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Abbreviations

DHI 5,6-dihydroxyindole
DHICA 5,6-dihydroxyindole 2-carboxylic acid
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
OECT Organic ElectroChemical Transistor
PEDOT:PSS Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
WEEE (e-waste) Waste electrical and electronic equipment
XPS X-ray Photoelectron Spectroscopy

1 Introduction

Electronics have dramatically impacted the everyday life, at the global level. The use
of organic electronic materials extracted from natural sources (biosourced) opens
new venues for electronics: less relying on critical chemical elements and
eco-designed in terms of end-of-life scenarios, possibly including compostability
(Santato and Alarco 2022). Organic electronic materials can sustain ionic and
electronic transport, with implications in the concept itself of semiconductivity
(Reali et al. 2021). Melanins are a family of biopigments relevant for sustainable
organic electronics. Among melanins, eumelanin has been the member of the family
most investigated by physicists, materials scientists and physical chemists (Reali
et al. 2020, 2021). Eumelanin features a range of functional properties, such as ionic
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and electronic transport, redox activity, metal binding affinity, biocompatibility, and
biodegradability (Di Mauro et al. 2017; Liu et al. 2004). These properties are
relevant for optical, electrochemical, electronic, and metal recovery applications.
This chapter will review the chemical, structural and physicochemical properties of
eumelanin and its interactions with metal ions, focusing on recent developments and
building on the state-of-the-art in this same field, we proposed in 2017 (Di Mauro
et al. 2017).
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2 Chemical Structure and Physicochemical Properties
of Eumelanin

The term melanin indicates a set of indole/quinone-based natural pigments resulting
from biochemical syntheses taking place in different living organisms (animals,
plants, fungii, and bacteria) (Galeb et al. 2021; Xie et al. 2019; Cao et al. 2021).

Based on their chemical precursors, these pigments can be organized into five
categories: eumelanin, pheomelanin, neuromelanin, pyomelanin, and allomelanin
(Fig. 1).

In all cases, except for allomelanin, the pigments are obtained through the
oxidation/polymerization of the amino acid tyrosine molecules. Allomelanins are
synthesized from phenolic compounds by fungi and plants through a process of
biosynthesis (Singla et al. 2021).

Fig. 1 Biosynthetic pathways of the structures of melanin: eumelanin, neuromelanin,
pheomelanin, and the two nitrogen-free analogues, pyomelanin and allomelanin. Compilation of
converging data for pathways from a wide range of literature sources with a historical timeline
highlighting melanin discoveries. Adapted from ref. (Cao et al. 2021)
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Fig. 2 Potential structures of natural melanins: (a) DHI eumelanin and (b) DHICA eumelanin; (c)
Pheomelanin; (d) Neuromelanin; (e) Dimer of allomelanin; and (f) Two possible structures of
pyomelanin. Adapted from ref. (Cao et al. 2021)

For any of these melanin categories, as given in Fig. 2, it is necessary to use
rigorous extraction methods to isolate the melanin component from all the other
components present in the medium where the biosynthesis took place.

The preparation processes and sampling techniques can drastically change the
chemical composition of the extracted sample, thus affecting the physicochemical
properties of the extracted samples. (Liu and Simon 2003; Madaras et al. 2010). For
example, eumelanin extracted from the ink sac of cuttlefish using the “syringe”
method brings about an ink including L-DOPA (L-3,4-dihydroxyphenylalanine),
dopamine, and taurine. In contrast, the “milking” method bring about an ink
including tyrosinase and epinephrine (Madaras et al. 2010; Derby 2014).

2.1 Eumelanin

Within the melanin family of biopigments, eumelanin has been the most explored
and studied, because of its application in various fields, such as electrochemical
energy storage, bioelectronics and green electronics (João Paulin and Graeff 2021).
Eumelanin is a natural biomacromolecule composed of two building blocks:
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole 2-carboxylic acid form
(DHICA). The molecular ratio between DHI and DHICA building blocks affects



the physicochemical properties of eumelanin (Terranova and Tamburri 2021). The
presence of a quinone group in the building blocks, besides the presence of the
carboxylic group in one of the two building blocks, is among the distinctive
molecular features of eumelanin.
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Fig. 3 Supramolecular structures of DHI- and DHICA-melanins. (a) DHI melanin represented as
planar oligomeric scaffolds, (b) DHICA melanin is made up of twisted linear oligomer structures
featuring atropisomerism. Adapted from ref. (d’Ischia et al. 2014)

The carboxylic group is essential to differentiate the structure of eumelanin from
that of synthetic polydopamine, so explored in the last decade. The absence of the
carboxylic group brings about planarity in the molecular structure of polydopamine.
As opposed to that, eumelanin features a structure with twists in its carbon backbone,
where it is possible to observed atropisomerism by adjacent DHICA moieties
(Pezzella et al. 2002; d’Ischia et al. 2014). The existence of these stable conforma-
tional isomers is due to the sizeable torsional barrier along the inter-unit bond
(Fig. 3). In agreement with that, in the ultraviolet (UV)-visible spectra, no intense
absorption bands are observed above 400 nm for DHICA-based melanin structures
whereas intense absorption bands are observed for the DHI-based melanin structures
in the visible region (Micillo et al. 2016).

2.2 Eumelanin vs Other Melanins

The presence of the nitrogen atom also permits to differentiate among different
melanin structures. Allomelanin and pyomelanin are nitrogen-free melanins whereas
in eumelanin the nitrogen atom is part of a pyrrole ring and in pheomelanin it is part



of a thiazine ring. Neuromelanin results from the combination of 5-S-cysteinyl-
dopamine and dopaminochrome (Fig. 2d).
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It is worth noticing that, in general, the presence of the nitrogen atom in aromatic
heterocycles causes the non-bonding electron pair of the nitrogen to occupy a sp2

hybrid orbital. Therefore, the non-bonding electrons pair will be in orbitals with
significant “s” character, close to the nucleus (and as such less prone to engage in
chemical bondings). Despite reports on the participation of nitrogen atoms in
chelation bondings, the effects of sp2 hybridization should be taken into consider-
ation when studying melanin-metals interactions.

2.3 Chemical and Physical Disorder

Eumelanin features chemical disorder due to its two building blocks, several poly-
merization sites connecting the building blocks, and three redox states bringing
about comproportionation and tautomeric equilibria (Fig. 4). The chemical disorder
is associated to physical disorder, in the sense that several supramolecular organi-
zations are possible considering the different chemical species available in the
macromolecular eumelanin biopigment.

2.4 Functional Properties of Eumelanin

Beyond applications as UV–Vis absorbers, eumelanin features metal ion binding
properties, radical scavenging activity against reactive oxygen species, antioxidant
activity, and charge transfer/charge carrier (electronic and ionic) transport properties.
In what follows, we will discuss charge transfer and electrochemical properties.

Fig. 4 Molecular structures of DHI and DHICA, with R is –H in DHI and –COOH in DHICA. The
redox forms of DHI and DHICA are: hydroquinone (H2Q), semiquinone (SQ), quinone (Q) and
quinone imine (QI) (the tautomer of Q). The building blocks can polymerize into eumelanin
oligomers and polymers at different sites of the monomers (shown as 2, 3, 4, 7 in the figure).
Adapted from ref. (Di Mauro et al. 2017)
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3 Electrochemical Properties of Eumelanin: Focus
on Metal Ions

When dealing with redox-active materials and devices, electrochemistry helps to
shed light on electronic properties and chemical changes in materials upon charge
transfer processes (Zhu and Shi 2019). Most of natural redox active materials tend to
be non-soluble in aqueous media and form unstable colloidal suspensions. In addition,
their immobilization on the surfaces of working electrodes can be challenging.

3.1 Aspects of Redox Properties in Eumelanin, in Presence
of Alkaline and Ammonium Ions

Eumelanin can feature proton-coupled electron transfer (PCET) (Costentin et al.
2010). Considering its quinone functionality (Fig. 4), it is reasonable to make the
hypothesis that, during an electron transfer process in aqueous media, 2H+ and 2e-

are simultaneously transferred.
For Sepia melanin (eumelanin extracted from the ink sac of cuttlefish) (Kim et al.

2014; Xu et al. 2017; Gouda et al. 2020), Kim et al. report values between -0.2 and
0.25 V vs. Ag/AgCl (Kim et al. 2014) whereas Xu et al.(Xu et al. 2017) report values
of-0.06 V and 0.15 V vs. Ag/AgCl. These potentials are expected to depend on the
pH value of the electrolyte (Gouda et al. 2020), although some authors report on
potentials independent on pH (Serpentini et al. 2000). The interaction with alkaline
metal ions produces shifts in the redox potentials, likely because the ions interact
with the binding sites of eumelanin or intercalate within the supramolecular π–π
stacks (Xu et al. 2017; Borghetti et al. 2010; Tian et al. 2019).

The cyclic voltammetries for eumelanin in presence of different alkaline and
ammonium ions (Figs. 5a, b) show the presence of various redox signals.
Voltammograms obtained with DHICA-melanin are better resolved compared to
DHI-melanin, possibly because in DHICA-melanin, electron transfers, and ion
exchanges are more localized than in DHI-melanin. Instead, voltammograms of
DHI-melanin show higher values of the current owing to the more efficient π-π
stacking in DHI-melanin concerning DHICA-melanin (Xu et al. 2017; Lucia et al.
2013).

Tian et al. studied the mechanisms behind electron and ionic transfer in
eumelanin pigments immersed in aqueous electrolytes including the monovalent
cations Li+, Na+ and K+ (Tian et al. 2019). Their research succeeded in revealing
structure-electron transfer (redox) property relationships, beyond the expected redox
signals associated to the quinone/hydroquinone redox couple. In particular, redox
processes were associated to specific interactions between metal ions and carboxyl-
ates pendant groups or aromatic amines. Further, the effect of the size of the metal
ions was investigated.

On the one hand, there is a difference between natural and synthetic eumelanin, in
terms of redox properties. For natural eumelanin, redox signals may vary from



sample to sample due to the different ratios of DHI:DHICA. On the other hand, for
synthetic eumelanin, redox signals are more reproducible. Here, however, hetero-
geneities can manifest if, for instance, during the polymerization process not
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Fig. 5 Electrochemical behavior of eumelanin. DHICA-melanin (a) and DHI-melanin (b) in the
presence of monovalent ions, ν = 5 mV/s, acid buffers. Adapted from ref. (Xu et al. 2017). (c)
Mechanism proposed for the interaction/coordination of Mg2+ ions in the catechol groups in Sepia
melanin during voltammetry cycles. States 1 and 3 represent the melanin in the direction of
oxidation and reduction states, respectively. State 2 represents an intermediate state of a catechol
group before forming a coordination bonding. (d) and (e) represent the cyclic voltammetries of
Sepia melanin in the presence of an electrolyte based on Mg2+ ions, 0.5 M Mg(NO3)2. Adapted
from ref. (Kim et al. 2014)



all quinone groups are equally oxidized (Rózanowska et al. 1999; Mostert 2021;
Panzella et al. 2013).
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3.2 Redox Properties (Multivalent Ions)

Currently, multivalent ions (such as Mg2+, Ca2+, Zn2+, etc.) are investigated to
replace Li-ions in energy storage devices with high energy densities. Eumelanin
presents different binding sites to interact with these multivalent ions (Hong and
Simon 2007). For divalent ions, catechol groups are responsible for chelation under
an electrochemical regimen (Xu et al. 2017; Kim et al. 2014). In an interesting
electrochemical fingerprinting study aiming at assessing structural changes in Sepia
melanin-based electrodes during cycling, Kim et al. reported on porphyrin-like
structures formed by tetramers of Sepia melanin building blocks (Kim et al. 2016).

4 The Effect of Metal Ions on the Electronic Transport
of Eumelanin

In the 1970s, McGinness et al. observed a reversible electrical switching in hydrated
eumelanin pellets (McGinness et al. 1974). This observation led to the description of
the electrical behavior of eumelanin within the amorphous semiconductor model
(McGinness et al. 1974; Davis and Mott 1970). More recent experimental results
challenged such description proposing the possibility of predominant electronic
transport in dry eumelanin and mixed ionic electronic transport in wet eumelanin
(Mostert et al. 2012; McGinness et al. 1974; Davis and Mott 1970).

4.1 Monovalent Cations

Borghetti et al. studied the morphological and electrical properties of eumelanin after
mixing with potassium-including salts (Borghetti et al. 2010). They both drop cast
and electrodeposited eumelanin films on ITO and Au substrates from a mixture of
potassium bromide and eumelanin-dimethyl sulfoxide (DMSO) solution, to study
the effect of the salt on the formation of eumelanin aggregates. They propose that the
interaction between potassium cations and nitrogen atoms in the pyrrole ring brings
about additional electronic states in the valence band, as indicated by a transfer of
spectral weight involving the HOMO level in XPS spectra, thus increasing the
number of possible applications of the multifunctional eumelanin
biomacromolecule.
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4.2 Multivalent Cations

Mostert et al. reported that the modulation of the proton concentration in eumelanin
by the chelation of the transition metal ion Cu2+ induces a modulation of the
conductivity (Mostert et al. 2020). The modulation of the proton conductivity was
characterized using Electron Paramagnetic Resonance (EPR). For this study,
CuCl2�2H2O was added to a eumelanin solution (eumelanin powder obtained from
D–L, dopa, dissolved in water and NH3) and then processed in thin film form. Cu2+

was chelated by hydroquinone/quinone moieties of melanin. The presence of Cu2+

increases its conductivity due to the increase in proton concentration in melanin.
Afterwards, Organic Electrochemical Transistors (OECTs) were fabricated with the
melanin-based copper-including quasi solid-electrolyte as the ionic gating medium
and PEDOT:PSS as the transistor channel material. The enhancement of the proton
conductivity in melanin is relevant for proton-to-electron transducing devices.

5 On the Interactions Between Eumelanin and Metal
Electrodes

Wünsche et al. reported on the interaction between gold electrodes and hydrated
eumelanin films deposited on gold electrode-pre-patterned SiO2 substrates
(Wünsche et al. 2013). They showed that interaction between Au and eumelanin
under electrical bias in wet environment results in the formation of Au-eumelanin
nanoaggregates and dendrites. These dendrites can bridge one electrode to the other
after the bias, leading to a dramatic increase of the current. The formation of the
bridging dendrites following the dissolution of the Au electrodes was attributed to
both the metal-binding properties of phenolic hydroxyl groups in eumelanin and Cl-

(present low amounts of in eumelanin). It is worth mentioning that eumelanin also
features reducing properties that can bring, chemically (i.e., in absence of electrical
bias, gold cations to metallic gold. Di Mauro et al. (2016) later studied in detail the
chemical and structural changes occurring at interfaces between metal electrodes
(Pd, Cu, Fe, Ni and Au) and hydrated films of eumelanin, under bias (Di Mauro et al.
2016, 2019).

6 On the Possibility to Use Eumelanin in Metal Extraction
from E-Waste

The field of electronics has profoundly modified the life quality of everyone, from
information and communication technologies to education and industrial production
(Patwa et al. 2021). Unfortunately, planned obsolescence and rapid upgrading of
consumer electronics have led to the dramatic accumulation of waste electrical and



electronic equipment (WEEE). Globally, about 50 million tons of electronic-waste
(e-waste) are produced per year, with detrimental effects on human health and the
environment (Dar et al. 2020; Tchounwou et al. 2012).
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The composition of e-waste includes organic and inorganic materials such plas-
tics, flame-retardants, and metals (Du et al. 2023). The global recycling rate for
e-waste is about 20% (31% in Europe and North America, 12% in Eastern and South
Eastern Asia, 5% in Central and Southern Asia, 4% Sub-Saharan Africa and 1%
Latin America) (Boubellouta and Kusch-Brandt 2022). A relevant portion of e-waste
is exported, sometimes illegally, to sub-Saharan and South-East Asian countries.

Precious metals, e.g., gold, palladium and platinum, have high economic value by
considering their primary application in the electrical and electronics industry
(Rafiee et al. 2021; Gunarathne et al. 2022). Recovering precious metals from
e-waste represents an important economic opportunity.

There are several physicochemical and biological methods to extract metals from
e-waste.

6.1 Hydrometallurgy

In hydrometallurgy, liquid chemistry based on the use of different chemicals (cya-
nide, thiourea, thiosulfates and acids) is employed to extract metals. After leaching
(where solutions are used to solubilize the metal-containing materials by converting
them into soluble salts), metals are usually further processed for purification and
extraction (Gaydardjiev 1998; Whitworth et al. 2022). Cyanide ions (CN-) and aqua
regia are used to recover gold in hydrometallurgy (La Brooy et al. 1994; Syed 2012).

6.2 Biohydrometallurgy

The biohydrometallurgical method is based on the use of different bacteria including
chemolithoautotrophic bacteria, heterotrophic bacteria and fungii, such as Aspergil-
lus Niger and Penicillum simplicissimum (Esmaeili et al. 2022), to transform insol-
uble metal oxides/sulfides into soluble metal ions for their subsequent recovery
(Gu et al. 2018). There are different types of bacteria that have been used for
bioleaching, such as mesophilic (temperature range 25–35 °C) and thermophilic
(50 °C) (Gu et al. 2018; Kaksonen et al. 2017). A frequently used microorganism in
sulfide ores bioleaching is Acidithiobacillus ferrooxidans (Watling 2006).

Bioleaching has been used in metal mining from the decades (Ji et al. 2022).
Recently, this low cost and environmentally friendly method has been employed to
extract heavy metals from ash and sewage sludge for bioremediation purposes
(Gu et al. 2018).
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6.3 Pyrometallurgy

Pyrometallurgy is based on the thermal treatment of materials, such as minerals and
ores, to obtain precious metals (Harvey et al. 2022; Zhu et al. 2022). Compared to
hydrometallurgy, it involves partial or complete conversion of chemical compounds
into their elemental form. For example, pyrite is converted into pyrrhotite and
elemental sulphur (Whitworth et al. 2022). During the pyrometallurgy process,
different oxides and reducing agents are being used. For instance, to extract
platinum-based metals (PBMs), lead oxides are used (Kim et al. 2013; Peng et al.
2017).

6.4 A Possible Perspective on the Interaction of Melanin
with Metals for e-Waste Recovery

There are number of physicochemical mechanisms that can be exploited for the
extraction of metals with melanin (Di Mauro et al. 2017; Meredith and Sarna 2006;
Pilas et al. 1988; Hong et al. 2007).

We propose that in the future natural chelating agents could be used to promote
metal recovery in urban mining, to recover precious, critical or strategic metals
(Electronic Waste: Recycling and Reprocessing for a Sustainable Future, Maria E.
Holuszko (Editor), Amit Kumar (Editor), Denise C. R. Espinosa (Editor) ISBN:
978-3-527-34,490-1).

Literature reports that, melanin extracted from squid ink features high adsorption
tendency for lead (Xue et al. 2009). Systematic studies are needed to shed light on
the effect of the source of melanin and its molecular and supramolecular structures
(as well as possible presence of other chemical compounds in the natural or synthetic
melanin material) on its binding affinity to metals, for metal recovery purposes. For
instance, eumelanin prepared by L-DOPA can remove 95% of initial lead present in
the investigated sample, a percentage dramatically higher than that one observed
with eumelanin extracted from human hair (Sono et al. 2012). Results reported by
Darwish et al. show that synthetic melanin nanoparticles (5,6-diacetoxy indole
precursor that is hydrolyzed in situ into dihydroxy indole (DHI)) adsorb different
metal ions; here highest adsorption values from 50 ppm solutions were observed for
Co2+, Ni2+ and Zn2+ and lowest for Cu2+, Cd2+ and Pb2+ (Darwish et al. 2021).

Well beyond eumelanin, we wish to encourage the research community active in
the field of metal recovery and water and soil remediation to explore, at large scale,
the use of biosourced organic chelating agents considering their abundance, low
cost, biodegradability and, possibly, biocompatibility.

https://www.wiley.com/en-ca/search?pq=%7Crelevance%7Cauthor%3AMaria+E.+Holuszko
https://www.wiley.com/en-ca/search?pq=%7Crelevance%7Cauthor%3AMaria+E.+Holuszko
https://www.wiley.com/en-ca/search?pq=%7Crelevance%7Cauthor%3AAmit+Kumar
https://www.wiley.com/en-ca/search?pq=%7Crelevance%7Cauthor%3ADenise+C.+R.+Espinosa
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