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1 Introduction

‘Melanins’ are natural polymeric pigments present in all forms of life, having a
heterogeneous origin with an extensive diversity extending from structure, and
functions to different colored pigments (Gosset 2017; Stepien et al. 2013). The
melanin word was derived from ‘melanos’ meaning dark. However, a Swedish
scientist proved the appearance of melanin in the 1840s after isolating the pigment
from the iris of the eye. The initial procedure for the formation of polymeric
pigments is via the oxidation of phenolic or indolic monomeric substrates involving
enzyme catalysis. Melanin has slowly diversified from three different types into five
different classes based on the monomeric unit involved in their formation. Those five
types are eumelanin, pheomelanin, allomelanin, pyomelanin, and neuromelanin.
Eumelanin and allomelanin contribute dark brown to black coloration to the cells
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unbiased for any specific kingdom. Whereas pheomelanin is mainly found in the
animal kingdom and provides yellow to red pigmentation to the cells (Nicolaus
1968; Pralea et al. 2019). The precursor units of these melanins play an important
role in understanding the synthesis, structure, and function of these pigments.
Precursor units for the polymer eumelanin consist primarily of indole-type mono-
meric units that are formed as a result of L-tyrosine or L-DOPA
(L-3,4-dihydroxyphenylalanine) oxidation reactions. Similarly, pheomelanins are
also the products of tyrosine as eumelanins, however, cysteine moieties are incor-
porated in their structures (Singh et al. 2021). The synthesis of allomelanins is quite
different and is derived by the oxidation of nitrogen-free diphenols such as catechol,
1,8-dihydroxynaphtalene, and y-glutaminyl-3,4-dihydroxybenzene. Pyomelanins
are polymers of 2,5-dihydroxyphenylacetic acid, a byproduct of tyrosine metabo-
lism, and display better photo- and thermo-stability. Whereas neuromelanin is
synthesized from catechol and quinones in the human substantia nigra (Haining
and Achat-Mendes 2017; Pralea et al. 2019). Knowledge of the structure and
biosynthetic pathways that lead to the various melanins found in nature can act as
inspiration for the development of new artificial pigments and their materials.
Melanins are well-known for providing pigmentation to cells, however, they play
many major roles in different niches of life. Melanins provide shielding from
harmful radiations, perform oxidation of reactive oxygen species, are responsible
for a range of functions across kingdoms, help with defense mechanisms in arthro-
pods, molluscs, and microbes, and enhance pathogenicity in various fungi and
bacteria (Singh et al. 2021). Further, due to the intramolecular electronic interac-
tions, melanins have applications in semiconductors (Bothma et al. 2008), as metal
chelators, as optical imagers (Abbas et al. 2009), extending to cosmeceuticals and
pharmaceuticals, MRI probes, soil bioremediations, etc. (Martinez et al. 2019). The
presence of melanin plays an irreplaceable role in human lives, wherein the absence
of melanin can lead to diseases like cancer, vitiligo, Waardenburg syndrome, etc.
Despite such promising and diverse attributes, the complete potential of melanin is
not harvested because of its heterogeneous nature, resulting in a lack of specific
genetic makeup responsible for melanin biosynthesis and sequential metabolic
pathways. Further, the capabilities of microbes to employ multiple precursors like
tyrosine and DOPA for melanin synthesis ultimately leads to a complex process of
biosynthesis (Cao et al. 2021). The isolation and complete characterization of
melanin is very difficult because of its insolubility in organic solvents. The
narrow-spectrum solubility of melanins makes the extraction process costly and
hence reduces its industrial production (Borovansky and Riley 2011; Sun et al.
2016). As a result of such physical problems, the isolation of melanin from eukary-
otic sources is hindered; in such conditions, microbial melanin can pave the way
(Pavan et al. 2020; Sun et al. 2016). Culturing aspects of microbial melanin makes
them feasible for easier upscaling for commercial production and efficient utilization
in various sectors.
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2 Extraction of Melanin

Due to the amorphous nature and structural diversity, extraction of melanin employs
different methods which highly rely on factors like melanin source (fungal, bacterial,
human hair) and its cellular localization (intracellular/extracellular) (Aghajanyan
et al. 2005, 2017; Gémez-Marin and Sanchez 2010; Tarangini and Mishra 2014).
For example, extracellular melanin extraction involves acid precipitation (Choi
2021), whereas intracellular melanin extraction employs alkali extraction, acid
precipitation, ultrasonic-assisted extraction (Hu et al. 2015; Zou et al. 2010), and
microwave-assisted extraction (Lu et al. 2014). The most conventional method for
melanin extraction is alkali extraction and acid precipitation as melanins normally
solubilize in alkaline solutions and precipitate as sediments in acidic solutions
(Lu et al. 2014; Sajjan et al. 2010; Sun et al. 2016). Many alkali solutions such as
sodium hydroxide, potassium hydroxide, ammonium hydroxide, calcium hydroxide,
etc. are reported to be used at different concentrations of 0.1, 0.5, 1, 1.5, and 2 N for
melanin extraction, whereas for precipitation purposes, double strength acid like HC1
is used under slow magnetic stirring conditions. Many research groups have
employed this conventional method to extract melanin from different microbial
sources as summarized in review articles (Singh et al. 2021; Choi 2021). Apart
from alkali extraction assisted with ultrasonication/microwave, an enzymatic
method is also used for extraction of intracellular melanin due to the ability of
enzymes to increase hydrolysis as well as degradation of impermeable cell walls.
This method mainly utilizes specific cell wall lysing enzymes such as guanidine
thiocyanate for protein denaturation and a serine proteinase for cleavage (Dadachova
et al. 2007; Youngchim et al. 2004). This traditional method is economically feasible
but has low extraction efficiency and is time-consuming; so nowadays there is a
trend for advanced cavitation-based extraction methods which minimize the use of
toxic solvents, improve extraction yield, shorten extraction duration, and use green
solvents that are recycled and reusable (Ghadge et al. 2022; Panda and Manickam
2019; Zou et al. 2010). For example, melanin is extracted from Streptomyces
hyderabadensis TVPTS5-5R using tetrabutylammonium hydroxide (40% w/w
TBAOH in water) solvent which led to a 66% increase in the yield of melanin in
comparison to the conventional method of extraction (Ghadge et al. 2022).
Cavitation is a phenomenon where a small low-pressure vapor-filled cavity is
formed due to a rapid change in pressure under the liquid medium. Based on this
phenomenon, various cavitation-based extraction techniques such as ultrasound-
assisted extraction (UAE), negative-pressure cavitation (NPC) extraction,
microwave-assisted extraction (MAE), and hydrodynamic cavitation extraction
(HCE) have been reported (Lu et al. 2014; Zou et al. 2010). In 2010, melanin
from A. auricula fruit bodies was extracted using cavitation-based UAE
(ultrasound-assisted extraction) technology due to its numerous benefits in compar-
ison to conventional ones such as improved extraction yield, reduced power con-
sumption, and extraction time (Zou et al. 2010). UAE employs ultrasound pressure
waves due to the resulting energy generated from these collapsing cavitational
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bubbles that provide greater penetration of the solvent into the cellular material and
increases mass transfer to and from interfaces. This also causes disruption of cell
walls and the release of cellular materials that ultimately leads to increased extraction
yield. In UAE, cavitation occurs due to the passage of ultrasound waves in the liquid
medium. Whereas if it occurs, due to the pressure variations in the flowing liquid
concerning the change in the geometry of constriction, then it is called hydrody-
namic cavitation extraction (HCE). The limitations associated with UAE are atten-
uation of ultrasound waves for highly concentrated dispersed phases and lack of
uniformity for dispersed extract materials (Panda and Manickam 2019). In the case
of NPC, the creation of negative pressure governs cavitation. NPC extraction proved
to be more effective in the extraction of heat-sensitive compounds such as poly-
phenols and polysaccharides (Panda and Manickam 2019). MAE uses microwave
energy to heat solvents in contact with a sample to partition analytes from the sample
matrix into the solvent (Lu et al. 2014; Tatke and Jaiswal 2011), but a problem with
this technique is the rapid increase in temperature of the extraction mixture that may
terminate the extraction process early due to the boiling of the solvent. Thus, the
desired compounds are not sufficiently diffused from the material into the solvent
and consequently, the extraction yield is reduced (Chuyen et al. 2018). The UAE
method was reported to yield 37.33% pure melanin (Hou et al. 2019), whereas
another study reported that a purification yield of 11.08% could be achieved through
an MAE method, which was 40.43% higher than that obtained by alkali extraction
and acid precipitation (Lu et al. 2014).

Due to the presence of various biological sources for production, structural
diversity, amorphous nature, and insolubility of melanin have resulted in the
non-availability of a standard method for extraction and purification of melanin.
But the above-described modern extraction techniques can be alternatively used
owing to numerous advantages over conventional methods like reduced energy and
solvent consumption, increase in extraction yield, improvement of extract quality,
reduction in extraction time, and protection of thermo-labile compounds in the
extract (Panda and Manickam 2019; Tatke and Jaiswal 2011; Zou et al. 2010).

3 Purification of Melanin

Purification of melanin can be achieved by performing different steps such as
redissolution, centrifugation, acid hydrolysis, precipitation, boiling, dialysis, and
column chromatography followed by successive washing steps with organic sol-
vents such as chloroform, petroleum ether, ethyl acetate, acetone, or absolute ethanol
(Aghajanyan et al. 2005; Choi 2021; Dong and Yao 2012; Madhusudhan et al. 2014;
Selvakumar et al. 2008; Suryanarayanan et al. 2004). Acid hydrolysis is usually
performed using 6 M HCI to remove impurities like carbohydrates and protein
associated with melanin pigment, whereas organic solvent aid helps in the removal
of secondary metabolites. Non-hydrolyzable melanin are redissolved in NaOH and
precipitated out with HCI followed by several washing steps with organic solvent
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and deionized water. An additional boiling step helps to avoid the formation of
melanoidins (Eskandari and Etemadifar 2021). Dialysis was reportedly used to
remove salt and other impurities like low molecular weight organic and inorganic
compounds (Wibowo et al. 2022). Finally, washing with absolute ethanol removes
water molecules with the melanin pigment. The resulting content is lyophilized and
stored as pure melanin. In 2022, one research group purified melanin with help of
dialysis tubing and the resulting melanin yield was 670 mg/L, which was signifi-
cantly higher than the 116 mg/L obtained from the acid precipitation method
(Wibowo et al. 2022). The combination of the above-described extraction technol-
ogies has been observed to bring synergistic extraction yield compared to the
conventional method paving way for the development of more advanced and
efficient techniques for melanin extraction and purification.

4 Preliminary Confirmation of Melanin

The melanin pigment is insoluble in water and almost all inorganic/organic solvents.
Based on this observation, a solubility test is used for the preliminary confirmation of
melanin. Melanin is slightly soluble in dimethyl sulphoxide (DMSO), in water at
alkaline pH, phosphate saline buffer (pH 7.2), and on the other hand, melanin gets
precipitated at acidic conditions (pH 2) (Kamarudheen et al. 2019; Pralea et al.
2019). Melanin contains different functional groups in the structure like catechol,
NH, and COOH that shows reactivity with certain chemicals and shows distinguish-
able characters helping in the identification of melanin type. When melanin is treated
with hydrogen peroxide (H,0,), it results in decolorization due to oxidative degra-
dation of melanin. In this reaction, the nucleophilic attack of OOH ™ ions from H,O,
leads to the production of quinone epoxide causing bleaching of melanin
(Korytowski and Sarna 1990). The reduction of AgNO3 occurs when it reacts with
microbial melanin leading to the formation of gray colour on the walls of the test
tube due to the precipitation of melanin (Carriel et al. 2011; Lopusiewicz 2018).
Similarly, when melanin reacts with KMnOQ,, it leads to a change in color from
brown to green with precipitation and decoloration of the solution. The color change
is due to the reduction of KMnO, by the redox property of melanin. This reaction
indicates the presence of quinone and phenol groups in the structure of melanin
(Aghajanyan et al. 2005).

Chemical degradation methods are also used in the identification of different
types of melanins based on the analysis of their degradation products. Melanin gets
degraded by strong oxidants and reductants yielding different types of degraded
products. These degraded products are further separated by chromatographic tech-
niques and identification by different spectroscopic techniques (Dzierzgga-Lecznar
et al. 2002). Generally, gas chromatography and mass spectrometry with pyrolysis
(Py-GC/MS) are used to identify pyrrole, indole, and their alkyl derivatives as
pyrrole di- and tricarboxylic acids are precursors of eumelanin biosynthesis
(Dzierzgga-Lecznar et al. 2002, 2012). Likewise, in the case of pheomelanin,
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Fig. 1 Melanin synthesis inhibition: control (a) and treatment with kojic acid (b) (Ghadge et al.
2022)

precursors are thiazole or benzothiazole carboxylic acids including some other
melanin pigment markers, i.e., isomeric aminohydroxyphenylalanines and
aminohydroxyphenylethylamines (Donato and Napolitano 2003; Dzierzega-Lecznar
et al. 2012; Greco et al. 2009; Ito et al. 2019).

The melanin synthesis inhibition is used to identify the enzyme involved in
melanin biosynthesis by the producer strain and type of melanin. The most com-
monly used inhibitors are kojic acid as a tyrosinase inhibitor, tricyclazole as a
DHN-melanin inhibitor, and sodium azide as a laccase inhibitor. Inhibition of
melanin synthesis by kojic acid was observed for strains Actinoalloteichus sp.
MA-32, Streptomyces hyderabadensis TVPTS-5R (Fig. 1) (Ghadge et al. 2022;
Manivasagan et al. 2013). The inhibition of melanin-like pigments by sodium
azide was previously reported for Bacillus weihenstephanensis, Bacillus subtilis
4NP-BL (Fig. 2) (Drewnowska et al. 2015; Ghadge et al. 2020). A higher concen-
tration of sodium azide (>50 pg mL ") led to the inhibition of bacterial growth. The
inhibition of melanin synthesis is reported in the black yeasts Trimmatostroma
salinum, Phaeotheca triangularis and Hortaea werneckii by use of tricyclazole, a
specific inhibitor for polyketide melanin biosynthesis (Kogej et al. 2003).
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Control Sodium azide Control Sodium azide
(ISP-4 broth) (ISP-4 broth)  (Tyrosine media) (Modified tyrosine
broth)

Fig. 2 Inhibition of melanin synthesis by sodium azide (Ghadge et al. 2020)

Fig. 3 UV/vis spectra of 5
purified melanin (black) and
synthetic melanin (red)
(Ghadge et al. 2022)
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5 Characterization of Melanin

5.1 UV-Visible Spectroscopy

UV/visible spectroscopy is the most common and widely accepted technique used
for the primary identification/confirmation of melanin. The absorbance of melanin
monotonically increases towards the UV region (high energy). It decreases towards
the visible region (low energy radiation), which is a unique characteristic property
found in melanin and this property is employed for melanin identification (Fig. 3)
(Gao and Garcia-Pichel 2011). Melanin of microbial origin shows maximum absorp-
tion in the almost entire UV region (200—400 nm). The ratio of Agse/Asgo is used to
quantify eumelanin concentration from the mixture as well as for the differentiation
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of eumelanin and pheomelanin. The ratio of melanin above 0.25 is referred as
eumelanin, while a ratio below 0.15 is considered pheomelanin (Saini and Melo
2015).

As we know, photoprotection is the main function of eumelanin and it is due to
broadband absorption, but its origin is still mysterious. The recent theoretical
(computational) and experimental studies indicated that broadband absorption
emerges from the chemical disorder of eumelanin due to the chemical diversity of
building blocks at the oligomeric level and it is widely accepted (Singh et al. 2021).
Based on previous studies, the oligomeric model is most acceptable for the origin of
broadband absorption due to the formation of different types of chemically-modified
oligomers having different configurations and conformations. These oligomers
interact with each other mainly by m—7 interactions, which affect the electron
delocalization resulting in the absorption spectrum of eumelanin (Arzillo et al.
2012). The different studies speculated that non-covalent interactions play a major
role during eumelanin oligomerization in multilevel structural organization, like
stacking interactions (n—x) (Chen et al. 2013). The close association of oligomers
in a multilevel organized structure determines the alteration of absorption spectra.
DHI and DHICA precursors are used to study the aggregation model of eumelanin
and its UV/VIS properties to understand broadband absorption (Ju et al. 2018). Their
investigation revealed that monomeric units (DHI and DHICA) undergo polymeri-
zation from monomer to oligomers and then oligomers form small stacks. These
stacked oligomers further oligomerize and stacked to form larger aggregates called
protomolecules (Spano 2010). Their findings provided strong support to postulate
that broad absorption bands due to delocalization of intrinsic m-electron within
integral eumelanin oligomers and altered by other interactions such as attractive
stacking between aromatic rings and aggregation in the stratified framework of
complex structure (Simpson et al. 2014).

The recent studies on eumelanin supported the hypothesis of an aggregate model
of eumelanin but its detailed structure is still unknown due to a lack of experimental
proof. Because eumelanin precursor is redox-active and has different polymeric sites
it makes it very difficult to understand its structure-property relationship. The
complexity and heterogeneity of eumelanin hinder the experimental approaches to
understanding its structural and optical properties (Yildirim and Bayindir 2014).

5.2 Electron Paramagnetic Resonance (EPR)

“Paramagnetism” is one of the main fundamental properties of eumelanin.
Eumelanin is a redox-active macromolecule due to the presence of indolequinone
group precursor molecule 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-
carboxylic acid (DHICA). Eumelanin contains different paramagnetic centers,
which is due to quinone groups in the structure (Gessler et al. 2014). Recent studies
on eumelanin identified two types of paramagnetic centers in solid-state- and
liquid-state. These centers are differentiated from each other by their g-factors and
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Fig. 4 Deconvolution of the integrated EPR spectrum associated with the basic sample. The
spectrum is best explained by the presence of two free radicals, the more dominant carbon-
centered signal (g = 2.0032) and the small semiquinone signal (g = 2.0045). Data at a water
content of 14.0% and microwave power of 0.71 mW1/2 (Mostert et al. 2013)

line shapes (Paulin et al. 2019). It is hypothesized that carbon-centered radicals
(CCR) come from the internal skeleton of the eumelanin structure, and it is prevented
by the external environment (Paulin et al. 2021a). CCRs were mainly found in solid
samples (dry powder) and they are less affected by temperature and pH. The
semiquinone free radicals (SFR) are observed in the liquid state (solution) and
strongly affected (change in intensity of signal) by pH. Furthermore, these two
types of free radicals have constant g-factors, 2.003 for CCR and 2.005 for SFR
(Fig. 4).

Paulin et al. 2019 performed experimental and theoretical work on the paramag-
netic behavior of melanin. They used a computational model (DFT) to compare g-
factors and hyperfine coupling constants to correlate the structure and free radical
centers of melanin. The precursors of eumelanin, DHI, and DHICA, are redox-active
molecules with different redox states (Fig. 5), containing both positive and negative
charged states having an unpaired electronic and zwitterionic state of an odd number
of electrons (Cuba et al. 2021).

The results show that the partially oxidized molecules (indolequinone and
semiquinone) are associated with semiquinone free radicals (SFR), while fully
reduced state (hydroquinone) and nitrogen-protonated species (DHICA) are associ-
ated with carbon-centered radicals (CCR). The positively charged species are
referred to as a secondary product of eumelanin and such types of species are
found in eumelanin derivatives (Paulin et al. 2019). The results revealed that the
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Fig. 5 Different redox forms of melanin monomeric structures: R = H (DHI) or COOH (DHICA)
(Reali et al. 2021)

presence of three types of EPR signals comes from typical eumelanin structures.
Based on experimental data, it is observed that the EPR signals of CCR from two
precursors DHI and DHICA can be differentiated. In this work, the main focus was
on the differentiation of paramagnetic species present in eumelanin. The experimen-
tal results of EPR spectra of eumelanin and its precursor molecules (DHI and
DHICA) revealed that it contains three different types of free radicals, among
them, two are CCRs and another is SFR. Investigation of EPR variables and energy
state of different substructures of eumelanin indicated that the carbon-centered
radicals (CCRs) mainly come from the reduced state of eumelanin structural orga-
nization (Paulin et al. 2019, 2021a).

Eumelanin is associated with the presence of O-semiquinone radicals, while
pheomelanin contains O-semiquinoneimine radicals. EPR spectrum can distinguish
different types of melanins, eumelanin shows a single line with a hyperfine shape at
variable temperature (low to high) and is less affected by microwave power, while
that of pheomelanin has a complex line shape with hyperfine structure arising
through the interplay between free electrons with electrons of adjacent nitrogen
nuclei (Zdybel et al. 2017). Natural melanin can be differentiated from synthetic
melanin by observing spectral patterns and line width. These characteristic differ-
ences in line shape and width of the EPR spectrum were used to distinguish natural
melanin from synthetic melanin.

5.3 Electrical Properties of Melanin

Melanin has two main properties, broadband absorption, and redox activity, which
are responsible for electric charge conduction. The property of melanin to conduct
electrical charge was studied in the 1970s, and its semiconducting charge behavior
was demonstrated by Mott-Davis amorphous semiconductor (MDAS) theory
(McGinness 1972; McGinness et al. 1974; Powell and Rosenberg 1970). The electric
conductivity of melanin is due to the presence of different functional groups
(carboxylates, aromatic amines, and catechols) having different redox states which
generate protons and electrons during oxidation-reduction reactions. The various
types of charge transport mechanisms are reported to be present in eumelanin
i.e. intra- and inter-atomic interaction (H-bonding), and n—x interaction (Gouda
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et al. 2020). The current charge transport model of melanin was explained by
comproportionation equilibrium (Fig. 6), where quinone and hydroquinone species
react in the presence of water to generate semiquinone species and protons. From
recent work, it is observed that the previous amorphous semiconductor model is
replaced by the comproportionation equilibrium model in which the formation of
free radicals (electron) and hydronium ions (protons) takes place where hydronium
ions are mobile charge carriers showing hybrid ionic-electronic behavior (Mostert
et al. 2012; Sheliakina et al. 2018; Tian et al. 2019).

5.4 Fourier-Transform Infrared Spectroscopy (FT-IR)

FT-IR spectroscopy utilizes the infrared part of the spectrum comprising wave-
lengths from 4000 to 700 cm™~'. Absorption of a specific wavelength in the infrared
spectrum is a characteristic of functional groups. This absorption in the infrared
spectrum varied by wavelength and intensity is measured by FT-IR spectroscopy
and these details are used to detect the presence of different functional groups in
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Fig. 7 FT-IR spectra of purified melanin (black) and synthetic melanin (red) (Ghadge et al. 2022)

given samples (Mbonyiryivuze et al. 2015). The complexity of melanin structure
made it difficult to study using spectrometry techniques. Melanin has functional
groups like amides, hydroxy, carboxylic, phenolics, aromatic rings, aliphatic carbon,
and indole ring. Given the different functional groups present in the melanin, FT-IR
can serve as a technique for the identification of melanin, detection of impurity,
metal conjugation, and type of melanin (Sajjan et al. 2013). A careful investigation
of the literature reveals some signature patterns of melanin in IR spectra. A broad
peak of O—H and N-H stretching in the range of 3600-2800 cm ™', a sharp peak due
to stretching of CH; group in the range of 29003000 cm'. In some cases of
eumelanin, CH; and CH, stretching absorption give 2 to 3 peaks in the range of
2800-3000 cm ', these peaks are generally small and fall in the broad peak of O—H
and N-H stretching. Stretching of C=0, C=C, and COO- represented by a sharp
deep peak in the range of 1620-1650 cm™'. Next to this small peak in the range of
1500-1600 cm ™', there is a characteristic peak of melanin having an indole ring due
to the bending of the N-H group. Other characteristic peaks of melanin in the range
of 1400-1500 cm ™' are due to aliphatic carbons. In this range, peaks appear due to
C-H, CH,—CHj; bending vibration. The phenolic stretching vibration of microbial
melanin gives a small peak in the range of 1200-1300 cm™'. Weak peaks in the
range of 900—600 cm ™" are due to N-H wagging, aromatic C—H, and the substitution
of alkene C—H (Ammanagi et al. 2021; El-Naggar and El-Ewasy 2017; Ghadge et al.
2020; Vasanthabharathi et al. 2011) (Fig. 7).
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5.5 X-Ray Photoelectron Spectroscopy (XPS)

XPS is used to analyze the elemental composition and state of elements on the
surface of the solid samples. Due to the problems in solubility of the melanin, XPS is
quite a handy technique to analyze the composition, hybridization, oxidation state of
elements, and conformation of functional groups present in the melanin. To analyze
the average surface chemistry of the sample, XPS uses low energy X-ray (Soft
X-ray). This low-energy photon then generates a photoelectron from the atoms
present on the sample surface. Thus, XPS utilizes the difference in the binding
energy of the electrons in different atoms by measuring the kinetic energy of the
photoelectron emitted from the sample surface and uses this data to generate the
information about surface chemistry of the sample (Van der Heide 2011).

Selection of the energy range of photoelectrons allowed screening of one element
at a time. Each atomic orbit of every element has characteristic binding energy, thus
giving a specific peak for every atom. The binding energy of electrons depends on
the chemical and physical environment of the atom. This helps in the identification
of different types of bonds formed by elements in the material. For example, in the
process of screening of Cls photoelectron, the presence of C—-O-C, C=0, C=0H, —
0-C=0, -0—-CO-0 will cause the sifting of the peak, while the main peak consists
of signals of C—C, C=C, and CH (Bregadiolli et al. 2021). The values for different
states of elements or chemical shifts are available in databases like ‘The International
XPS Database’ (https://xpsdatabase.com/).

A study on the eumelanin from four different sources using XPS gives an insight
into the structure of the composition and structural differences among them. Ele-
mental composition of the natural eumelanin from sepia, crow feather, turkey
feather, and human hair gives us a range of composition in eumelanin like carbon
66.3-67.4%, oxygen 18.8-22.2%, and nitrogen 8.7-12.9%. Natural eumelanin is
made up of DHI, DHICA, and their derivatives, so the calculation of the ratio
between C=0 and O—C=0 and the amount and concentration of O—C=0 is directly
equal to the amount of DHICA and its oxidized forms of monomers. The scanning of
the Cls will give the largest peak at 285 eV, peak fitting of this peak can be done
using chemical shifts for C—-C(H) at 284.9 + 0.2 eV, C-OH/C-N 286.3 + 0.2 eV,
C=0at288.1 +0.2eV, O-C=0 at 289.3 + 0.2 eV approximately (Xiao et al. 2018).

The surface layer of the material is susceptible to absorption of water, CO, and
oxidative modification, which can result in the wrong quantification of the compo-
sition of melanin. The problem of surface modification can be eliminated by a cluster
beam of 500 Argon ions (Paulin et al. 2021b).

5.6 Raman Spectroscopic Analysis

Peak around 1590 cm ™' denoted the stretching vibrations of aromatic C=C bond in
the indole ring. Bands around 1690 cm ' arise due to quinone C=O stretching.
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Signals around 1510 cm™ ' are related to the C=N stretching. The band around
1341 cm ™' is observed due to aromatic C—N stretching of the indole structure. C—O
stretching of the carboxylic acid is visible at about 1220 cm ™' (Capozzi et al. 2005).

Four bands were found to be visible in the spectrum of pheomelanin in the range
of 500-2000 cm ™' A band around wavenumber 500 cm ' is considered an out-of-
plane deformation of the phenyl ring in the benzothiazine structure. The stretching
vibrations of the C-N bond are also observed in pheomelanin at about 1150 cm™".
Stretching vibrations of phenyl ring arise in the Raman spectrum at around
1490 cm™'. High Raman intensity in the range of 1750-2000 cm ' is considered
the characteristic pattern for the pheomelanin because eumelanin shows a flat line in
this region (Galvan et al. 2013).

5.7 Nuclear Magnetic Resonance (NMR) Spectroscopy

There are four major classes of melanin named eumelanin, pheomelanin,
allomelanin, and pyomelanin. The basic moiety of the eumelanin structure is com-
prised of 5,6-dihydroxy indole (DHI) and 5,6-dihydroxy indole carboxylic acid
(DHICA). The monomeric unit in the pheomelanin is composed of a benzothiazine
ring. Allomelanin is made up of the 1,8-dihydroxy naphthalene moiety. These
structural differences within the different types of melanin are observed due to
variations in the precursor moiety or intermediate compounds during melanin
production. Spectroscopic data is important to study the structural characteristics
of melanin. '"H NMR and '*C NMR are widely used techniques to determine the
structural features of melanin.

"H NMR spectrum of eumelanin showed prominent peaks of resonance around
7.286 and 7.21 ppm (Fig. 8) which are attributed to the indole/pyrrole ring. -NH
groups of melanin moiety give signals around 8.00 ppm as a singlet. Peaks in the
range of 3.4 and 4.4 ppm are ascribed to the protons attached to the methyl or
methylene group, which are attached to nitrogen and/or oxygen atoms. Signals at 2.2
and 2.8 ppm provide evidence for the presence of the methylene group. Signals at
1.00 and 3.00 ppm denoted the presence of the —-NH group lined to the indole.
Resonance signals around 0.9-1.00 ppm are described for aliphatic fragments such
as CH,CHj; and CH(CHj3), (Barretto and Vootla 2020; Ghadge et al. 2020). In the
3C NMR spectrum, peaks in the range of 120—140 ppm are due to the aromatic
carbons involved in the indole or pyrrole system. The peaks from 50-60 ppm arise
due to the carbon atom linked to the nitrogen. The peaks for the methyl and
methylene groups are observed within the 10-40 ppm range.

3C NMR spectra of pheomelanin show characteristic peaks from 30-70 ppm
which resemblance to = C—S and C-H from the aliphatic chain present in cysteine.
Resonance around 170-200 ppm is attributed to the carbonyl carbon. Signals around
110-160 are observed in the spectra indicating the presence of aromatic carbons
(De Souza et al. 2018).
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Fig. 8 'H NMR spectrum of the purified melanin (Ghadge et al. 2022)

In the past literature, allomelanin was characterized by Cross-Polarization Magic-
angle spinning (CP/MS) NMR spectroscopy. *C spin echo (SE) CP/MAS NMR
spectrum shows a broad range of peaks from 100 to 160 ppm due to the presence of
protonated and non-protonated aromatic carbons. Peaks in the range of 20—40 ppm
are due to the protonated aliphatic carbon (Singla et al. 2021). A characteristic peak
of phenoxy carbon can also be found at around 152 ppm in the solid-state NMR
(Zhou et al. 2019).

6 Conclusion

Microorganisms can produce different types of melanin and utilize a variety of
precursor molecules for synthesis. Heterogeneity due to different sources, metabolic
pathways, and precursor molecules has resulted in the complex supramolecular
structure of melanin. Microbial melanin has gained interest due to its diverse
functions within the host and various biological activities and also it has an advan-
tage over other sources of melanin for production due to scalability, sustainability,
and cheaper production cost. Despite such importance of melanin, its commercial
utilization is restricted due to its insolubility, and low yield which results in higher
production costs. The extraction and purification of melanin is a difficult job due to
its diverse origin, location, and complex structure. So, there is an urgent need to
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develop sustainable extraction methods which will increase the yield and solubility
of melanin. The complexity and heterogeneity of melanin are the main hurdles for
structure elucidation, which will need the use of different modern analytical tech-
niques and approaches. This book chapter covers microbial melanin production,
extraction techniques, and its structural properties through different analytical tech-
niques. Due to the multifunctionality and biocompatibility of melanin, it has become
a tunable biomaterial of application in various fields. Still, the fundamental
structural-property relationship is not fully understood which will attract the
researchers and has scope for further development.
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