pattern. Not only linear LUMOs are possible, circular (closed) LUMO+0 patterns also appear in o-quinone compounds such as o-quinone oligo-helicene (Gingras, 2013), hexa o-quinone coronene, benzo-dodeca-quinone porphycene, and cyclic penta-BQPoe.

Although the precise structure of allomelanins is still poorly known, poly 1,8-dihydroxy-naphthalene (Zhou et al., 2019; Cavallini et al., 2020) seems to be the most accepted model. A continuous LUMO+0 pattern is observed in naphthalenequinone oligomers suggested for the structure of allomelanins. It must be noted that in the allomelanin bis-benzoquinone dimer, its hydrated and ether derivatives, and the hybrid hydroxy-quinone show a continuous LUMO+0. The presence of ether groups in BQPo (BQPoe) (see Fig. 1(I)), induces curvature and facilitates extended LUMOs.

In hydrophobic face-to-face stacked aromatic compounds, π–π interactions take place resulting in either unfused or fused orbitals. Overlap of LUMOs from stacked structures depends on the energy level of the excited state. Fig. 4 illustrates a stacked BQPoe dimer, showing the different LUMO pattern at low and high energy. This feature represents the possibility of strong π–π interactions not only along the conjugated polymer but also between stacked aromatic units.
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Figure 4: (A) Lateral view of a BQPoe face-to-face stacked dimer (atomic volume) after PM3 geometry optimization converged at 1 kcal/(Å mol). Color code for elements as in Fig. 3. (e: ether bridges). (B, C) LUMO+3 and LUMO+5, respectively (Gouraud shaded isosurface, orbital contour value: 0.005). Observe unfused MOs of the stacked dimer at low energy (B), and fused MOs (asterisks) at higher energy (C).

Supramolecular Organization

It must be emphasized that all the physico-chemical and biomedical properties of melanins are just the consequence of their chemical structure and supramolecular organization. The latter name involves all the features related not only to the molecule but also to the macromolecule as a solid-state material. A precise knowledge of these structural aspects (even far of complete) becomes undoubtedly necessary to understand melanin properties and applications.

In addition to the dark color and broad-band absorption spectrum, one of the most noteworthy characteristics of melanins is the multilayer appearance under transmission electron microscopy (TEM), and the molecular spacing between layers detected by X-ray crystallography. An interlayer spacing of ~3.4 Å for eumelanins and ~4 Å for allomelanins is the most commonly reported morphological parameter (Thathachari and Blois, 1969; Cheng et al., 1994; Watt et al., 2009; Chen et al., 2013). If a planar indole polymer such as poly-BQPo is the main structure of eumelanin, then a typical graphite-like organization of stacked aromatic layers would be observed by TEM. In accordance with this, ultrastructural studies show that stacked multilayers with spacing of ~3.4 Å is just the pattern observed in natural and synthetic eumelanins. It is difficult to conceive how other models (H-bound monomers, cyclic tetramers, zig-zag and linear flexible polymers) could explain the graphite-like appearance of eumelanin.

Interestingly, after formation of ether bridges by dehydration of 5 and 6 hydroxyls, the planar chain of oligo-BQPo acquires furan rings and becomes curved (Fig. 5), a feature that was early shown by Olivieri and Nicolaus (1999) using molecular modeling.
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Figure 5: (A–D) Lateral views of atomic volume bis-BQPo models showing different curvature degrees caused by ether (e) bridges. PM3 optimization converged at E = 0.1 kcal/(Å mol). (A) Bis-BQPo without any ether bridge shows no curvature. (B, C, D) The molecules clearly show longitudinal and transversal curvatures, which are greater with increasing number of ether bridges. For element colors see Fig. 3.

It is somewhat surprising that a small change such as the addition of ether bridges into BQPo units can modify so much the geometry of the oligomer to a curved chain. Large longitudinal and mild transversal curvatures occur in this model. When one ether group appears for every O atom, the Oether/Ototal ratio (ether index, EI) is 1/1 = 1. With 1/2 and 1/5 ratios, EI = 0.5 and 0.2, respectively. The curvature is greater with EI values between 0.5 and 1, whereas it is reduced or absent with EI between 0.2 or 0.

It is worth to note that for BQPoe oligomers, Eg values reduce when ether bridges increase. Taking into account the soft or marked curvature of oligo-BQPoe, cyclic or spiral arrangements of chains would be a logical consequence. A cyclic fullerene-like, tetra-BQPoe (16-indole) protoparticle has been early modeled for DHI-melanin (Olivieri and Nicolaus, 1999; Nicolaus, 2005a). In keeping with this, a cyclic penta-BQPoe (20-indole) represents an improved (and stable) ring structure with radial and annular HOMO-0 and LUMO+0 patterns, respectively (Fig. 6).
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Figure 6: (A) Atomic volume model of a fullerene-like cyclic penta-BQPoe. All O atoms form ether bridges (EI = 1). For element colors see Fig. 3. (B, C) HOMO-0 (–10.23 eV) and LUMO+0 (–9.96 eV) showing radial and annular patterns, respectively (PM3 method, converged at 10 kcal/(Å mol), and extended Hückel, Gouraud 3D isosurface, orbital contour: 0.0003, Eg = 0.27 eV).

It is evident that a spiral organization of stacked BQPo sheets could also form the protoparticle (Fig. 7). A BQPoe dodecamer forming two spiral turns is illustrated in Fig. 7(A). The LUMO+1 image (Fig. 7(B)), clearly shows a spiral pattern with fused MO lobes, and the in-block distribution of HOMO and LUMO energy levels (Fig. 7(C)).
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Figure 7: (A) Lateral view of a helical wire structure of two complete spires of a dodeca-BQPoe model with EI = 1. For element colors see Fig. 3. (B) LUMO+1 showing the annular fused pattern (asterisks) (MM + method, converged at 0.1 kcal/(Å mol), followed by extended Hückel method; Gouraud 3D isosurface, orbital contour: 0.0001; Eg (white triangle) = 0.03 eV). (C) HOMO-LUMO energy levels of dodeca-BQPoe, showing the small energy gap from HOMO-0 (–9.88 eV) to LUMO+0 (–9.85 eV), and the massive occurrence of LUMO states (CB, red) and HOMO states (VB, blue).

The formation and growth of a spiral growing structure for an oligo-BQPoe is shown in Figs. 8(A) and 8(B). From a mechanistic point of view, an isolated planar chain would first begin to add ether bridges to curve it, curvatures then increase and continue, resulting in a spiral rolling model (Figs. 8(B) and 8(C)).

[image: images]

Figure 8: Spiral model of the possible organization of curved regions of eumelanin. (A) Lateral view of an atomic volume model of the spiral oligo-BQPoe with about 1.5 spires. For element colors see Fig. 3. (B) Wire structure of (A) showing different number of ether bridges (EI = 0, 0.2, 0.5, and 1). (C) Schematic model of the conversion (a–d) of a planar oligo BQPo region into a curved stacked BQPoe spiral. Numbers represent EI values. Arrows indicate the direction of the rolling up process.

Interestingly, although chemists were early predisposed to think of graphitic structures as flat sheets with sp2 C atoms bound in an infinite hexagonal pattern, at present, attention has turned towards curved graphitic networks such as spherical fullerenes, carbon nanotubes, and onion-like graphitic spheres (Ugarte, 1992). In addition to nano-crystalline graphite regions, TEM studies revealed that carbon black nano- and micro-particles have onion-like structures formed by concentrically arranged graphene sheets (Iijima, 1980). Likewise, stacked planar sheets, soft curved or marked wavy layers, and concentric onion-like structures are often seen in natural or synthetic eumelanins observed by TEM (Fig. 9), in all cases with a ~3.4 Å-interlayer separation (Cheng et al., 1994; Watt et al., 2009; Chen et al., 2013; Schroeder et al., 2015).
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Figure 9: (A, B) Transmission electron microscopy (TEM) images of synthetic PDA-melanin, showing (A) a wavy organization of electron dense layers, and (B) strongly curved as well as planar stacked layers, with 3.4 Å interlayer spacing (Reproduced from Chen et al., 2013).

Fullerenes are closed-cage C spheres with great theoretical and practical importance. Regarding nucleation and growth of C60 fullerene (Kroto and McKay, 1988), a curved sheet is first formed due to energy minimization (Ugarte, 1992; Kroto, 1990), and then spiral growth to form a multilayered fullerene continues by wrapping of a hexagonal network with occasional pentagonal rings to optimize curvature (Kroto and McKay, 1988). A partially closed nautilus-like sphere is first formed, and as edge by-pass occurs closure is no longer possible, growth of the curved hemisphere continues to form spiral C nano- and micro-particles (Kroto, 1990).

It is most exciting to consider the possibility that such spiral organization might also occur in the case of eumelanin protomolecules (see Figs. 8(B) and 8(C)). Following the spiral model for nucleation and growth of fullerenes, it is tempting to assume that a similar mechanism may take place to form spiral BQPoe sheets. A supramolecular organization of annular and/or spiral melanin protomolecules could be formed by aggregation of small and then large globular structures, perhaps following co-axial and/or co-lateral (side-to-side) binding. Crystalline C60 (fullerite, Krätschmer et al., 1990), C60 fullerene fibers (Malik et al., 2007), graphite and graphene sponges and cross-linked fullerene frameworks (Nueangnoraj et al., 2013; Bay et al., 2016), onion-like graphitic spheres (Diudea et al., 2014), as well as fulleroids and schwarzites (Avery, 2018) are illustrative examples of possible structures for supramolecular eumelanin organization.

As reviewed by Büngeler et al. (2017), the formation of mammalian and Sepia eumelanin involves four steps of hierarchical buildup mechanism. Each step increases the size of the melanin particle in the following way: (a) melanin oligomer sheets produce (b) proto-particles (~2–5 nm) with onion-like structure, which condense into (c) spherical type-A particles (~20–40 nm) that then aggregate in (d) spherical type-B particles (~200 nm). Morphological data indicate that large particles are amorphous aggregates of small globular bodies (Longuet-Higgins, 1960). It is noteworthy the analogous size of a spherical proto-particle (20–50 Å), and the spiral BQPoe model (2 and 4 turns: 21 and 42 Å in diameter, respectively).

This allows to speculate that the supramolecular organization of both natural and synthetic eumelanins derives from fractal aggregates of globular units, the aggregation process involving hydration levels, with low pHs and high ionic strength promoting aggregation to larger structures (Bridelli, 1998). This agrees with the hypothesis advanced by Zeise et al. (1992) of small (proto) particles that are capable of aggregating to build the final eumelanin structure.

According to D’Alba and Shawkey (2019), and Benito-Martínez et al. (2020), melanosomes are formed through four stages identified by TEM. The pre-melanosome Stage I is an endosome budded from the trans-Golgi network (TGN), with incipient PMEL17 amyloid-like fibrils; in Stage II, fibrils are assembled into a laminar matrix, formed by regularly spaced sheets; in Stage III, synthesis of electron-dense melanin appears on the β-sheet fibrils of the laminar matrix; and in Stage IV, deposition of melanin continues until the underlying sheets are completely obscured. Normally, deposition of melanin is limited to Stages III–IV, but tyrosinase activity is early detectable in the TGN; from them, coated vesicles containing the enzyme bud and fusion with stage II melanosomes.

On the basis of chemical and physical data, eumelanin protomolecules would be formed by stacking of four or more sheets (oligomers), with each sheet consisting of 4-16 indole monomers linked together, so that the O atoms lie on the outer edges of the sheet, whereas the N atoms are located in a porphyrin-like hole at the sheet center (Cheng et al., 1994; Zajac et al., 1994; Zecca et al., 2008). The oligomers are then settled in planar graphitic layers or in fullerene-like bodies (Nicolaus, 2005a). Stacked planar or spiral oligo-BQPo units accord with this proposed structural organization of eumelanin. In the local-order-global-disorder model, a combination of π-stacked, hydrogen and ionic bonded nanostructures would be formed, which then aggregate to form disordered spherical particles that aggregate again to form globular structures (Sulzer et al., 2018). Both neuromelanin and eumelanin were claimed to be composed of onion-like concentric circles (Schroeder et al., 2015), which agrees with the idea that the melanin protomolecules could assume a fullerene-like closed form (Olivieri and Nicolaus, 1999; Nicolaus, 2005a), or a spiral globular structure (see Figs. 7 and 8).

Supramolecular Properties

Striking features of eumelanin are broad-band light absorption, efficient dissipation of the absorbed photon energy as heat, semi- and photo-conductivity features, ultrasound absorption, strong binding of metal cations and organic compounds, paramagnetism, reversible redox behavior, antioxidant and radical-scavenger activity, high adhesivity, and ion-exchange reactions. Previous and recent reviews on the chemistry, properties, biotechnological and biomedical applications of melanin and melanin-like materials are available (see Edelstein, 1971; Swan, 1974; Sarangarajan and Apte, 2006; Solano, 2017; Scognamiglio et al., 2017; Huang et al., 2018; D’Alba and Shawkey, 2019; Park et al., 2019; d’Ischia, 2018; Mavridi-Printezi et al., 2020; Galeb et al., 2021; Blázquez-Castro and Stockert, 2021). In what follows, some of these fascinating properties will be elaborated upon.

Spectroscopical features

The brown-black color of eumelanin is a direct evidence of its efficient light absorption (Cavallini et al., 2020). Spectral absorption of mammalian, invertebrate (cuttlefish), and synthetic melanins, as well as carbon black (e.g., China ink) presents similar features, showing a broad-band photonic absorption with exponential decay from the ultraviolet (UV) to visible and near-infrared (NIR) region (Tran et al., 2006; Plaetzer et al., 2009; Micillo et al., 2016; Micillo et al., 2017; Mostert, 2021). This feature reminds more of graphitic materials and inorganic semiconductors with a small Eg (~0.5–1.5 eV) than of organic chromophores with structured absorption peaks, which are typically associated to transitions from π bonding to antibonding π* localized orbitals.

In keeping with this, eumelanins are supramolecular amorphous semiconductors characterized by valence and conduction bands (Nicolaus, 1997; Mavridi-Printezi et al., 2020). These features are also found in graphene and pyrolyzed PDA, as well as carbon spheres and films (Liu et al., 2014). In addition to UV-visible-NIR radiation, eumelanin is capable of absorbing X- and γ-rays (Hill, 1992; Krol and Liebler, 1998), and ultrasound in the MHz range (Kono et al., 1979; Kono et al., 1981; McGinness et al., 1976).

Taking into account the stimulating effect of UV radiation on melanogenesis, UV treatments have been applied to mitigate depigmentation in vitiligo patients. Using several types of phototherapy (psoralen–UVA, narrow-band UVB) has not yet produced a definite cure, although prolonged phototherapy with the latest modality appears encouraging for face and neck vitiligo lesions (Bae et al., 2017).

The amplitude of the Eg in oligomers and unstacked eumelanins is relatively wide, but it diminishes when the conjugation (number of repetitive units) increases, and also when stacking occurs. In this way, the Eg of the pigment reaches the typical narrow values of semiconductor materials (Fig. 10).
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Figure 10: Eg curves for melanin models as a function of the number of repetitive units. (A) Eumelanin models with indole units (a–d) or ether bridges (e). (a) 4-7 IQ; (b) BQPo; (c) 3-4 IQ; (d) 1-7,3-4 IQ; and (e) BQPo ethers; in this case, the black circle indicates one BQPo unit without ether bridge. Tetra-BQPo with 3 ether units (EI = 1) has Eg = 2.1 eV. The exponential extrapolation (dashed red curve) shows that with 5 units, Eg would be ~1 eV, and with 50 units, ~0.2 eV. (B) Allomelanin models. (a) 3,4-7,8(1,2,5,6-naphthoquinone); (b) 3-6(1,2,7,8-naphthoquinone); (c) 2-2(o-benzoquinone); (d) 2-5(3,4-dioxopyrrole); (e) 2-7(1,8-naphthoquinone, poly-DHN); and (f) 1-4(2,3-naphthoquinone).

Although lower than in monomer precursors, the Eg of oligomers with few indole units is still considerable (Fig. 10(A)). However, with increasing units the separation between the VB and CB becomes smaller and within the semi-conductivity range (Eg ≤ ~4 eV). In the case of oligo-BQPo with ether bridges (BQPoe), Eg depends on the number of bridges. The same behavior of Eg occurs in the case of allomelanin materials (Fig. 10(B)).

Therefore, melanins are similar to conductive and semi-conductive organic polymers such as poly acetylene, poly p-phenylene, poly aniline, poly thiophene, and poly pyrrole (with Eg of 2 eV and 3 eV for the two latter compounds, respectively), co-planarity of aromatic units being a basic requisite (Gardini and Berlin, 1991; Nicolaus, 2005a). Linear semi-conductive polymers, either flexible or rigid, is based on a high π-electron delocalization, and this is just what occurs in the planar poly-BQPo model (see Fig. 3).

Synthetic and natural eumelanins act as an amorphous semiconductor threshold switch. Switching occurs reversibly at potential gradients two to three orders of magnitude lower than reported for inorganic films (McGinness et al., 1974; Filatovs et al., 1976; Nicolaus, 1997; Jastrzebska et al., 2002). In a post-publication note (Mott, 2001), a flash of light (clearly electro-luminescence) was described when melanins switch. The weak electrical conductivity (σ = 10–11 to 10–7 Ω–1cm–1) is increased by formation of charge-transfer complexes, metal doping and included agents, presence of counterions, hydration, light and temperature.

Threshold conductivity switching, photo-conductivity, stable EPR signal, photo-voltaic effect, etc., are conspicuous features but small variations can be found according to the method of synthesis and purification used (Nicolaus, 1997). Black, solid-state amorphous semiconductors have a very narrow Eg (0.1–1.7 eV). An example is the broad-band absorbing fullerene C60 with Eg = 1.7 eV. NIR radiation of 808 nm corresponds to an energy of 1.53 eV.

Fluorescence

Eumelanins are capable of dissipating >99.9% of absorbed UV-visible radiation through a non-radiative decay mode (Meredith and Riesz, 2004). Since the radiative decay of excited eumelanin is nearly zero, it is expected that its fluorescence emission should be negligible, as was early pointed out (Thompson, 1966). However, an intriguing autofluorescence has been assigned to melanin (Fellner et al., 1979; Gallas and Eisner, 1987), with an excitation peak at 450 nm and emission from 440 nm to >800 nm. Fluorescence lifetime imaging for ophthalmoscopy, thermophoresis assays of melanin-binding drugs, and detection of melanin in pigmented cells have been reported and assigned to autofluorescence (Fernandes et al., 2016; Dysli et al., 2017; Hellinen et al., 2020).

Although under UV or short visible light, melanin has negligible fluorescence, under 785-nm NIR excitation it shows a very weak broad-band emission between 820 and 920 nm, which is superimposed with the Raman scatter at 880 and 890 nm (Huang et al., 2006). In contrast, a strong yellow autofluorescence of melanins is induced by partial degradation after H2O2 oxidation or UV/violet (330–380 nm, 400–440 nm) radiation on natural and synthetic eumelanin, neuromelanin, and pheomelanin (Kayatz et al., 2001; Elleder and Borovanský, 2001). Interestingly, fluorescent quantification of melanin can be made after degradation under oxidative conditions (heating in alkaline H2O2) (Rosenthal et al., 1973; Fernandes et al., 2016).

Likewise, the fluorescence of opio-melanins at 440 and 520 nm, is due to low- and middle-molecular weight fractions, respectively, formed during oxidative photo-bleaching (Mosca et al., 1999), whereas the high molecular weight fraction does not fluoresce. A similar process occurs for the eumelanin-like, non-fluorescent, oxidized brown-black DAB polymer. After immunoperoxidase-DAB staining and irradiation with UV light for 2–4 min, positive cells develop a strong yellow fluorescence that is due to the cleavage of the DAB polymer into smaller fluorescent products (Grube, 1980).

On the other hand, a formaldehyde-induced fluorescence (FIF) in human melanocytes was early described and identified as due to the reaction of the aldehyde with DOPA, yielding an isoquinoline derivative (Falck et al., 1965; Rost and Polak, 1969). A green FIF was found in melanin-containing cells from the tapetum lucidum layer of the cat eye (Büssow et al., 1980). In this case, the exc/em maxima (430/490 nm) corresponded to those from 5-S-cysteinyl-DOPA component of pheomelanin rather than DOPA. The levels of 5-S-cysteinyl-DOPA in serum and urine were also a sensitive diagnostic method for detection of melanoma metastasis.

Studies using the FIF method (Paul, 1984) indicated that nevus cells are possibly derivatives of normal melanocytes, still showing a dendritic pattern. Photo-historic analysis also showed that the initial growth of melanoma was very protracted, and mistaken for nevi. Although dendritic tumor cells often occur in all types of melanoma, a great number are only visible in lentigo maligna.

In contrast, fluorescence quenching by melanin is now used for reducing the background autofluorescence of Xenopus laevis oocytes, thus improving specific signals from fluorescent-labeled probes after injection of mRNA (Lee and Bezanilla, 2019). Two methods were suitable, either using the drug, HG 9-91-01, to stimulate melanin production, or direct injection of synthetic PDA-melanin within oocytes.

Paramagnetism

Mammal-, sepio- and DHI-melanin have a radical-cation nature. About one cationic center for every 6-8 indole units was calculated from chlorine values. Melanins also contain one stable radical (unpaired electron) per 200–300 units, which gives an intense electron paramagnetic (spin) resonance (EPR) signal (Blois et al., 1964; Nicolaus, 2005a). Likewise, synthetic fungal DHN-melanin shows higher paramagnetism and stronger radical scavenging capacity than eumelanin (Longuet-Higgins, 1960).

A method for the unambiguous identification of melanin is just based on the detection of radicals by EPR spectroscopy, and it can be applied for the recognition of microscopically undetectable melanin in melanomas (Sarna and Swartz, 1978). It is also known that the strong binding of NM to Fe3+ and other metals enables both EPR and nuclear magnetic resonance (NMR) detection in the living brain (Sulzer et al., 2018).

In the NM–Fe complex the neuromelanin component contains a stable radical associated with the catechol semi-quinone group, and a high spin Fe3+. The two species closely interact, forming a complex used for magnetic resonance imaging (MRI). Sequestering radical-containing NM in an autophagic organelle could be protective against radical damage, whereas the synthesis of NM is thought to be neuroprotective as it removes excess cytosolic dopamine (Sulzer et al., 2018). Among the most versatile platforms, SiO2 shell nanoparticles coated with Gd3+-chelated synthetic dopa-melanin have been applied for in vivo MRI-fluorescence imaging, as well as to induce antitumoral photothermal effect (Cho et al., 2016).

Metal binding

Metal-chelation by oxygen ligands (e.g., catechol, carbonyl, carboxyl) from melanins allows binding between polymer chains, Mg2+ and Ca2+ ions being the main cations. Histochemical methodology using selective binding of Ca2+ by catechol- or quinone-containing reactive dyes are well known (Stockert and Blázquez-Castro, 2017). It is accepted that the high adhesivity of melanins are based on the presence of catechol and quinone groups (Scognamiglio et al., 2017; Ruiz-Molina et al., 2018; Cavallini et al., 2020; Hauser et al., 2020). In the case of melanin models, side-to-side dimers of different structures (e.g., 1-7, 3-4 IQ or DHI, and BQPo) can be easily formed by edge-to-edge binding of metal cations (Sulzer et al., 2018; Cavallini et al., 2020) (see Fig. 2(H)), in stacked planar, cyclic or spiral configurations.

Native sepiomelanin appears as a Ca and Mg salt. Binding to metal cations include alkali, alkali earth, transition metals, and lanthanides (e.g., Na, K, Mg, Ca, Mn, Fe, Cu, Zn, Cd, Sr, Pb, La, Gd, etc.) (Zecca et al., 2008: d’Ischia et al., 2015; Cho et al., 2016; di Mauro et al., 2017; Sulzer et al., 2018; Cavallini et al., 2020). The amount and binding affinity of melanin can be quite large, binding to Mg2+, Ca2+, Sr2+, and Cu2+ being 5, 4, 14 and 34 times stronger than EDTA. For Ca, Mg, Fe, Cu o Zn, the saturation levels of binding are ~3-4 indole units per ion (Mostert, 2021).

Metal-chelation by N ligands in porphyrin-like regions (e.g., cyclic IQ tetramer, porphycene) is possible for the corresponding melanin models. Porphycenes form metal complexes with Al3+, Fe2+, Fe3+, Mn2+, Ni2+, Cu2+, Co2+, Zn2+, Pd2+, etc. (Rubio et al., 2005; Stockert et al., 2007). Doping of eumelanin and synthetic melanin with metal ions allows metal-to-ligand charge transfer complexes (e.g., TiO2 with the indole unit DHICA), producing nanoplatforms for multimodal imaging and therapeutic applications, enhancing anti-inflammatory and antibacterial activity, and improving photocatalysis, light absorption, and photothermal effect of melanins (Cho et al., 2016; di Mauro et al., 2017; Cavallini et al., 2020).

Staining reactivity

Although eumelanin is a dark pigment, its light microscopic visualization depends on its concentration in the melanosome. Melanin can also modify the color of bound dyes. Unfortunately, cultured melanomas often show weakly or non-pigmented cells. The well-known B16 melanoma can differ significantly in pigmentation, minimal tumorigenic dose, expression of antigens, growth rate in mice, metastatic potential, etc. (Overwijk and Restifo, 2000). Microscopic analysis of cultured cells should allow the observation of melanosomes (Benito-Martínez et al., 2020), but morphological studies are often not performed or the absence of melanosomes is overlooked.

Although at present, many immunohistochemical methods for diagnosis and prognosis of melanomas are available (Hessler et al., 2020), the classical reaction for detection of melanin by means of silver staining remains useful. In the Fontana–Masson method (Thompson, 1966), the silver diammine cation (Ag[NH3]2)+ from an ammoniacal silver nitrate solution is reduced by melanin to colloidal metallic Ag0 (Bancroft and Gamble, 2008). This argentaffin reaction does not require any developer, and the dark color of the reduced silver directly demonstrates the presence of melanin. In addition, chromaffin cells and lipofuscin pigments are also revealed by this method. On account of their catechol groups, melanin also reduces ferric ferricyanide to Prussian blue at acidic pH (Thompson, 1966), and under acid conditions, the bound Fe3+ forms Prussian blue with added potassium ferrocyanide (Perls reaction, Lillie, 1977; Sulzer et al., 2018). Melanoma cells, additionally, can be histochemically detected by tyrosinase assays (Angeletti et al., 2004).

Eumelanin is negatively charged at pH values above 4 (Ball, 2010), and then some staining reactivity is related to its polyanionic nature. After common hematoxylin-eosin staining of tissue sections, melanosomes are visualized by staining with the cationic blue aluminum-hematein, which depends on the binding of Al ions to anionic sites. Other staining reactions are based on the high affinity of eumelanin for metal cations and cationic dyes (basophilia). An example is the iron uptake reaction giving a blue-green color (Thompson, 1966), which is typical of ferric-catechol complexes (Lillie, 1977; Sulzer et al., 2018).

Numerous cationic dyes can stain eumelanin. Examples are methylene blue and toluidine blue that stain the pigment in blue. Nile blue stains melanin dark green but also lipofuscin deposits in a blue color (Lillie, 1977). Pinkus’ Giemsa stains melanin in a green-brown color (Thompson, 1966). The precise binding mechanism of cationic dyes to eumelanin has been rather overlooked. Since Lerman’s formulation of the intercalative binding mode into DNA (Lerman, 1964), numerous dyes have been found to bind into nucleic acids by intercalation (Stockert, 1985), using strong face-to-face hydrophobic interactions between planar dyes and base pairs.

Therefore, on account of the aromatic and anionic character of eumelanin, intercalation of planar cationic dyes should be the preferential binding mode, as occurs with similar substrates stained by acridine, thiazine, azine, oxazine, and xanthene dyes. The emission of fluorochromes bound or near to eumelanin is quenched (Lee and Bezanilla, 2019), as occurs in the presence of graphene and graphene oxide, which severely quench the emission of attached fluorophores (He et al., 2010).

The copper-phthalocyanine (CuPc) macrocycle is an interesting model dye regarding binding to eumelanin. The CuPc dye Alcian blue 8GX has been used in TEM studies of PDA-melanin (Chen et al., 2013), but a rather poor increase of electron contrast occurs over the natural contrast of a graphitic structure. Using this dye, a new composite was formed by layer-by-layer film deposition of PDA-melanin and Alcian blue 8GX, which displayed an electrical conductivity 5 orders of magnitude higher than that of pure melanin films (Chen et al., 2013).

In addition to π–π stacking, electrostatic interactions with this and other cationic dyes should also play a role, because of the negative charge of eumelanin at neutral pH. Obviously, positive charges on the phthalocyanine ring itself (e.g., cuprolinic blue and its analogous zinc complex, Scott, 1980; Tas et al., 1983; Juarranz et al., 1987; Tempesti et al., 2008), or on the side chains (e.g., Alcian blue 8GX, Juarranz and Stockert, 1982; Scott, 1996) could be advantageous but not essential for intercalative binding and staining of eumelanin.

On the other hand, the acid dye CuPc tetrasulfonate was found to form stacked aggregates on the external surface of multiwall carbon nanotubes (Hatton et al., 2007). Therefore, three binding modes of CuPc dyes on aromatic polymers could occur, namely (a) intercalation between aromatic planes, (b) aggregation on aromatic surfaces, and (c) mixed binding modes. Distinct spectroscopic features should be observed for each case. Intercalation of inorganic cations (Li+, K+) and anions (PF6-, BH4-) between graphite layers is also possible (Gao et al., 2021; Ko et al., 2021).

Biomedical Applications of Melanin

Examples of biomedical uses of melanins and melanin-like materials are referred in recent reviews (Solano, 2017; Park et al., 2019; Hauser et al., 2020; Galeb et al., 2021). Melanins and melanin-like polymers, either alone or complexed with specific ligands, nanometals and oxides, etc., are now widely applied in biomedicine fields such as imaging procedures, opto-acoustic devises, highly adhesive materials, etc. (Park et al., 2019; Liu et al., 2020; Galeb et al., 2021). At present, the commercial availability of sophisticated fluorescence microscopes has also allowed a flourishing usage of melanins in biotechnology and biomedicine. Therefore, taking advantage of these materials, nanomaterials and nanomedicine have gained considerable interest and is now growing steadily (Sharma and Das, 2019; Park et al., 2021).

Regarding adhesiveness, PDA catechol and amine groups interact with substrate surfaces via chelation, hydrogen bonding, and hydrophobic forces (Solano, 2017; Ruiz-Molina et al., 2018). In keeping with this striking property, a possible use for adhesion of SARS-CoV-2 to allomelanin-impregnated chin straps has been suggested (Stockert and Herkovits, 2021).

Melanin production through recombinant microorganisms is an established biomedical application based on biotechnology. Bacteria can synthesize melanin, for example, Aeromonas, Azospirillum, Azotobacter, Bacillus, Escherichia, Klebsiella, Legionella, Micrococcus, Mycobacterium, Proteus, Pseudomonas, Rhizobium, Shewanella, Streptomyces, and Vibrio (Lin et al., 2005). As human melanin has structural similarity with fungal melanin, the pigment extracted from Cryptococcus neoformans has been used for the production of monoclonal antibodies capable of binding to human melanin, for treating patients with metastatic melanoma (Martínez et al., 2019).

Recently, a mechanism of melanin-mediated host immunity has been proposed for COVID-19, suggesting that melanin can bind and block the active site of serine protease furin, which is needed for viral entry into cells (Paria et al., 2020). However, the used in silico analysis could be misleading, because no polymeric model of eumelanin can occupy the suggested small binding site of furin. In this rather polemic article, antiviral, antimicrobial, anti-inflammatory, antitumor, and immuno-stimulating activities of melanins were also proposed (Paria et al., 2020).

Most innovative biomedical applications of eumelanin concern ophthalmoscopy and oncology. In the case of ophthalmoscopic diagnosis (in which the lifetime of autofluorescence from the retinal pigment epithelium is recorded), melanin is commonly reported as the autofluorescent green-yellow fluorophore. However, the most important emission is not due to melanin but to lipofuscin (Dysli et al., 2017), which in the window of 440–470 nm excitation and 410–700 nm emission is the brightest fluorescing agent. Other relevant endogenous fluorophores are NAD(P)H, FAD, collagen, elastin, and carotenoids.

In oncology, promising photochemical and photophysical treatments for melanomas are photodynamic therapy (PDT), photothermal therapy (PTT), and sonodynamic therapy (SDT).

Photodynamic therapy

PDT is an antitumor treatment based on the selective uptake of a photosensitizer within tumor cells followed by a suitable light irradiation, which generates reactive oxygen species (ROS) and/or radicals inducing cell death (Stockert et al., 2004; Plaetzer et al., 2009; Zhang et al., 2018; Baskaran et al., 2018; Wang et al., 2021). PDT and PTT protocols for melanomas can be now used. The strong light absorption of melanin and its anti-oxidant and radical-scavenger capacity could hinder PDT effects on melanoma cells, but advances in PDT applications in melanoma cultures or tumors have been described (Barbazetto et al., 2003; Sheleg et al., 2004; Kolarova et al., 2007; Skidan et al., 2008; Chen et al., 2008; Cook-Moreau et al., 2010; Maduray et al., 2011; Radzi et al., 2012; Baldea and Filip, 2012; Rapozzi et al., 2014; Naidoo et al., 2018; Pereira et al., 2018; Valli et al., 2019; Akasov et al., 2019; Pan et al., 2021).

Recently, Pires et al. (2020) applied dual PDT for murine B16-F10 pigmented and B78-H14 non-pigmented melanomas using cellular-PDT with Photodithazine, and vascular-PDT with Visudyne, followed by irradiation with 670 and 690 nm, respectively, with good results. Here, a novel approach was the topical use of optical clearing agents before PDT to improve the light penetration in melanoma tissue.

A recent addition to the stockpile of PDT is upconversion PDT (UC-PDT). This approach takes advantage of the upconversion phenomenon: the emission of more energetic photons (UV-VIS) after two or three less energetic photons (NIR) are absorbed and their energies summed up by certain rare-earth doped materials (Qiu et al., 2018). This UC-PDT has been successfully applied in experimental models of melanoma PDT, both in vitro (Lee et al., 2020) and in vivo (Idris et al., 2012). However, it must be noted that upconversion in general and, by extension, UC-PDT rely on light intensities (0.5 Wcm–2 and above) that can lead to a direct photothermal action, particularly when a melanotic tumor is the target. Indeed, this is the case for some of the results reported. Idris et al. (2012) found that laser illuminating the melanotic tumors without UC nanoparticles induced a notable tumor toxicity. This could only happen due to a photothermal effect, probably driven by melanin absorption of the 980 nm photons employed. In fact, UC nanoparticles have been recently employed to enhance the photothermal effect in a melanoma model due to the efficient NIR-to-heat conversion of these nanoparticles (Krylov et al., 2020). Even more recently, another group has advanced a complementary UC-PDT/UC-PTT approach to maximize the damaging action upon melanoma tumors (Zhong et al., 2021). In our opinion, the intense light fluxes (around Wcm–2) necessary to produce the UC-PDT preclude their successful application in melanotic melanomas because the NIR absorption of melanin will provoke an unavoidable thermal shock in the tissue.

Photothermal therapy

In contrast with the photochemical principle supporting PDT, PTT is an antitumoral therapy based on the physical photothermal effect (light-to-heat conversion) (Parrish et al., 1983; Jori and Spikes, 1990; Camerin et al., 2009). In this case, the generation of ROS is not required for tumor cell death. An efficient photothermal effect requires fast conversion of excited electrons to vibrational excitation states, which then decay with heat production inducing denaturation of macromolecules, vaporization, and acoustic shock-waves.

Eumelanin is practically the ideal photothermal sensitizer, and the massive vibrational decay from photo-excited electrons in melanotic melanomas induces an efficient heating response that results in coagulative necrosis of the tumor (Kostenich et al., 2000; Colombo et al., 2019; Blázquez-Castro and Stockert, 2021). In the case of melanin-PTT, the endogenous chromophore eumelanin is the selective PTT agent for NIR irradiation (Fig. 11). Control B16-F10 melanoma cells appear with numerous melanosomes showing variable size and shape, whereas after NIR irradiation, massive coagulative necrosis, cell debris, and a large amount of round melanin-containing macrophages (melanophages) are observed, allowing repetitive PTT treatments. Necrotic tumor cells actively attract macrophages through a phosphatidyl-serine-exposure mechanism (Li et al., 2015). This approach has been applied in Au-SiO2 nanoshells-loaded macrophages for NIR-PTT of tumors (Madsen et al., 2015).
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Figure 11: H&E images of paraffin sections from B16-F10 murine tumors. (A) Non-irradiated tumor showing polygonal cells, intracellular brown-black melanosomes, and large extracellular melanin granules (arrows). (B) Tumor 24 h after NIR irradiation for 10 min with a portable cw 808-nm laser pointer (200 mW, 1.2 mm beam diameter), showing massive coagulative necrosis: disrupted cells, pycnotic nuclei, and a large amount of round melanin-containing macrophages (melanophages) (Reproduced from Colombo et al., 2019).

Melanin-like materials, colloidal PDA-melanin, and PDA-coated nanoparticles are suitable NIR photothermal agents for in vivo cancer therapy, and have increasing interest for applications in nanomedicine (Liu et al., 2013; Yue and Zhao, 2021). The retinal melanin-pigmented epithelium has been proposed as a suitable PTT target for treatment of macular diseases (Roider et al., 2000). An enhanced PTT also occurs after metal binding to melanin (Cavallini et al., 2020).

On account of an adequate ratio between light absorption by PTT agents and light penetration into tissues, the use of 800-nm NIR-laser irradiation is very suitable to induce successful PTT effects (Weissleder, 2001). Glycerol can be applied to reduce light dispersion by the skin over the tumor (Blázquez-Castro et al., 2018). As glycerol is a strong protecting agent against cell hyperthermia (Henle and Warters, 1982), application of a glycerol drop on the depilated skin also avoids the undesired heating and damage of healthy tissues.

In addition to melanins, carbon materials, black pigments and dyes, mixed-valence compounds, and metal nanoparticles show relevant photothermal activity under NIR illumination (Jiang et al., 2013), and could be used to reinforce melanin-PTT. In the case of black pigments, successful PTT responses have been obtained by using graphitic materials such as carbon dots, nanotubes, etc. (Fisher et al., 2010; Zheng et al., 2015; Chen et al., 2016). Simple China ink (carbon black) is a highly effective PTT agent (Blázquez-Castro et al., 2018). Commercial black toners could be suitable, but they have little carbon content, and large quantities of plasticizer additives (styrene acrylate copolymer and polyester resin), and are not adequate for in vivo applications. Carbon quantum dots (<10 nm, obtained from microwave treatment of lemon juice, as well as citric acid, urea, amino acids, etc.) consist of graphitic cores and hydrophilic functionalized shells (Ross et al., 2020), and are very appropriate for PTT of tumors (Sharma and Das, 2019), and sensing toxic metals by fluorescence quenching (Tadesse et al., 2020).

Some Cu(II)-, Ni(II)-, and Pd(II)-containing dyes, such as Cu-hematoporphyrin (Soncin et al., 1999), Ni-octabutoxy-naphthalocyanine (Busetti et al., 1999), and Pd-octabutoxy-naphthalocyanine (Diddens et al., 2003), show NIR-induced photothermal effects. Extensive chemical and mechanical cell damages are caused by the photo-generation of an acoustic shock wave from clusters of aggregated dye within cells (Camerin et al., 2005). Conventional black dyes with canonical absorption spectra, such as Sudan black B, organol black R, amidoblack 10B, aniline blue black, and nigrosine WS (Lillie, 1977; Horobin and Kiernan, 2002) are potential candidates to be used as photothermal agents. The same would be expected for mixed-valence compounds such as ruthenium red, phosphomolybdic blue, Prussian blue, and amylose-iodine inclusion complex (Robin and Day, 1967; Lillie, 1977; Clark, 1984).

Metal and oxide nanoparticles are also currently studied for diagnostic and therapeutic applications (Shi et al., 2015; Li et al., 2018). Administration of gold nanoshells composed of silica cores covered by Au layers to murine colon carcinoma cells followed by 808-nm irradiation resulted in an excellent PTT response (O’Neal et al., 2004). Among other processes, the plasmonic effect induces a photothermal response useful for antitumoral therapy (Carrasco et al., 2020). NIR-laser irradiation of gold (Au) nanoparticles (mainly nanorods, both in vitro and in vivo, either after intratumoral or intravenous injection) generates a plasmonic photothermal effect (PPTT), which results in cell apoptosis and tumor destruction (Huang and El-Sayed, 2011).

An interesting approach for selective targeted PTT of melanoma cells was described by Lu et al. (2009), using hollow Au nanospheres attached to a ligand peptide (melanocyte-stimulating hormone analog) for receptor-mediated PTT of the B16/F10 melanoma subjected to 808-nm irradiation. The combination of spherical shape, small size (average diameter ~40 nm), absence of silica core, and strong absorption bands in the NIR region makes these nanoparticles ideally suited for PTT.

The analysis of chemical candidates to quickly evaluate a possible PTT effect can be performed using “spot test” on paper strips, followed by NIR laser irradiation. Ignition of blotted papers occurs after few seconds, when temperature reaches 218–246°C, and it is a clear end point of the photothermal reaction. The temperature increase of aqueous solutions of photothermal candidates subjected to irradiation can be also recorded by using a simple mercury thermometer or a thermocouple to assess photothermal responses (Blázquez-Castro et al., 2018; Colombo et al., 2019). Useful biological materials to study mechanisms and applications of melanin-based PTT include bacterial biofilms, 3D melanoma spheroids, and whole organisms such as black amphibian eggs and embryos (Rhinella, Bufo), black insects (Aedes aegipty), plant beans (Phaseolus vulgaris), and black seeds (Sesamum indicum, Salvia hispanica, etc.).

Melanin and ultrasounds

In addition to the biomedical use of ultrasounds (US) in echography, US applications include imaging methods for microscopy, antitumoral high-intensity focused US therapy (HIFU), and sonodynamic therapy. The US microscope uses frequencies near 1,000 MHz, which display viscoelastic properties with a resolution comparable to the light microscope. Sections of normal human retina revealed acoustic attenuation (absorption) in tissue structures such as cell nuclei, rod and cone outer segments, melanin, and red blood cells (Marmor et al., 1977). Comparison of tissue from albino and pigmented rabbits showed that melanin was a particularly strong acoustic attenuator. Photoacoustic signals can also be used to reveal circulating melanoma cells by flow cytometry (O’Brien et al., 2012; Viator et al., 2020).

At present, photoacoustic imaging (PAI) has evolved into a 3D imaging modality (Kratkiewicz et al., 2021). The sample to be imaged is optically excited, leading to a transient temperature rise, with very fast (ps-ns) thermoelastic expansion of the chromophore followed by emission of an acoustic wave. The absorber agent can be endogenous (melanin, hemoglobin, myoglobin, lipid, bilirubin) or exogenous agents such as dyes. Acoustic waves from the absorber are detected by US transducers, generating the absorption map of the tissue. As acoustic waves can traverse longer distances than photons, sensitivity of PAI in deep tissues is orders of magnitude higher than that of pure optical imaging modalities.

In the case of HIFU, a direct and lethal heating of water is obtained focusing high-intensity US into tumor tissue (Lee et al., 2006). However, the melanin content of melanomas strongly absorbs US across several frequencies, and can be used as specific sono-sensitizer (SS). The absorption at 4 MHz has been assigned to molecular motions of a melanin protoparticle with an average molecular weight of ~1.4 × 104 Da (Kono et al., 1981). Interestingly, this value agrees with the molecular weight of a protoparticle modeled as a 4-turn spiral BQPoe (~1.3 × 104 Da). Likewise, the diameter of a protoparticle of PDA-melanin by X-ray diffraction studies is ~30 Å (Chen et al., 1994; Bridelli, 1998), which also corresponds closely to the diameter of a 4-turn spiral BQPoe model (~34.3 Å). In addition, a resonance at 250 MHz was found in melanin associated with stacking of the indole monomer (Kono et al., 1981).

Sonodynamic therapy

An emerging approach for the treatment of atherosclerosis and invasive tumors is sonodynamic therapy (SDT), which involves the use of a SS followed by exposure of the labeled tissue to low intensity ultrasound (US) (Kou et al., 2017; Li et al., 2020; An et al., 2021). Because US has deeper tissue penetration than light, SDT has advantages over PDT and PTT methods. It is accepted that after SDT, tumor cell damage and death are due to generation of ROS and radicals, and then this modality should be better named “sono-electrochemical therapy” (SET), to avoid the misleading use of the term “dynamic”. Employed USs are mainly 1–2 MHz and 0.5–10 W/cm2 (Abrahamse and Hamblin, 2016). Natural SSs such berberine, curcumin, hypericin, and protoporphyrin IX have now increasing importance (Kou et al., 2017; An et al., 2021). Significant regression of experimental melanomas has been achieved using several SSs such as TiO2 nanoparticles, chloroaluminum phthalocyanine disulfonate, and nickel ferrite/carbon nanocomposites (NiFeO/C), which indicates that SET may be more effective than PDT in treating advanced melanotic melanomas (Li et al., 2020). It is noteworthy that the strong US-absorbing eumelanin from melanomas is just a highly suitable endogenous SS for SET.

Drug and dye binding to melanin

Natural and synthetic melanins are capable of binding other molecules with high dielectric constants (water, dimethyl sulfoxide, formamide, methanol), inducing reversible conductivity changes of as much as ten orders of magnitude (Filatovs et al., 1976). The resistivity of hydrated DOPA-melanin complexed with diethylamine and subjected to US of 10 kHz reduces by ~6 orders of magnitude (Corry et al., 1976). The high affinity of sepia and hair melanins for organic compounds allows to form charge-transfer complexes between the pigment (electron acceptor) and the included compound (electron donor), resulting in a strongly increased conductivity (Nicolaus, 1997).

Both US absorption by melanin, and the number of dead cells do increase sharply with temperature from 7 to 37°C. US absorption is the initial step of the cytotoxic events that convert the phonon energy into cytotoxic products through phonon-electron interactions within the melanosome (Kono et al., 1979). Melanin-binding drugs and dyes induce toxicity in melanocytes subjected to US. Cultured melanotic tumor cells treated with chlorpromazine are preferentially killed by 10 kHz US irradiation (Corry et al., 1976), with radical production appearing involved in DNA damage. Likewise, 1 MHz-US induces melanin degradation and killing of melanin-containing cells, which are strongly potentiated by previous treatment with melanin-binding drugs, such as chlorpromazine and kanamycin (McGinness et al., 1976; Kono et al., 1979).

On the other hand, copper phthalocyanine (CuPc) dyes (e.g., Alcian blue 8GX, Alcian blue pyridine variant, cuprolinic blue, etc.) stain chromatin DNA, and intercalate into nucleic acids duplexes, triplexes and quadruplexes (Juarranz and Stockert, 1982; Stockert, 1985; Juarranz et al., 1987; Scott, 1996; Macii et al., 2020). Therefore, intercalative binding of these dyes with other aromatic substrates such as eumelanin would be expected to occur, as is the case of Alcian blue 8GX binding to PDA-melanin (Chen et al., 2013). Fig. 12 illustrates this possible binding mode, in which a close molecular fitting occurs between the aromatic CuPc chromophore and two aromatic BQPoe units (Figs. 12(A) and 12(B)), showing fused LUMOs of the intercalation complex (Figs. 12(C)). Intercalative binding of dyes appears as a striking feature of eumelanin, which does not involve structural changes in the X-ray diffraction of the pigment (Thathachari and Blois, 1969), because the dye represents just another aromatic plane.
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Figure 12: (A) Frontal view of the copper-phthalocyanine ring (CuPc, yellow lines) intercalated between two BQPoe units (thin lines) with ether bridges (e), after MM+ energy optimization converged to E = 1 kcal/(Å mol). (B) Lateral (atomic volume, Y axis) view of the intercalated CuPc-BQPoe complex. (C) LUMO+8 (extended Hückel method, Gouraud shaded 3D isosurface, contour: 0.00008, HOMO-0: E = –11.77312 eV, LUMO+0: E = –11.77038 eV, Eg = 0.002 eV). Observe fused MOs (asterisks). The separation between BQPoe and CuPc planes is shown. For element colors see Fig. 3.

The high binding affinity of eumelanin for drugs and dyes was found as an unexpected adverse effect of some neuroleptic and antimalarial drugs. Chronic administration of antidepresive phenothiazines (Kinross-Wright, 1956; Burian and Fletcher, 1958) and high-dose chloroquine therapy (Hobbs et al., 1959) produced chorioretinopathy, suggesting an association between toxic effects of some drugs and affinity for eumelanin. Binding of drugs to eumelanin was proved in silico by simple free-energy methods, and was also implicated in ototoxicity and disturbances of the skin and hair pigmentation (Raghavan et al., 1990).

Typical dyes and drugs that bind to eumelanin are acridine orange, aflatoxin B1, p-aminobenzoic acid, aminoglycoside and tetracycline antibiotics, bisazo dyes, carcinogenic hydrocarbons, chloroquine, chlorpromazine, dexamethasone, diclofenac, fluorocinolone, fluoro-quinolones, herbicides, iodoquine, methotrexate, papaverine, psychotropic and ophthalmic drugs, quinidine, thiazine dyes, thiouracil, thioureas, trimethyl-psoralen, etc. (Potts, 1962; Blois, 1965; Blois and Taskovich, 1969; Lindquist and Ullberg, 1972; Blois, 1972; Lindquist, 1973; Swan, 1974; Larsson, 1991; Larsson, 1993; Lowrey et al., 1997; Jakubiak et al., 2019; Hellinen et al., 2020; Kowalska et al., 2020; Rimpelä et al., 2020). Interestingly, binding of radionuclide-labeled dyes and drugs to eumelanin has been applied for melanoma diagnosis or therapy (Lindquist and Ullberg, 1972; Panasiewicz et al., 1978; Link and Łukiewicz, 1982; Napolitano et al., 1996; Chen et al., 2020).

In the intercalative binding mode, the planar ligand slips between the aromatic units of eumelanin layers from a side edge, and remains trapped as an inclusion complex or “graphitic sandwich”, allowing both linear and stacked fused LUMOs (Fig. 13). Numerous dyes and drugs may be used as photo- and sono-sensitizers to enhance the antitumoral activity against melanoma cells, by generating increased and selective photothermal and US electrochemical cytotoxicity, respectively. Suitable dyes for intercalation between aromatic eumelanin layers would be planar vital probes such as acridines, thiazines, porphyrins, phthalocyanines, porphycenes, bisazo dyes, etc.
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Figure 13: Schematic lateral view of intercalated dyes or drugs (ID, red) into melanin layers (ML, blue) of a planar rigid model of eumelanin such as poly-BQPo, showing the linear (vertical), and stacked fused (horizontal) LUMO patterns, with positive (green) and negative (violet) lobes. Asterisks indicate fused LUMOs.

Acridine orange, toluidine and methylene blue, thionine, Nile blue, TMPyP, ZnTPP, ZnPc, TPPo, PdTPPo, etc., accumulate in endosome-lysosome organelles (Stockert et al., 2004; Stockert et al., 2007), to which also belong melanosomes (Orlow, 1995; Raposo and Marks, 2007). The selective metachromatic staining of skin melanosomes from Eubalaena australis with the thiazine dye, toluidine blue, is illustrated in Fig. 14. It is worthy of remark that photo- and sono-active melanin-binding dyes could be the same vital probes commonly used for lysosomes. New developments are expected to occur in these innovative fields of melanosome labeling and physical melanoma therapy.
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Figure 14: Paraffin section of formaldehyde-fixed skin of a southern right whale (Eubalaena australis) stained with toluidine blue (50 µg/mL for 10 min), showing the strong and selective metachromatic reaction of melanosomes within keratinocytes (dark violet), and the orthochromatic reaction (blue) of nucleoli (Nu) within nuclei (N). The same pattern is observed after thionine staining. Micro-umbrellas of melanosomes over nuclei are indicated (arrows) (courtesy of M.C. Carou, C.D. Fiorito, and D.M. Lombardo).

In all these cases, very small Eg values of dye/drug-melanin complexes allow efficient energy coupling (Corry et al., 1976; McGinness et al., 1976: Crippa et al., 1991), which will result in improved photothermal and US-induced cytotoxicity in melanoma cells. A schematic drawing of possible photon-electron-phonon coupling involving NIR and US radiation followed by thermal and electrochemical responses is shown in Fig. 15.
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Figure 15: Schematic view of the possible “photon-electron-phonon” coupling model for energy interactions in intercalated eumelanin complexes, inspired in concepts from Corry et al. (1976), Migliaccio et al. (2018), and Sharma and Das (2019). The scheme shows the energy gap (Eg) between VB and CB of eumelanin occupied by a symbolically intercalated dye or drug (ID). Energy decay of photo- or sono-excited π electrons causes vibrational (heat) or electrochemical processes involving electrons (e–) and holes (h+), which participate in photo(electro)catalytic redox reactions. Reduction of O2 to superoxide radical (O2•–) and H2O2 proceeds under oxygenated conditions, whereas reduction of protons to H2 occurs under deoxygenated conditions. Holes can oxidize electron donor substrates (S) to (S+). All these ROS and radical products generate cell damage and death.

As US in the MHz range has considerable tissue penetration and is also strongly absorbed by eumelanin, appropriate ligand-eumelanin complexes would give an improved and deeper US therapeutical response, likely due to ROS and radical production (Corry et al., 1976). Therefore, this drug-enhanced SET may represent a more effective and non-invasive treatment for melanoma.

Conclusions and Perspectives

In this review, updated aspects of chemical structures and molecular models of eumelanin have been described, with emphasis on mechanistic parameters related to the main physico-chemical properties and biomedical applications. Rigid and stacked BQPo models, either as planar or curved sheets, seem to be the best candidates to explain important features of eumelanin, such as broad-band absorption and graphitic structure, semi-conductivity, photothermal and US responses, adhesivity, hydration and dehydration changes, binding to metal ions, drugs and dyes, etc.

Taking into account that it is relatively easy to build feasible molecular models, but difficult to prove such models wrong, and even more difficult to prove them right, the value of the proposed BQPo structures lies in satisfactorily combining a variety of ideas and data to assemble a possible eumelanin organization that make sense in terms of molecular structure and functionality.

The concept of melanosomes as rather inert organelles is in conflict with experimental evidence that show melanins as unusually efficient biopolymer devices for energy conversion. Eumelanins are among the best US-absorbing materials known, and this feature can be applied in US treatments of melanoma. Although there is a lot of progress in melanoma therapy, evolution and prognosis of the advanced disease are still a main concern. Stimulating the scientific discussion will surely lead to novel physical procedures being designed and applied. Melanocytes are killed in vitro by 1 MHz-US in proportion to their melanosome content and melanin-included agents. Melanin is a formidable energy absorber of UV-visible-NIR photons and US phonons, and this energy is then converted to tumor cell damaging heat or ROS and radicals.

Organic semi-conductive polymers span from the quantum realm to human disease. Darwin’s deaf white kitty illustrates the effect of a strong electron-phonon coupling phenomenon occurring in the inner-ear melanin (Nicolaus, 1997). In addition to strong US-absorbing properties, organic semi-conductive melanins have shown exciting new properties in biotechnology and biomedicine. Examples include organic light-emitting diode displays, melanin-melanoma relationships, deafness, Parkinson disease, and pathological processes based on melanin-drug binding. Melanins are also promising components of electronic circuits, batteries, and solar cells (Ambrico et al., 2011; Migliaccio et al., 2018; Mostert, 2021). Like other light-harvesting biological pigments (e.g., chlorophylls, carotenoids), melanized fungal cells can absorb photon energy from gamma, UV, and visible radiation, and transduce it into life-nurturing metabolic energy (Dadachova et al., 2007; Cordero and Casadevall, 2017). Melanin properties, its applications and possibilities bring upon these ancient and fascinating biopigments a rather renewed interest, as well as very exciting perspectives in biomedical research.
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