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ABSTRACT : Melanin pigments are found in a wide variety of creatures in nature, including human,
microorgasmis and plants.Potential uses for human health exist in the breakdown of melanin. For instance,
by degrading melanin to make tumours sensitive to radiation therapy, it might improve the treatment of
melanoma. The oxidation of tyrosine produces indoles and other intermediate intermediates, which are
present in the irregular light-absorbing polymer known as melanin, Melanin granules, the primary pigment
of hair and epidermis, are transported from melanocytes to epithelial cells. There are numerous biological
uses for melanin. Melanins are biological macromolecules that are dark, typically black, and made up of
different phenolic or indolic monomers. They are frequently complex with proteins and carbohydrates.
Animals, plants, protozoans, and microorganisms all make melanin. These studies highlighted the urgent
need for a thorough Paper on the melanin pigment isolated from microorganisms. This paper covering
biosynthesis, bioproduction, characterization, and potential applications would aid researchers from various
backgrounds in comprehending the significance of microbial melanins and in using the information for
planning melanin-related studies. With this objective in mind, the current research contrasts traditional and
cutting-edge concepts for environmentally sustainable melanin extraction techniques.
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I. INTRODUCTION

Very dark and black brown pigment, complex hydrophilic irregular polymer is the pigment melanin. It is
created in a variety of species through the oxidative polymerization of phenolic or indolic chemicals [1].
Melanins are tolerant to oxidizing substances, free-radicals, radiation and heat. Melanin, in general, can shield
bacteria from ionizing radiation [2]. By absorbing electromagnetic spectrum and protecting living creatures
from visual damage, melanin has anti-UV radiation properties. As demonstrated, melanin can produce itself in
response to anti-fungal medications [3]. Melanin granules are not soluble in water and popular organic
solvents (such as he-xane, chloro-form, ethanol, me-thanol, or acetone) [4]. Due to their detrimental effects,
which may be attributed to their complicated chemical structures when compared to natural ones, consumers
are now worried about the chemical synthetic components of such pigments. It is believed that in these
factories, the production of microbiological cells is straightforward and quick [5]. Natural pigments derived
from microbial sources are used in the food, cosmetics, and industrial sectors without harming the
environment or contaminating goods [6]. According to d’Ischia et al., the melanins are a family of polymeric
pigments that are abundantly present in nature [7]. These are the byproducts of phenolic or indolic substrates
being oxidised by enzymes. Melanins are regarded to be one of nature's oldest pigments. These hues can be
seen in the remains of dinosaurs and birds [8]. Remarkably, intact melanins were discovered in Jurassic-era
squid ink sacs [9]. So, the study of evolution is proposed to use melanin as a biomarker [10]. According to
D'Ischia et al., melanins perform a wide range of tasks, including photoprotection, the removal of reactive
oxygen species, the sequestration of hazardous metals, thermoregulation, and camouflage [7]. Melanins can
be classified as brown to black eu-melanin and yellow to reddish pheo-melanin [11,12]. These melanin
subgroups differ not just in terms of hue but also in terms of their photochemical and other characteristics
[13,14]. The fact that the majority of naturally occurring melanin pigments are co-polymers of eumelanin and
pheomelanin is another crucial component of melanin formation [15].
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Eu-melanin, pheo-melanin, allo-melanins, and pyo-melanin are the four primary forms of melanin.The
amino acids L-tyrosine and/or dihydroxyphenylalanine are oxidised to produce eu-melanin (L-DOPA).
Afterward, the polymer takes on a brown or black hue.L-tyrosine and L-DOPA are oxidised in the presence of
L-cysteine to create pheomelanin, a pigment with a reddish-yellow. The oxidation of hydroxy-phenylacetic
acid, cat-echols, di-hydroxynaphthalene (DHN), -glutaminyl-4-hydroxy-benzene, or tetrahydroxy-naphthalene,
protocatec-hualdehyde, and caffeic acid produces the allo-melanin. One kind of melanin produced by the
oxidation of homogentisic acid is called pyo-melanin. (Figure 1), [16]

. Cresolase Catecholase
* L-Tyrosine sy L-DOPA  comm) Eumelanin
* L-Tyrosine + L-Cysteine & Pheomelanin

* Dihydroxynaphthalene
+ Tetrahydroxynaphthalene
* 4-Hydroxyphenylacetic acid Oxidase

« y-Glutaminyl-4-hydroxybenzene Allomelanins
+ Protocatechualdehyde
» Caffeicacid
+ Catechols
Oxidase .
* Homogentisic acid Pyomelanin

Fig (1): The biochemical processes that produce eu-melanin, pheo-melanin, allo-melanins, and pyo-
melanin.

1-ENZYMES DIRECTLY CONNECTED TO MELANIN

The initial process leading to the production of melanin is the enzyme-dependent ox-idation of phenolic
or indole chemicals. Tyrosinase and laccase protein families make up the majority of the enzymes that cause
melanogenesis. The most prevalent class of enzymes connected to melanogenesis are tyrosinases. Both mono-
and diphenolic substances are acceptable substrates for these enzymes.These substrates include catechols, L-
tyrosine, and L-DOPA, as examples.The mono-oxygenases known as tyrosinases have a copper catalytic core
with two nuclei.These enzymes catalyse the oxidation of catechols and the ortho-hydroxylation of
monophenols, producing ortho-quinone compounds Fig 1[17].

Tyrosinase enzyme uses molecular oxygen-mediated oxygenation processes to catalyze the
hydroxylation of L-tyrosine to L-DOPA. It subsequently oxidizes this chemical to dopachrome, which non-
enzymatically polymerizes to produce melanin [18]. Based on their amino acid sequences and functional
properties, microbial tyrosinases can be divided into five primary types [19].

2-Melanin biological functions

Additionally, these polymers display redox activity and can scavenge re-active oxygen species and free_
radicals [20]. Melanin is being investigated as a component of electrical circuits, batteries, and solar cells
since it is an amorphous semiconductor [21]. These applications are now being used with inorganic semi-
conductors, they are cheap, yet they have a big influence on the environment. Organic semi-conductors, like
melanin, do not have these issues and are simpler to work with. Melanin has extra benefits over conventional
semi-conductors, including the ability to be used in implantable devices thanks to its bio-compatibility. In a
different kind of application, melanin has been used as a way to create nanostructures and nanoparticles made
of silver or gold that could be useful in the food and medical industries [22]. Melanin has also been suggested
as a synthetic polymer ingredient. Thermal stability of poly (methyl -methacrylate) (PMMA) was discovered
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to significantly enhance with the addition of eu-melanin [23]. Similar research has shown that allo-melanin
can be added as adye to the hydrogel of soft contact lenses [24].

The utilization of melanin has the advantage of having antibacterial, antioxidant, and antifungal activity
when compared to synthetic colours. Melanin is used in cosmetic products, including hair dye. The common
synthetic oxidative dyes harm hair and are difficult to apply. Contrarily, a method based on the usage of
melanin precursors that can shield hair from oxidation after exposure to air has the benefit of not harming it
and being safe [25].

Applications in the environment can make use of melanin's capacity to act as metal chelators, the binding
of metals to melanin requires several coordination bonds between the hydroxyl, amine, and carboxyl
functional groups in this polymer. Melanin from fungi has been demonstrated in a soil bioremediation study
to effectively bind heavy metals, including zinc and lead [26]. Tyrosinase from the plant Amorphophallus
campanulate was used to produce melanin in a later investigation using I-DOPA as a substrate. It was found
that uranium may be effectively removed from an aqueous solution by melanin [27].

Although it is uncertain which chemical dyes have been substituted with pigment in this case, melanin's
natural origin and ability to block out strong visible light are recognized as benefits. At the moment, melanin
is mostly used commercially as a dye for sunglasses lenses. Acommercial sun-screen for arid skin that
contains squid ink as an antioxidant is relevant to dermatology. When compared to synthetic dyes, this
product is projected to cause reduced skin sensitivity, which gives it an advantage over competing sunscreens

[5].

_— Chemical
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Photo protection
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Fig 2: Functional properties of melanin [28]
I1-Factors affecting on production of melanin:

As a result of its potential for use in a variety of industrial processes, including the manufacture of
foods, cosmetics, pharmaceuticals, and textiles, microbial pigment synthesis is currently one of the most
promising areas of research. However, it is well recognised that selecting the right productive culture
strain and figuring out the ideal growing conditions are essential for the success of microbial
fermentation operations [29].

An ideal microbe for making pigments should be able to use a variety of carbon and nitrogen
sources, be tolerant of PH, temperature, mineral concentrations, and produce a decent number of
pigments. Additionally, recommended characteristics are simple separation from cell biomass and
nontoxic and nonpathogenic natures. Because filamentous fungi may be grown under a variety of
environments, including oligotrophic or nutrient-rich settings, a wide range of temperatures (10-50 °C),
pH (2 tol1), salinity (0 to 34%), and water activity (0.6 to 1), they have a great deal of metabolic
plasticity. It is crucial to determine the nutritional and en-vironmental elements that have a higher impact
on the growth of cell and production of pigments produced by microbial fermentation in order to
increase efficiency & reduced costs [30].

According to certain research, the sufficient aeration is necessary for pigment synthesis. This is
possibly because various enzymatic processes that produce pigment depend on oxygen, for cells to
function properly, carbon and nitrogen are required, and these sources are related to biomass formation,
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the type of pigment generated, and the yield of the desired chemical. Nutrients may control the
expression of specific genes and activate vital metabolic pathways involved in pigment synthesis [31].

Generally speaking, glucose, an essential carbon source for growth, inhibits the synthesis of
numerous secondary metabolites, including pigments. Studies have shown that a nitrogen source's ability
to promote or inhibit the synthesis of pigment depends on the strain. It has been demonstrated that
different kinds of peptone and yeast employed as a nitrogen source can promote an increase in the
production of pigments in a wide variety of fungus species [32].

Medium composition change is a key tactic to increase pigment synthesis since some sources of
carbon and nitrogen can support higher yields of the desired product and can be more easily digested. In
order to make the bioprocess economically viable on an industrial scale, it is necessary to choose
inexpensive and effective substrates for the manufacture of pigment since they have an impact on the
cost of the bioprocess. Strong industry interest in using large quantities of agro-industrial waste produced
by various economic activities as cheap materials to support the development of microorganisms in
bioprocesses has been sparked by the high amounts of these wastes [33]. Melanin may have increased
significance for the sector and aids in reducing or preventing pollution-related waste from entering the
environment [34].

111 -Pathways of melanin biosynthesis

Different methods have been used to clarify the structure of melanin from various organisms, such as
electron paramagnetic resonance [35], X-ray diffraction [36], infrared, ultraviolet, and visible spectroscopy
[37], and nuclear magnetic resonance [38]. These investigations have demonstrated that by oxidatively
polymerizing phenolic or indolic chemicals, fungi are able to create several forms of melanin [39]. When O-
di-phenolic substances, such as 3,4-dihydroxy-phenylalanine, are present in the growth media, Apathogenic
Basidiomycetous is known to produce DOPA-melanin. To increase its capacity to manufacture melanin, this
fungus may employ a variety of substrates, including L-dopamine [40], catecholamines, and other phenolic
chemicals [41]. This fungus polymerizes exogenous substrates as a result of laccase activity [42]. It is crucial
to stress that melanin generated from various substrates exhibits a variety of features.

Figure 3 is a general diagram of the manufacture of fungi's dihydroxy-naphthalene (DHN)-melanin is
shown in figure 3. Malonyl-CoA is transformed into 1,3,6,8-tetra-hydroxynaphthalene (1,3,6,8-THN) in this
pathway by the poly-ketide synthase (PKS), which then undergoes a number of reduction and dehydration
events to create scytalone, 1,3,8-tri-hydroxynaphthalene (THN), and vermelone. The intermediate 1, 8-
dihydroxy-naphthalene (DHN), which is produced by a subsequent dehydration step, is pOlymerized into
DHN_melanin, probably by a laccase enzyme[43].

J‘U\ OH  OH
(HOOC) s —CoA Polyketide Synthase
R HO OH

Acetyl-CoA/
malonyl CoA 1,3,6,8-tetrahydroxynaphthalene

i i Pol izati
N “ olymerization MELANIN

1,8-dihydroxynaphthalene

Figure 3: The metabolic pathway of fungal di hydroxy naphthalene (DHN)-melanin, which depicts a
broad model for fungal dihydroxy-naphthalene (DHN)-melanin biOsynthesis [43].
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Figure 4. Dihydroxy-phenylalanine (DOPA)-melanin's synthesis process in fungus [43]

L-dopa and tyrosine are two potential beginning chemicals in this pathway. If L-dopa is the precursor
molecule, laccase will then oxidize it to dopaquinone. Tyrosine is transformed into L-dopa and subsequently
dopaquinone if it serves as the precursor. Both processes are carried out by the same enzyme, tyrosinase.
Leucodopachrome is created by the extremely reactive intermediate dopaquinone, which is then oxidized to
produce dopachrome. Dihydroxy indoles are produced by hydroxylation (and decarboxylation), and they can
spontaneously polymerize to generate DOPA-melanin [38].

Some fungi have multiple melanin biosynthetic pathways. For instance, Aspergillus fumigatus
produces DHN-melanin by the tyrOsine degradation pathway, as well as a second type of melanin that protects
the hyphal cell wall from ROS. Gray-green DHN-melanins also control the structural integrity of the cell wall
of conidia and their important properties [44]. Moreover, melanin is important for plant pathogen host
invasion. Appressoria are structures that fungi develop that penetrate plant tissue and allow the organisms to
invade the host. These structures' the cell walls contain melanin, which gives them mechanical strength and
promotes tissue penetration [45]. Melanized appressoria have been shown to have a great importance in the
pathogenicity of certain plant infections, such as the rice blast fungus and the rose black spot disease [46].

V- Descriptions of melanin

Melanin's diverse makeup prevents it from having a distinctive, well-defined structure. As a result,
several techniques are needed to establish the structure of melanin, including a stringent set characterization
procedure. and to confirmed by (chemical and physical method, UV- visible, Fourier-transform infra-red
spectro-scopy, NMR spectro-scopy, High performance liquid chromatography [47, 12].

a — Ultra.violet—visible spectro-scopy

Numerous studies shown that although just a little amount of ultra- violet rays (280-315 nm) reach the
earth's surface, they have a significantly unfavorable effect on living things. It causes the pyrimidine adduct,
which inhibits transcription and translation. By absorbing energy, melanin will block these approaching UV
rays [48]. Maximum UV spectrum absorption for microbial melanin occurs between 200 and 400 nm.UV
light absorption is caused by the presence of complex conjugated molecule structures in melanin [49].

Elsayis confirmed that the UV-visible absorption spectrum pattern was obtained by both the extracted
melanin from different micr-oorganism and synthetic melanin, revealing that the absorption peak was at the
Ultra-Violet region and declined towards the visible region with high points of absorption at 240 nm and 219
nm respectively [50].

b- Physico-chemical properties

As microbial melanin exhibits differential solubility, the most frequent stage for the initial
identification and characterization of melanin is solubility. Di-methyl sulphoxide (DMSQO), alkaline water (PH
more than 8), and phosphate buffer saline (pH 7.2) show solubility in melanin, which makes them the most
suitable solvents for extraction steps [51]. Melanin is mostly insoluble in water and various some important
solvents, but it also shows solubility in these solutions. The breakdown of melanin caused the pigment to
become discolored when it was exposed to hydrogen peroxide (H202). The mechanism of the reaction also
involves the nucleophilic assault of O-OH ions from H202, which triggers a ring-opening reaction that
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produces the quinone e-poxides that bleach melanin [52]. Grey precipitation is produced on the test tube walls
as a result of the reaction between microbial melanin and AgNO; solution [53].

Melanin precipitates as a result of the reduction of AgN03[54]. As for a different method of detection,
the presence of KMn04 results in the pigment's color changing from brown to green, precipitation, and then
the solution being dis-coloured. Melanin undergoes a reduction of KMn04 because of the presence of electron
donor groups, which is what led to the change in hue.These reactions demonstrate that the melanin component
contains quinolinic and phenolic groups[55].

c- Fourier-transform infra-red spectro-scopy

IR spectrum of Hortaea werneckii derived pigment showed a number of significant peaks near 3438
cm-1, 2927 cm-1, 1637cm-1, and 1239.90 cm-1. The initial peak indicated the presence of the (-OH) group,
and the band's enlargement may be explained by the amino group's (-NH) hydrogen bonding with the (-OH)
group (Barretto and Vootla.,2020). According to Dullah et al., showed FTIR in other studies that Peaks were
seen in the FT-IR spectra at 3399 cm-1, 2926 cm-1, 2851 cm-1, 1,586 cm-1, 1385 cm-1, 1030 cm-1, and 618
cm-1. The polymeric O-H groups are responsible for the absorption at 3399 cm-1. At 2926 cm-1 and 2851
cm-1, the stretching vibrations for aliphatic C-H bonding may be observed. The symmetric carboxylate
stretching vibrations (COO-) are audible at 1586 cml. At 1385 cml, the in-dole ring's shaking and CNC
stretching were noticed. At 1030 cm 1, CH in-plane/CH out-of-plane deformation is ascribed. The aromatic
carbon-hydrogen bond's out-of-plane bending is indicated by the value of 618 cm1. These functional groups
are indicators of melanin content [47].

d - NMR spectroscopy

Since determining the 1H NMR spectrum of microbial melanin is a key step in determining the
structure of the pigment, several researchers have turned to this cutting-edge methodology. Chemical shifts
are provided in ppm downfield from SiMe4, with the residual solvent signal serving as an internal reference,
Bayram demonstrated. signals between 6 and 8 ppm are associated with the aromatic groups, according to the
overall pattern (indole units) (Bayram et al., 2020). Microbial melanin's *H NMR spectra included peaks
linked to the aliphatic region of alkyl fragments as well as peaks of -CH, or -CH3 groups linked to nitrOgen or
Oxygen atoms. Peaks in the aromatic region may be related to the indole rings found in the structure of
melanin at 7.2-8.0 ppm, according to the aliphatic region [56].

e- High performance liquid chromatography

The HPLC analysis was carried out using the Sun et al. Previous research has shown that melanin
pigment produced by L-tyrosine has a different peak time than melanin produced spontaneously by
environmental microorganisms [6,57].

V-Applications for melanin
a- Bioremediation for heavy metals:

Melanin had a high affinity and binding ability for a number of heavy metals, including Cu*?, zZn**
Mg*?, Cd*, and Mn?" [58]. A functional group of pigments interacts with this metal-binding characteristic.
Utilizing melanin to recover and find valuable heavy metals from solutions or to bioremediate polluted water
is made possible by the interaction of melanin with metal [59,60]. Nguyen et al confirmed that the effective
removal of Cr®* and Mn*" by melanin was over 97%, and the adsorption capacities for Cr® and Mn**were
5.78 mg/gam and 31.8 mg/gam, respectively. More intriguingly, it showed that melanin could remove vibrio
parahaemolyticus bacteria with an efficiency of more than 90%, in addition to heavy metals. The obtained
results suggested that melanin, a naturally occurring substance with a high level of biosafety, would be useful
adsorbent for removing bacteria and heavy metal ions in aqueous solution and might be employed for
beneficial water treatment [61].

b- Nano-technology

The creation of more stable, monodispersible, environmentally benign metallic nanoparticle synthesis is
a key aspect of modern nanotechnology [62]. Metal nanoparticle production uses the biopolymers made by
microorganisms as a reducing and stabilising agent [63]. It is an investigated biopolymer because it has
intriguing qualities like chelating metal ions, photosensitization, photoprotection, and antibacterial Therefore,
bacterial or fungal melanin is in competition with the creation of nanoparticles and their use in a variety of
industries, including food packaging, paint additives, and cosmetics [64].

c- textile sector:
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Melanin is a polymeric component that is very secure, biodegradable, and possible natural colours and
can also successfully replace synthetic dyes, despite the textile industry being harmful to the environment.
Streptomyces virginiae, a species of bacteria, produces dark brown melanin, which is extracted and used for a
variety of purposes including dyeing and printing wool materials, which displayed strong coloration
[65].Lasio-diplodia, aobroma used to colour bleach-ed poplar veneers, secretes melanin, demonstrating its
suitability as a dyeing material [66].Allo-melanin, which was recently reported to have been obtained from
the actinomycete Streptomyces glaucescens, was used to dye cotton fabric, and the intensity of the colour was
easily boosted by laccase enzyme treatment [67].

d- Anti cancer activity:

The purified melanin pigment plays a very important role in controlling cancer and getting rid of cancer
cells, some scientific showed that in other reports [68].

A promising anticancer effect of black melanin on HEPG-2 and HCT-116 cell lines, with 1C50 values that
were higher than those of doxorubicin (4.05 and 4.45 g) in both casesExtra-cellular melanin produced by the
fungus Schizophyllum commune was shown by Arun et al. to be effective against the human epidermoid
larynx carcinoma cell line (HEP-2) in a concentration-dependent manner, indicating its potential use in
chemotherapy and cancer chemoprevention [69].

Also, MTT assay results in previous studies showed that BTCZ31 melanin inhibited the development of
the L929 cell line at a cytotoxic concentration of 105.4 g/mL (IC50). On aberrant cells, morphological
modifications included being smaller, rounder, and with angles [70].

e- Anti viral activity: -

Melanin can stop pathogens from entering the skin and mucous membranes, and soluble melanin can stop
HIV replication. Melanin may lower the prevalence of HIV infection through sexually acquired skin lesions,
lowering the probability of sero-conversion and delaying the onset of AIDS [71]. They proposed that black
people's melanin levels may be related to their resistance to HIV infection. The human immunodeficiency
virus (HIV) is the root cause of acquired immune deficiency syndrome (AIDS) (AIDS) [72].

VI- CONCLUSIONS AND PERSPECTIVE:

Due to its numerous biological features and ability to be environmentally sustainable, melanin supports a
variety of uses. Because they may be easily scaled up while preserving a wide structural variety,
microorganisms have become a valuable source of melanin. The dedicated biosynthetic pathways that are
mostly influenced by enzymatic imbalances are where these sophisticated biopolymers' intricacy is found.
Precursor metabolites play a crucial part in this process since their fluctuating concentrations change the
metabolic pathways. The antimicrobial activity of melanin is very an important side to explore. Upscaling the
bioproduction of melanin is greatly aided by identification of important regulators in biosynthetic pathways&
medium optimization in fermentation. Because of its numerous physicochemical properties, melanin is a
group of naturally occurring, affordable, abundant, and harmless pigment compounds with many uses. It is
simple to extract melanin from a variety of natural sources or to chemically create it. Studies into the structure
and function of melanin are still necessary in order to utilize melanin-based materials, despite the fact that
melanin and melanin-like compounds are rather well known. Melanin is the ideal pigment for photoprotection
and UV radiation protection. Some conditions and environmental factors can decrease or increase the amount
of melanin in the skin. Due to its potential cytotoxic action against a number of cancer cell lines and low
cytotoxicity against healthy noncancerous cells, the melanin pigment has been proposed as a new natural
anticancer agent. There are still a number of issues with all the applications highlighted in the review that
need to be resolved. Although it has yet to realise its full potential, melanin extracted from micro-rganisms
proves a bright future, primarily in dermatolOgy, biomedicine, cosmetic, agri-cultural, and environmental
technologies.

Melanin has a great future in research, especially as it relates to improving bioproduction and extraction
methods to accomplish tremendous biotechnological objectives. The family of natural compounds known as
melanin can be thought of as functional polymers with numerous potential industrial and medical uses.
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