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are associated with the red algae Laurencia obtusa and Gracilaria verrucosa,
as well as the green algae Cladophora crinalis, Enteromorpha compressa,
and Ulva lactuca. Melanin exhibited a characteristic UV-Vis absorption peak
at 235 mm. IR spectra of fungal melanin showed peaks at 3378 cm-1 and 3308
cm-1 (carboxyl, phenolic, hydroxyl, amine), 1720/1705 cm-1 (C=0),
1646/1610 cm-1 (C=C), and 1046/1040 cm-1 (C-0), indicating the presence
of various functional groups. All fungal melanin pigments demonstrated
significant antioxidant activity in a dose-dependent manner in both DPPH and
ABTS assays. Aspergillus niger and Curvularia chlamydospore showed 50%
activity at IC50 values of 12.2 and 13.48 pg/ml in the DPPH assay, and 15.47
and 25.87 yug/ml in the ABTS assay respectively. In vitro, cytotoxicity assays
revealed that melanin exhibited differing levels of cytotoxicity against A549
lung cancer cells while showing negligible toxicity to normal cells at varying
doses from 31.25 to 1000 pg/ml., significantly reducing tumor cell viability
in a dose-dependent mode. Alternaria alternata demonstrated the highest
cytotoxicity at low concentrations, signifying its potential as a promising
anticancer agent. Our findings showed that fungi associated with macroalgae
represented a novel source of melanin. This natural pigment exhibits
significant potential for various applications, providing a strong theoretical
foundation for its utilization.

Published by Arab Society for Fungal Conservation

Introduction

Microorganisms have evolved sophisticated protective
mechanisms to survive like pH fluctuations, temperature

Melanin is a hydrophobic pigment biopolymer produced
through the oxidative polymerization of phenolic or indolic
chemicals, offering numerous potential applications,
particularly in the biomedical field. Although melanin has
been extensively studied in humans, animals, and plants,
its potential in marine species, especially fungi associated
with marine macroalgae, remains relatively unexploited.

variations, high salinity, radiation, and host immune
responses. One method is melanization, a biological
process involving the synthesis of melanin pigments.
Melanin protects against several environmental stresses,
such as oxidative stress, ultraviolet radiation, and
antimicrobial substances. Microorganisms can enhance

*Corresponding author Email address: eman_mohamed@science.suez.edu.eg (Eman A. Attia) ?ff‘““:}:
§
T


http://mb.journals.ekb.eg/

Mansour et al. 2025

their survival in adverse settings by producing melanin
(Belozerskaya et al 2017, Mufioz-Torres et al. 2024).

Fungi demonstrated all the variety of melanin found
in nature: eumelanin (black or dark brown), pheomelanin
(yellow or red), and the most heterogeneous group of
allomelanins, including soluble piomelanins and melanins
formed from dihydroxynaphthalene (DHN) compounds
(Plonka & Grabacka 2006). Numerous studies have
investigated melanin extraction from various fungi genera,
such as Aspergillus, Exophiala, Gliocephalotrichum,
Hortea, Inonotus, Penicillium, Phoma, Phyllosticta,
Pleurotus, Schizophyllum, Spissiomyces and Alternaria
(Elsayis et al.2022, Surendirakumar et al. 2022). This
pigment can be localized in different parts of the fungal
cell, including the cell wall and spores.

Marine macroalgae are vital in coastal intertidal
zones, functioning as critical habitats and resource
suppliers for many microbial communities ( Manzelat et al.
2018, Korlevi¢ et al.. 2021). The macroalgae offer habitats,
oxygen, and carbohydrates such as algal polysaccharides to
related bacteria (Yang et al. 2019). This spatial closeness
promotes intercellular interactions and establishes
intricate, diverse microbial communities.

Microorganisms, including bacteria and fungi,
establish dynamic associations with macrophytes
(Salgado-Castillo et al. 2023). These microbial
communities provide a range of beneficial substances,
including hormones, vitamins, minerals, carbon dioxide,
and novel bioactive metabolites. These resources support
the development of macrophytes, growth, and ability to
defend against pathogens. Macroalgae and fungi establish
symbiotic associations. The macroalgae generate organic
matter (food) and oxygen via photosynthesis, which are
utilized by the fungi. Furthermore, related microorganisms
facilitate the provision of CO2 and minerals. Seaweeds
have adapted to flourish in diverse marine ecosystems,
ranging from coastal tidal pools to deep-sea conditions.
Diverse environments enable seaweeds to obtain adequate
sunlight for photosynthesis, even at considerable depths
(Fawcett et al. 2017).

Microbial pigments have gained interest due to
increasing demand in the market for safer, easily
degradable, and eco-friendly goods that do not have
adverse consequences (Lopes et al. 2013). Pigment
production from microorganisms is considered more
advantageous because it is a more efficient and cost-
effective process than the chemical synthesis of pigments.
Melanin is widely utilized in the derma-cosmetic sector for
its UV-protective attributes, which are often employed in
the manufacturing of sunscreen and related products (Choi
2021, El-Naggar & Saber, 2022). Moreover, melanin has
exhibited remarkable biological functions, such as anti-
cancer, antibacterial, anti-inflammatory, and
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hepatoprotective capabilities (El-Naggar & EIl-Ewasy,
2017, Ghadge et al. 2021, Surendirakumar et al. 2022).
Melanin, with its inherent antioxidant and radical
scavenging properties, has emerged as an optimistic
candidate for combating oxidative stress-related diseases.
Additionally, its ability to absorb UV radiation makes it a
potential sunscreen agent. Moreover, recent studies have
highlighted the antitumor potential of melanin, suggesting
its role in inhibiting cell proliferation and inducing
apoptosis in cancer cells.

Suez Canal, a vital waterway connecting the
Mediterranean and Red Seas, offers a unigque marine
ecosystem with diverse microbial communities. Fungi
inhabiting this environment are exposed to many stressors,
including fluctuating salinity, temperature, and intense UV
radiation (Suthar et al. 2023). To survive and thrive in such
harsh conditions, fungi often produce secondary
metabolites, such as melanin, which give protective
benefits. This study aims to provide a valuable approach to
elucidate the potential of melanin produced by marine
fungi associated with abundant macroalgae collected from
Fayed area, center of Suez Canal, as a natural source of
antioxidants and antitumor agents.

Materials and Methods

Area of study

Macroalgal samples were collected from the Fayed
area in Ismailia Governorate, Egypt during winter of 2023.
This area is approximately situated at the center of Suez
Canal. The geographic coordinates of the collection site
were Located between two latitude (30.3261° N) and
longitude (32.2986°E) lines.

Collection of macroalgae

Five abundant marine macroalgal species were
manually collected from the intertidal zone at the low tide
during winter 2023. The samples collected included three
species of green macroalgae and two species of red
macroalgae. The identification of the chosen macroalgae
was conducted using the taxonomic keys of Gribb 1983,
Aleem 1984 Womersley 1984 , 1987.

Isolation and characterization of epiphytic fungus

One centimeter of the selected macroalgae were
segmented to isolate the epiphytic fungi, then cultured on
potato dextrose agar (PDA) medium supplemented with
0.01% wi/v chloramphenicol. The plates were incubated at
28 + 1°C for 7 days and assessed for fungal growth every
48 hours. Upon observation of fungal development, the
cultures were transformed to fresh PDA for continued
growing (Karkun Sur & Verma. 2016). Isolated fungi were
identified at the genus level according to their macro- and
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micro-morphological characteristics. These included
colony color, texture, pigment production, as well as
microscopic features like hyphae, conidia, stipes, and
phialides. Standard mycological and taxonomic keys were
used for classification (Ann et al. 2019).

Propagation of fungal mycelium

Fungi were cultured in a sterile potato dextrose broth
(PDB) medium. Five-millimeter fragments of fungal
material were added to Erlenmeyer flasks containing broth
and kept at a regulated temperature of 28 + 1°C for three
weeks. Throughout this interval, the broth became darker
as a result of pigment synthesis by the fungi. After
incubation, the fungi were extricated from the broth using
filtration.

Extraction and purification of melanin

An acid-alkali technique was employed to extract
melanin pigment from fungal biomass. The desiccated
fungal material was subjected to treatment with a
potassium  hydroxide solution and subsequently
autoclaved. The resultant liquid was subjected to filtration,
acidification, and centrifugation to precipitate the melanin.
The precipitated melanin underwent additional purification
via solvent extraction and subsequent drying. The melanin
powder was ultimately dissolved in a potassium hydroxide
solution for further analysis. This multi-step procedure
successfully extracted and purified melanin from the fungal
source Rajagopal et al. 2011.

Characterization of melanin
Physiochemical properties

The solubility of the extracted melanin pigment was
determined by using several solvents including distilled
water (both hot and cold), ethanol, acetone, methanol,
chloroform, hexane, ethyl acetate, DMSO (dimethyl
sulfoxide), acetic acid, and petroleum ether. The solubility
of the substance in 1 M hydrochloric acid and the
precipitation behavior of the substance with 1% (w/v)
FeCI2 were also evaluated. For comparison, L-DOPA
melanin was used as a standard (Zaidi et al. 2014).

UV-Vis spectrophotometric analysis of fungal melanin

Fungal melanin was analyzed using a UV-visible
spectrophotometer (T90+UV/VIS Spectrophotometer) to
determine its absorption spectrum within the 200-420 nm
range. A standard L-DOPA melanin was used as a
reference. The method for dissolving fungal melanin (1
mg) in 10% 1M KOH (20 mL) was adapted from
(Rajagopal et al.2011). A 10% 1M KOH solution served as
the reference blank. The spectrophotometric analysis was
carried out at the Central Laboratory and Toxicology
Research Unit of Suez Canal University.
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Fourier transform infrared (FTIR) spectroscopy

Purified samples were combined with potassium
bromide and pressed into discs following the methodology
outlined by (Singh et al. 2021) to ascertain the chemical
composition of fungi and L-DOPA melanin. Fourier
Transform Infrared (FTIR) spectra were obtained for these
discs within the 400-4,000 cm™ range by analyzing them
with a BRUKER ALPHA 11 spectrometer at a resolution
of 4 cm™. the FTIR analysis conducted at the Central
Laboratory and Toxicology Research Unit of Suez Canal
University.

Evaluation of antioxidant activity

The antioxidant capacity of melanin was assessed by
various In vitro assays, including DPPH radical scavenging
and ABTS radical cation decolorization. The free radical
scavenging activity of various extracts was assessed
utilizing the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging assay. It was utilized for lipophilic
antioxidants. A 0.1 mM solution of DPPH in ethanol was
prepared. One milliliter of this solution was incorporated
into 3 mL of distinct ethanol extracts at varying
concentrations (3.9, 7.8, 15.62, 31.25, 62.5, 125, 250, 500,
and 1000 pg/mL). Only extracts soluble in ethanol were
utilized, and their quantities were modified through
dilution. The mixture was agitated vigorously and
permitted to rest at ambient temperature for 30 minutes.
Absorbance was subsequently quantified at 517 nm
utilizing a UV-Vis spectrophotometer (Milton Roy).
Ascorbic acid served as the reference standard, and each
experiment was conducted in triplicate. The ICso value,
indicating the concentration necessary to inhibit 50% of
DPPH radicals, was derived from a logarithmic dose-
inhibition curve (Fu et al. 2022).. A diminished absorbance
of the reaction mixture signified enhanced free radical
scavenging activity. The percentage of DPPH scavenging
effect was determined using the subsequent formula:
% inhibition = (A0 - A1) / A0 x 100.
Where, AO represented the absorbance of the control reaction, while Al
denoted the absorbance in the presence of a test or standard sample.

ABTS radical scavenging activity

This method can be used for both hydrophilic and
lipophilic antioxidants. The ABTS radical scavenging
activity was determined following the method of (Re et
al.1999) with minor modifications. A 7mM solution of
2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) was reacted with 2.45 mM potassium persulfate to
generate the ABTS radical cation (ABTSe+). This solution
was diluted to an absorbance of 0.70 £ 0.02 at 734 nm. To
assess antioxidant activity, 0.07 mL of the extract was
mixed with 3 mL of the diluted ABTS solution. After a 6-
minute incubation period, the absorbance at 734 nm was
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measured. The percentage inhibition of ABTSe+ was
calculated using the following formula:

% inhibition = (A control— A sample) I A contror X 100
Where, A control = Absorbance of negative control at the moment of
solution preparation, A sample = Absorbance of sample after 6min

The ICso values were calculated from the graph which
represents the concentration of the sample required to
scavenge 50% of the ABTS free radicals. The ICs is often
used to express the amount or concentration of extracts
needed to scavenge 50% of the free radicals. ABTS are
expressed as ug GAE/ml (Ma et al. 2023).

Assessment of cytotoxicity

The activity of melanin was evaluated against human
lung cancer cells (A549 cells) using the MTT assay to
determine cytotoxicity (Cao et al.2020). A 96-well plate
was seeded with 1x1075 cells/ml and incubated for 24
hours to form a monolayer. After removing the growth
medium and washing the cells, two-fold dilutions of the
melanin sample were prepared in maintenance medium.
These dilutions were added to the wells, with control wells
receiving only maintenance medium. The plate was
incubated at 37°C, and cells were visually inspected for
signs of toxicity. Subsequently, MTT solution was added
to each well, and the plate was incubated for 4 hours to
allow for MTT metabolism. The media was then removed,
and the formazan crystals were dissolved in DMSO
(Migliorini et al. 2019). The optical density was measured
at 560nm, with background subtraction at 620 nm. A higher
optical density indicates a greater number of viable cells,
thus providing a measure of the antitumor activity of
melanin.

Statistical analysis

A bar chart and boxplot for data analysis were
generated using PAST: Paleontological Statistics (Version
2.17) with the PAST Model Linear (Hammer & Harper.
2001).

Results and Discussion

Melanin is indispensable for the growth and development
of fungi. It is classified as a secondary metabolite that is
generated as a survival mechanism in conditions of
extreme salinity, temperature, pH, or radiation exposure
(Salgado-Castillo et al. 2023). Melanin's potential
applications in a variety of disciplines, such as medicine,
environmental remediation, and industrial processes, are
largely due to its distinctive physicochemical properties
and biological functions (EIObeid et al. 2017).

Isolation and identification of epiphytic fungi

In this study, five fungal species were isolated from
the selected abundant macroalgae in Fayed, Suez Canal,
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Egypt (Table, 1) to reveal the relationship between selected
macroalgae and fungal species. Some algae, like Laurencia
obtusa, Gracilaria verrucosa, and Cladophora crinalis
exhibited a higher range of fungal associations, while
others, such as Enteromorpha compressa and Ulva
Lactuca, have more specific relationships. Fungi such as
Aspergillus niger, Aspergillus flavus, and Alternaria
alternata are associated with multiple algae, while
Cladosporium sp., appeared more selective. These
associations could represent symbiotic, parasitic, or
commensal relationships, potentially influenced by
environmental factors, developmental stages, and the
specific ecological roles of the organisms involved.

Figure 1 shows the presence value of fungi that are
linked to the chosen species of abundant macroalgae. The
error bars on each bar indicated the variability in
appearance values. The appearance value reflected the
frequency or abundance of specific fungi taxa associated
with each macroalga. Some types of green macroalgae, like
Ulva lactuca and Enteromorpha compressa, had more
variation in their fungal associations. This was shown by
error bars that were bigger. This could be due to factors like
environmental conditions, geographic location, or the
specific strain of the macroalga. The presence of some
fungi can influence various ecological processes, including
nutrient cycling, decomposition, and disease resistance.
Different macroalgal species appeared to harbor distinct
fungal communities.
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Fig. 1. The presence value of fungi with the selected
abundant macroalgal species shows a standard
deviation, where S1:. Aspergillus niger; S2:
Curvularia chlamydospore; S3: Aspergillus flavus;
S4: Cladosporium sp. and S5: Alternaria alternata.
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Table 1 Presence of fungi associated with the abundant macroalgal species

Rhodophyta Chlorophyta
Laurencia Gracilaria Cladophora  Enteromorpha Ulva
Fungal taxa obtusa verrucosa crinalis compressa lactuca
Aspergillus niger + + + + +
Aspergillus flavus + - + + -
Alternaria alternata + - + - +
Cladosporium sp. - + - - -
Curvularia chlamydospore - + - - -

For instance, the green macroalga Cladophora
crinalis was seen to have a higher appearance value of
associated fungi compared to other species. This displayed
that specific macroalgal species may create unigque
ecological niches that favor certain fungi taxa. In contrast,
red algae like Gracilaria verrucosa and Laurencia obtusa
exhibited a lower fungal association. The presence and
abundance of specific fungi associated with macroalgae
can have significant ecological implications. Fungi can
play various roles, such as decomposing organic matter,
producing secondary metabolites, or forming symbiotic
relationships with the macroalgae. These interactions can
influence nutrient cycling, energy flow, and the overall
health of marine ecosystems.

Al-Ameen et al. (2024) mentioned that the
emergence of free-living fungal species and the presence
of fungal colonies in the aquatic environment encompasses
a variety of invertebrate organisms, algae, and aquatic
plants. This discovery is in accordance with the findings
of Barlocher et al. (2008), who identified a substantial
number of fungal species in water samples. These species
originated from temporary sources, resulting from air
currents bringing fungal spores to the water surface, or
from habitats within the water. Furthermore, their spores
were dispersed when they matured in water, and they may
have been introduced or adhered to plants and animals in
the water. This is also in accordance with the results of
(Amend et al. 2019).

Fungi are significant biological components of
terrestrial ecosystems and are one of the most diverse and
expansive kingdoms of eukaryotes (Bridge & Spooner
2012). They reported that there are numerous marine fungi
records from Antarctica, but there was limited information
available regarding their ecological functions. In the
current investigation, certain fungal taxa were identified as
species that are mutualists, saprobes, and parasites and
were found to be associated with certain macroalgae.
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Characterization of melanin
Physiochemical properties

In the present investigation, all fungal melanin
pigments precipitate upon the addition of 1% FeCI3,
similar to the DOPA melanin standard, so confirming that
the extracted pigment is melanin. The solubility results for
the extracted melanin indicated that it exhibits relatively
low solubility in polar solvents, including water, methanol,
acetone, ethanol, ethyl acetate, chloroform, petroleum
ether, 1 mol/L HCI, and 1 mol/L NaCl, while
demonstrating comparatively high solubility in alkaline
conditions such as NaOH and KOH. They have partial
solubility in dimethyl sulfoxide (DMSQ). These findings
were corroborated by (EI-Naggar & El-Ewasy 2017,
Kamarudheen et al. 2019, Elsayis et al. 2022).

Spectrophotometric UV analysis of melanin

UV-Vis spectroscopy offers qualitative insights into
the presence of chromophores in extracted melanin, yet it
cannot deliver detailed structural information. The UV-Vis
spectra validated the presence of melanin extract in all five
fungal samples (Fig. 2). All five tested fungal extract
spectra exhibited broad absorption bands in the UV-Vis
region (200-280 nm), analogous to the range of standard
melanin pigments (DOPA). The variations in peak
positions and intensities among the samples suggest
differences in the chemical composition and structure of
the melanin, as noted by (Yang et al. 2023).

The absorption spectrum of Cladosporium sp,
Aspergillus niger, Curvularia chlamydospore, Aspergillus
flavus, and Alternaria alternata exhibited broad absorption
bands, with maximum absorbance values of approximately
229, 235, 231, 232, and 228 nm respectively. The variation
in absorbance among the tested fungal extracts may be
ascribed to the presence of additional chromophores or
distinct structural characteristics in the melanin. Our
findings aligned with those reported by Lorquin et al.
(2021). Additionally, refer to Fuentes-Lépez et al. (2022)
who demonstrated that eumelanin exhibits a maximum
absorbance peak at 220 nm. Moreover, Pyo et al. (2016)
displayed that pheomelanin shows greater absorption
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Fig 2. Spectrophotometric UV Analysis of the tested fungal melanin.

across the full spectrum, particularly in the visible region,
with the highest absorption wavelength occurring near 233
nm.

The observed bands of the tested fungal melanin were
attributable to the m-n* transitions of the aromatic rings
within the melanin structure. All five samples exhibited
comparable broad absorption bands in the UV-Vis region,
indicating the presence of melanin with a similar
chromophore system. Nevertheless, there are notable
differences in the peak positions and intensities, signifying
variations in the degree of conjugation and other structural
characteristics of the melanin. Cosmetic companies have
used melanin in cream formulations and sunscreens
because melanin has high UV light absorption and
antioxidant activity as reported by Oh et al. (2021).

Fourier Transform Infrared (FTIR) Spectroscopy

In the current study, all five analyzed fungal extract
spectra exhibited distinct peaks linked to melanin,
confirming the existence of this pigment in each sample as
shown in figure 3. The peak positions and intensities varied
among the examined samples, indicating variations in the
chemical composition and structure of the melanin. The
peaks in the 3300-3400 cm™ region are characteristic of O-
H stretching vibrations, indicating the presence of hydroxyl
groups in the melanin structure. All five samples confirmed
similar peak patterns, indicating the presence of melanin
with a similar chemical structure. However, minor

186

differences in the peak positions and intensities indicated
to variances in the extent of oxidation and other structural
characteristics of the melanin.

The spectral analysis of various fungal melanin
samples revealed that Cladosporium sp, Curvularia
chlamydospore, Aspergillus niger, Aspergillus flavus, and
Alternaria alternata exhibited significant peaks at 3378,
3344, 3308, 3322 and 3320cm-1 respectively,
corresponding to the stretching vibrations of carboxyl,
phenolic, free hydroxyl, and amine groups. Additionally,
they displayed wavelengths at 1720 cm-1 (for carboxyl
C=0 stretching), 1631 cm-1, 1646 cm-1, 1638 cm-1, 1610
cm-1, and 1619 cm-1 (for C=C stretching), as well as 1044
cm-1, 1046 cm-1, 1042 cm-1, 1042 cm-1, and 1040 cm-1
(for C-O stretching), indicating the presence of ether
linkages.

Ammanagi et al. (2021), Song et al. (2021)
corroborated the previous findings, indicating that
Eumelanin exhibited three characteristic absorption peaks:
a broad absorption range at 3500-3000 cm-1, associated
with the stretching vibrations of carboxyl groups, phenals,
free OH, and —NH groups, in addition to intermolecular
hydrogen bonding. The C==C stretching of aromatic
groups occurs at 1650-1500 cm-1. The C==0 stretch in the
carboxyl group has a distinct peak at approximately 1710
cm-1. The findings correspond with (Swann et al. 2011).
Who established that the peak near 1040 cm-1 is indicative
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Fig 3. FTIR spectra of the studied fungal melanin samples.

of C-O stretching vibrations, signifying the existence of
ether linkages.

Antioxidant activity of fungal melanin

The DPPH radical scavenging assay is a widely
utilized method for assessing the in-vitro antioxidant
properties of various compounds (Roginsky & Lissi. 2005)
. This assay demonstrates the capacity of a test compound
to neutralize free radicals via electron transfer or hydrogen
donation (Wu et al. 2003). This study assessed the DPPH
and ABTS radical scavenging abilities of various fungal
melanin extracts at concentrations ranging from 3.9 to 1000
pg/ml (Fig. 4 A and B). The scavenging activity percentage
was plotted against the concentration of melanin extract in
pg/ml, compared to the standards of ascorbic acid and
gallic acid. The findings demonstrated that all fungal
melanin extracts displayed considerable antioxidant
activity in both assays. The antioxidant activity increased
with increasing concentration of the melanin extracts,
showing a dose-dependent response. A.niger and
Curvularia chlamydospore exhibited moderate DPPH and
ABTS scavenging activity, reaching around 80-90%
scavenging at higher concentrations. Cladosporium sp. and
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A. flavus showed lower DPPH and ABTS scavenging
activity in comparison with standard recognizing around
60-70% scavenging at the highest concentration.
Alternaria alternata recorded the lowest DPPH and ABTS
scavenging activity around 40-50% scavenging at the
highest concentration.

The present study estimated the ICsp concentrations
(Hg/ml) of ascorbic acid and gallic acid standards and
various tested fungal melanin samples (Table 2). ICso
values are regarded as the concentration of a substance
required to inhibit a biological process by 50% of free
radicals. 1Cso value of Ascorbic acid standard was
2.21ug/ml. The DPPH ICs values for fungal melanin
varied significantly. Hence Aspergillus niger and
Curvularia chlamydospore have melanin exhibited 1Cso
values around 12.2 and 13.48ug/ml, demonstrating the
highest antioxidant activity. Cladosporium sp. and A.
flavus have low ICso values (48.86 and 33.03upg/ml
respectively), indicating moderate antioxidant activity.
Alternaria alternata has the highest ICso values
(62.6ug/ml), signifying the least antioxidant activity
among the tested fungi.
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Fig 4. The antioxidant activity of the tested melanin sample§ using (A) DPPH and (B) ABTS radical scavenging activity

assay.
Table 2 The IC50 concentrations (pug/ml) of the tested fungal melanin compared to ascorbic acid and gallic acid
standards
ICso Standard Assay type Cladosporium sp. Curvularia Aspergillus Aspergillus  Alternaria
ug/ml chlamydospore niger flavus alternata
Ascorbic 2.21+0.0 DPPH 48.86x0.1 13.48+0.1 12.2+0.05 33.03£0.1 62.6+0.1
acid 5
Gallic acid 2.8510.1 ABTS 50.8+0.1 25.87+0.1 15.47+0.1 40.12+0.1 111.6+0.1

All melanin samples exhibited concentration-
dependent ABTS scavenging activity, similar to DPPH,
highlighting their antioxidant potential. The 1Cso value of
gallic acid is 2.85 ug/ml, demonstrating its potency as an
inhibitor and its effectiveness in obstructing the target
process. The ICs values for the fungal species exhibit
considerable variation. Aspergillus niger and Curvularia
chlamydospore exhibited scavenging activities of 50% at
ICso values of 15.47 and 25.87 pg/ml, respectively.
Cladosporium sp. exhibited a concentration of 50.8 pg/ml,
while A. flavus demonstrated a concentration of 40.12
pg/ml. Finally, Alternaria alternata exhibits an 1Csq value
of 111.6 pg/ml, indicating the lowest antioxidant activity
among the tested fungal melanin samples.

The DPPH assay typically exhibited greater
scavenging activity compared to the ABTS assay at
comparable concentrations. This indicates that the DPPH
assay may exhibit greater sensitivity in identifying
antioxidant activity. In the current study, the FTIR spectra
indicated the presence of carboxyl groups, phenols, and
free OH groups which accounts for the antioxidant activity
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of melanin. The findings were corroborated by Shaju et al.
(2022), who indicated that the O—H stretching vibrations of
carboxylic acids and phenolic compounds in the MFI of
cephalopods contribute to their radical scavenging and
metal chelating abilities, thereby aiding in the reduction of
lipid oxidation processes.

The observed differences in 1Csp values of the tested
melanin may be ascribed to variations in metabolic
pathways, the synthesis of specific metabolites with
antioxidant properties, or the presence of particular
compounds in the composition of the fungal cell wall, as
previously reported by Ma et al. (2019), Devi et al. (2020).
All fungal melanin exhibited substantial antioxidant
activity, suggesting their potential utility as natural
antioxidants. This area warrants exploration for multiple
applications, such as food preservation, cosmetics, and
pharmaceuticals. Figure (5) presented box plots that
described the distribution of 1Csy values for various
samples in comparison to standard ascorbic acid and gallic
acid radicals.
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Fig 5. Boxplot of IC50 ug/ml values of DPPH (A) & Gallic acid (B) with melanin samples (xSD) where: standard (St.),
S1: Aspergillus niger; S2: Curvularia chlamydospore; S3: Aspergillus flavus; S4: Cladosporium sp. and S5:

Alternaria alternata.

Lower 1Csp values signified enhanced antioxidant activity.
Both box plots indicated that samples Aspergillus niger
(S1) and Curvularia chlamydospore (S2) consistently
demonstrated antioxidant activity compared to Aspergillus
flavus (S3), Cladosporium sp. (S4), and Alternaria
alternata (S5), suggesting a superior antioxidant potential
against both radicals. The DPPH data exhibited greater
variability among the samples compared to the ABTS data.

In vitro cytotoxicity and anticancer activity of melanin
The evaluation of cytotoxicity is essential for the
development of safe and effective pharmaceuticals, as
documented by Bin-Jumah et al. (2020), Makvandi et al.
(2021). This study was used in vitro cytotoxicity
assessments of melanin through the MTT assay at varying
concentrations ranging from 31.25 to 1000 pg/ml against
Ab549 lung normal and cancer cell line models (Figs. 6- 8).
The results demonstrated that pure melanin was non-toxic
to the noncancerous A549 cell line, facilitating normal
cellular metabolism and proliferation, with an ICso greater
than 600 pg/mL. The findings confirmed the superior
safety of pure melanin for normal cells as a biocompatible
agent, showing negligible effects on the normal cell line. In
contrast, all five pure fungal melanin pigments exhibit
different levels of cytotoxicity towards A549 lung cancer
cells, significantly reducing tumor cell viability in a dose-
dependent fashion, as shown in Fig. (8). The photos
illustrate a clear concentration-dependent effect of the
analyzed fungal melanin samples. As the concentration of
the samples increased, the cell density decreased,
indicating a cytotoxic effect. Cytotoxicity levels varied
among the samples examined.
The ICso values of purified melanin were 95.5 +
1.87,112.38 + 1.16, 110.3 + 0.83, 75.66 + 0.75, and 95.85
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+

0.63 pg/ml for Cladosporium sp., Curvularia
chlamydospore, Aspergillus niger, Alternaria alternata,
and A. flavus, respectively, as shown in figure 8. The
analysis of ICsp data indicated that pure melanin
demonstrated greater cytotoxicity against cancer cells. The
melanin pigment produced by fungi may be a potential
natural anticancer agent. previously corroborated by
Mohamed et al. (2022). Similar results were observed in
the HEP2 cancer cell line by Arun et al. (2015),
demonstrating that the reduction in cell viability was
concentration-dependent, with 60 pg of melanin leading to
a 53% decrease in cell viability.

Melanin exhibits anti-tumor properties, such as
inducing apoptosis and inhibiting angiogenesis, while
preserving the integrity of healthy cells and tissues (Guo et
al. 2023). Morphological assays assess significant changes
in cell surface or cytoskeleton, linking these alterations to
cell survival. Damage is indicated by significant volume
reduction caused by the loss of proteins and intracellular
ions due to altered sodium or potassium permeability.

Necrotic cells exhibit nuclear swelling, chromatin
flocculation, and reduced nuclear basophilia, while
apoptotic  cells display cell shrinkage, nuclear

condensation, and disintegration.

Lung cancer cells subjected to melanin may modify
their typical shape. The transition from a rounded
morphology to an irregular one due to cytoskeletal
disruption, perhaps triggered by apoptotic signaling
pathways activated by melanin. Ultimately, melanin
pigment was considered a possible anticancer agent.
Further research is necessary to validate these findings and
explore the potential clinical applications of these natural
compounds.
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Fig 6. In vitro cytotoxicity activity of melanin against lung A549 cancer cells at different concentrations
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Fig 7. Fungal melanin cytotoxicity (IC50) values against A549 lung cancer cells.
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Conclusion

The potential of melanin produced by epiphytic fungi
associated with marine macroalgae collected from Fayed
area, Suez Canal, Egypt was assessed as a natural source of
antioxidants and antitumor agents. Melanin is a complex
polymer with a unique structure that allows it to scavenge
free radicals effectively. Aspergillus niger and Curvularia
chlamydospore melanin exhibited strong antioxidant
activity in both ABTS and DPPH assays. Cladosporium sp.
and A. flavus showed moderate antioxidant activity,
particularly in the ABTS assay. Alternaria alternata
displayed weak antioxidant activity in both assays. The
data provided indicates that fungal melanin exhibited
varying degrees of cytotoxicity against A549 lung cancer
cells. Alternaria alternata demonstrated the highest
cytotoxicity at low concentration, signifying its potential as
a promising anticancer agent. However, further research is
necessary to validate these findings and explore the
potential clinical applications of these natural compounds.
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