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Abstract

Melanin is a complex biopolymer widely distributed among diverse organisms and is recognized for its various
biological functions, including antioxidant activity, ultraviolet (UV) protection, and metal ion chelation. In this study,
melanin extracted from Streptomyces spectabilis strains AQ2 and CQ2 was analyzed in terms of its chemical
characteristics and bioactivities. Experimental results indicated that melanin yields from both strains were generally
comparable. Strain AQ2 exhibited slightly higher production efficiency relative to biomass, whereas strain CQ2 produced
a marginally greater total amount of melanin after prolonged cultivation. The structural properties of the extracted melanin
were subsequently examined using Fourier transform infrared (FTIR) and UV-visible spectroscopy. Spectroscopic
analysis confirmed that the melanin displayed structural features and typical absorption characteristics of synthetic
melanin. Assessment of antioxidant potential via 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging and
intracellular reactive oxygen species (ROS) assays using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) revealed
that melanin from strain CQ2 exhibited superior free radical scavenging activity compared to AQ2. Moreover, melanin
from both strains effectively reduced intracellular ROS levels following UV exposure in B16F10 and HaCaT cell lines.
Additionally, both melanin demonstrated strong metal ion chelation activity, with particularly high affinity for copper
ions. Collectively, these findings suggest that melanin from S. spectabilis strains AQ2 and CQ2 possess significant
bioactive properties and holds promise as a natural agent for UV protection, antioxidant defense, and heavy metal
remediation. Further studies should focus on optimizing production parameters and exploring broader functional

applications of these natural melanin compounds.
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Introduction

Melanin is a dark biopolymer composed primarily originate  from  distinct precursors such as
of phenolic and indolic monomers, and it is widely dihydroxyphenylalanine (DOPA), 1,8-
distributed across a variety of biological kingdoms, dihydroxynaphthalene (DHN), 5,6-dihydroxyindole,
including animals, plants, and microorganisms [1]. catechol, and homogentisic acid (HGA). The molecular
Based on their chemical composition and biosynthetic architecture of melanin is highly complex and
pathways, melanin is generally classified into several heterogeneous, contributing to its wide range of
types:  Eumelanin,  pheomelanin,  allomelanin, chemical and physical properties [2,3].

neuromelanin, and pyomelanin. These pigments
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Due to its structural complexity, melanin exhibits
remarkable stability and resistance to diverse
environmental stresses, including extreme temperatures,
ultraviolet (UV) radiation, oxidative agents, and heavy
metals [4]. These characteristics underpin its broad
utility in various fields such as cosmetics, biomedicine,
food technology, optoelectronics, and environmental
remediation [5]. Recent studies have increasingly
highlighted the biological activities of melanin. For
example, melanin derived from Curvularia soli has
demonstrated antibacterial properties against Klebsiella
pneumoniae ATCC 13883 and Penicillium digitatum
[6], while other forms of melanin have shown potent
antioxidant activity through free radical scavenging and
electron transfer capabilities [7,8]. Additionally,
melanin isolated from Streptomyces djakartensis NSS-3
exhibited anticancer, antimicrobial, and radioprotective
properties [9]. Water-insoluble melanin from /nonotus
hispidus was found to reduce intracellular reactive
oxygen species and protect embryonic liver cells under
oxidative stress [10]. Furthermore, melanin from
Stachybotrys sp. HSS-1 has demonstrated strong metal
ion absorption capacity, indicating its potential for
wastewater treatment applications [11].

As the global demand for natural bioactive
compounds increases, microbial fermentation has
emerged as a viable strategy for scalable and cost-
effective melanin production [12]. Among melanin-
producing microorganisms, actinomycetes, particularly
the genus Streptomyces, are of notable interest due to
their metabolic versatility and extensive biosynthetic
capabilities [13]. Widely distributed in both terrestrial
and marine environments, Strepfomyces species are
recognized for their prolific production of secondary
metabolites, especially antibiotics, with individual
strains often encoding the potential to produce 10 - 20
bioactive compounds [14]. Historically, members of this
genus have contributed over two-thirds of clinically
relevant natural antibiotics and continue to be a valuable
source of compounds with antimicrobial, anticancer,
enzymatic, and antioxidant activities [15-18].

Through screening of natural microbial isolates,
two strains identified as S. spectabilis AQ2 and CQ2
were found to produce a dark pigment presumed to be
melanin. However, no comprehensive study has yet
confirmed the structural identity or bioactivity of this
pigment. This study aims to address this knowledge gap

by cultivating S. spectabilis strains AQ2 and CQ2 for
melanin production. The extracted pigments will be
characterized using UV-visible spectroscopy and
Fourier transform infrared spectroscopy (FTIR) to
confirm their structural identity. In addition, the
biological properties of the melanin will be evaluated,
with a focus on its antioxidant potential, ability to reduce
intracellular reactive oxygen species to protect cells
from UV exposure, and metal ion chelation capacity.
The outcomes of this study are expected to provide
valuable insights into the bioactive properties and
potential applications of melanin derived from these

microbial strains in the future.

Materials and methods

Cultivation of S. spectabilis strains AQ2 and
CcQ2

S. spectabilis strains AQ2 and CQ2, previously
isolated from soil samples [19], were preserved in
glycerol stocks at =20 °C. For recovery and proliferation,
both strains were cultured on yeast malt agar (YMA;
HIMEDIA, India) at 28 °C for 6 days. After cultivation,
the strains were harvested using 0.01% Tween 80,
transferred into potato dextrose broth (PDB; HIMEDIA,
India), and incubated at 28 °C with continuous
incubated at 28 °C, 200 rpm for 7 - 14 days. For
inoculum preparation, bacterial cells from two fully
grown agar plates were suspended in 100 mL of broth
medium, which was considered the optimal volume for

melanin production.

Melanin extraction

After cultivation, melanin was extracted from S.
spectabilis following previously described methods
with modifications [20]. The culture supernatant was
separated from the microbial biomass by centrifugation
at 4,500xg for 15 min. The pH of the supernatant was
then adjusted to 2.0 using 6 M hydrochloric acid (HCI)
and left at 25°C for 24 h to allow crude melanin
precipitation. The resulting precipitate was collected by
centrifugation, washed four times with deionized water
to remove residual impurities, and dried at 70 °C for 48
h to ensure complete dehydration. The yield of purified
melanin was subsequently quantified using an analytical
balance and expressed relative to the dry weight of the

bacterial biomass.
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Physicochemical properties

The extracted melanin from S. spectabilis AQ2
and CQ2 was analyzed using a FTIR spectrophotometer
(PerkinElmer, USA) in the range of 4,500 - 400 cm !,
with synthetic melanin (Sigma Aldrich, United
Kingdom) serving as a standard for comparison. This
technique provided information on the infrared
absorption bands corresponding to functional groups
and molecular composition, thereby elucidating the
chemical structure of the melanin. For UV-visible
spectroscopic analysis, the melanin was dissolved in
dimethyl sulfoxide (DMSO) to prepare a stock solution
for use in other experiments, and its concentration was
adjusted with 95% ethanol (EtOH). The UV-visible
absorption spectrum was then recorded in the range of
200 - 900 nm using a UV-visible spectrophotometer
(BIOBASE, China), with synthetic melanin as a
reference standard. This analysis revealed the
absorbance profile and characteristic peaks of the

melanin.

Free radical scavenging activity assay

The antioxidant activity was evaluated using the
2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma-Aldrich,
Germany) free radical scavenging assay, as previously
described [21]. Different concentrations of melanin (1 -
5 mg/mL) from AQ2 and CQ2 were prepared in DMSO
[22], with Trolox and ascorbic acid serving as positive
controls at concentrations of 0.025, 0.05, 0.075, 0.1, and
0.125 mg/mL. The DPPH stock solution was prepared
by dissolving DPPH powder in methanol to obtain a
deep purple solution, and the absorbance at 515 nm. The
OD was adjusted to 1.0 - 1.2 by dilution or concentration
as necessary. An aliquot of 180 pL of DPPH solution
was added to each well of a 96-well plate, followed by
20 pL of the melanin sample. After 15 min of incubation
in the dark, absorbance was measured at 515 nm using a
microplate reader (Bio-Tek Instruments, Winooski,
Vermont, USA) to determine the scavenging activity.
Methanol served as the negative control. The ability to
scavenge the DPPH radical will be calculated by using
the following Eq. (1).

Scavenging rate (%) =[ (A0 — A1)/A0]x100 (1)

where AO: DPPH + Methanol and A1: DPPH+melanin

Cell culture

The cell lines utilized in this study include the
mouse melanocyte cell line (B16F10, ATCC) and the
human keratinocyte cell line (HaCaT, Germany). These
cell lines were cultured in growth medium containing
10% fetal bovine serum (FBS; HyClone™, USA), 100
[U/mL penicillin-streptomycin (HyClone™, Austria),
and 1% non-essential amino acids (Millipore Sigma,
USA), maintained in a humidified incubator at 37 °C
with 5% CO2. Once the cells reached approximately
80% confluence or form a confluent monolayer, the
growth medium was replaced with Dulbecco’s
phosphate-buffered saline (DPBS; Caisson, USA). The
HaCaT cell line was incubated for 8§ min with fresh
0.05% EDTA (ethylenediaminetetraacetic acid) in
DPBS solution while the B16F10 cell line was soaked
and washed with fresh DPBS solution. Both cells were
subsequently detached with 0.125% trypsin. The cells
were collected and counted to prepare for subsequent

experimental assays [23,24].

Cytotoxicity evaluation and protective effect of
melanin on B16F10 and HaCaT cell lines

Cytotoxicity was evaluated using the resazurin
assay, modified as previously described [23]. The
B16F10 and HaCaT cells were seeded into 96-well
plates at a density of 2x10* and 5x10* cells/well,
respectively. After overnight attachment, cells were
treated with melanin extracted from AQ2 and CQ2 at
concentrations ranging from 0.125 to 50 pg/mL for 24
h, with DMSO-treated serve as the control. Cytotoxicity
was determined using the resazurin cell viability assay
(Sigma-Aldrich, USA), in which 20 pl of resazurin
solution was added to each well and incubated for 2 h at
37 °C in a humidified atmosphere with 5% CO..
Following incubation, fluorescence intensity was
measured using a microplate reader (Bio-Tek
Instruments, Winooski, Vermont, USA) at 530 nm

excitation and 590 nm emission.

UV source and treatment

The UV Bio-Link BLX crosslinker (BIO-LINK®,
Vilber Lourmat UV-Crosslinker, Deutschland GmbH,
Eberhardzell, Germany) emitted UV A radiation ranging
from 315 to 400 nm and UVB radiation from 280 to 320
nm, which was used to stimulate the cells. Prior to single
exposure to UVA irradiation at 800 mJ/cm? and UVB
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irradiation at 80 ml/cm?, the culture medium was
discarded, and the cells were washed with DPBS before
being covered with a thin layer of DPBS [23].

Intracellular ROS level after UV exposure in
B16F10 and HaCaT cell lines

The intracellular ROS levels was evaluated using
2'.7'-dichlorodihydrofluorescein diacetate (DCFH-DA;
Sigma-Aldrich, USA), as previously described with
minor modifications [24]. For ROS measurements, the
B16F10 and HaCaT cells were seeded into 6-well plates
at a density of 6x10° and 1x10° cells/well, respectively
once the HaCaT cells formed a monolayer, they were
treated with melanin extracted from AQ2 and CQ2 at
two concentrations (12.5 and 25 pg/mL) for 24 h., while
the B16F10 cells were treated differently; two
concentrations of AQ2 melanin (6.25 and 12.5 pg/mL),
and two concentrations of CQ2 melanin (12.5 and 25
pg/mL). DMSO-treated cells served as controls
and were divided into two groups: Non-UV-exposed
negative control and a UV-exposed positive control.
After 24 h of treatment, the cells were incubated with 10
puM DCFH-DA for 20 min in the dark, followed by
washing with DPBS. The cells were then single exposed
to UVA at dose of 800 mJ/cm? and to UVB at dose of
80 mlJ/em? using a UV crosslinker, followed by
incubation with phenol red-free culture medium for 1 h.
The intracellular ROS levels were quantified by
measuring fluorescence at 485 nm (excitation)
and 535 nm (emission) using a microplate reader
(BioTek Instruments, Winooski, VT, USA).

Chelate metals ions activity

The metal ion-binding capability of melanin was
evaluated using a viability assay, adapted from
previously reported methods [12]. Stock solutions of
metal salts (60 mM CuSOs, 300 mM FeSO4-7H,0, and
400 mM MnCl,-4H,0) were prepared in distilled water
and individually incubated with melanin powders (5
mg) derived from AQ2 and CQ2. The mixtures were
incubated at 25 °C for 24 h, followed by centrifugation
at 10,000xg for 10 min to collect the supernatants. The
collected supernatants were then incorporated into
potato dextrose agar (PDA; HIMEDIA, India) ata 1:15
ratio, with separate groups designated as pre-incubation
(metal alone; control group) and post-incubation (metal

+ melanin). Candida albicans were subsequently

prepared in serial 10-fold dilutions ranging from 10 to
10* CFU/mL. A 10 pL aliquot of each dilution was
spotted onto pre-prepared PDA plates to assess the
effect of metals on fungal growth. This method allowed
for the evaluation of both metal-mediated inhibition of
C. albicans growth and the role of melanin in metal ion

sequestration.

Statistical analysis

All experiments were repeated in at least 3
independent replicates, unless otherwise specified in
each figure. The experimental data was analyzed using
GraphPad 9 Software (GraphPad Software, LLC). Data
from the DPPH assay will be expressed as mean =+
standard deviation (X £ SD), while other results was
presented as mean + standard error of the mean (X =+
SEM). Statistical significance was assessed using one-
way ANOVA followed by Tukey’s multiple
comparisons test, with p-value < 0.05 considered
significant and 95% confidence intervals. The overall
effect size and pairwise effect sizes were estimates by 1?

(eta-squared) and Cohen’s d, respectively.

Results and discussion

Melanin production of S. spectabilis Strains
AQ2 and CQ2

The cultivation of S. spectabilis strains AQ2 and
CQ2 exhibited distinct melanin production profiles.
Strain AQ2, cultured in 1,000 mL of medium for 7 - 8
days, produced 4.23 g of bacterial biomass and 37.56 mg
of melanin (0.89% yield), while CQ2, grown for 12 - 14
days, yielded 6.14g of biomass and 51.88mg of
melanin (0.84% yield) (Figure 1). Although CQ2
produced a higher total amount of melanin, its longer
cultivation period and lower biomass-specific yield
indicate reduced efficiency. AQ2 synthesized melanin
more rapidly, making it suitable for fast and efficient
production, whereas CQ2 may be more appropriate for
processes prioritizing total yield. Overall, both strains
produced comparable amounts of melanin. These
differences likely result from strain-specific enzymatic
activities, variations in metabolic flux, or regulatory
mechanisms in melanogenesis. Further genetic and
transcriptomic studies are needed to clarify these factors
and inform metabolic engineering strategies. Melanin
yields remain lower than some microbial sources

[25,26], but production can be enhanced through
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tyrosine supplementation, addition of metal ions, or characterization of melanin remains critical for

adjustment of substrate concentrations, and accurate

improving extraction and synthesis methods [19, 26-29].

Transferred 7-14 days

S. spectabilis AQ2

S. spectabilis CQ2

Cultivated on YMA

PDB

S. spectabilis AQ2 S. spectabilis CQ2

Melanin production

Figure 1 Schematic representation of the cultivation and melanin production from S. spectabilis strains AQ2 and CQ2.

Table 1 Summary of the measured properties of melanin extracted from S. spectabilis strains AQ2 and CQ?2.

Measured properties

S. spectabilis AQ2 (Melanin)

S. spectabilis CQ2 (Melanin)

Production of melanin

Cultivation time (days) 7-8 12-14
Yield (%) 0.89 0.84
Physicochemical properties of melanin
3274.60 3274.60
FTIR analysis (cm™) 1636.50 1636.50
772.45 772.45
UV absorption 230 - 250 nm 230 - 250 nm
Antioxidant Activity of melanin (mg/mL)
ICso 6.47 5.01
Cytotoxicity of melanin (ug/mlL)
B16F10 cells 25 50
HaCaT cells 50 50

Reduction of intracellular ROS level by melanin (ug/mL)

Melanin treatment & UVA treated
B16F10 cells

F (3, 12) =46.17, p-value < 0.0001
n?2=0.9203
Cohen’sd=2.22-7.78

F (3,12) =25.72, p-value < 0.0001
n?=0.8651
Cohen’s d=0.61 - 5.87

Melanin treatment & UVB treated
B16F10 cells

F (3,12) = 27.06, p-value < 0.0001
n?>=0.8712
Cohen’s d =4.01 - 6.05

F (3,12) = 65.18, p-value < 0.0001
n?=0.9422
Cohen’s d=3.36-9.70

Melanin treatment & UVA treated
HaCaT cells

F (3,12) = 184.3, p-value < 0.0001
n?>=0.9788
Cohen’s d=-0.16 to —16.18

F (3,12) = 53.18, p-value < 0.0001
n?=0.9301
Cohen’s d = 0.025 - 8.88

Melanin treatment & UVB treated
HaCaT cells

F (3,12) = 86.18, p-value < 0.0001
n?=0.9556
Cohen’sd=4.59t0 11.29

F (3,12) =139.9, p-value < 0.0001
n>=0.9722
Cohen’sd =2.47 to 14.14
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Measured properties S. spectabilis AQ2 (Melanin)

S. spectabilis CQ2 (Melanin)

Metal ion chelation activity of melanin (C. albicans fold growth over control)

60 mM Cu?* ++++ (10*-fold) ++++ (10*-fold)
300 mM Fe?* + (10-fold) + (10-fold)
400 mM Mn?* ++ (10%-fold) ++ (10%-fold)

* Metal ion chelation activity: (+), (++) indicates the ability to chelate heavy metal ions; (++++) indicates a pronounced

ability to chelate heavy metal ions.

Physicochemical properties

Melanin extracted from both S. spectabilis strains
exhibited chemical characteristics closely resembling
synthetic melanin, indicating structural authenticity and
functional relevance. FTIR analysis revealed absorption
bands around 3,200 - 3,300 cm™!, corresponding to -NH
and —OH groups in indole rings, suggesting hydrogen
bonding that stabilizes the melanin structure. Peaks at
1,620 - 1,650 cm™! indicated C=0 and N-H stretching
of amide groups, confirming peptide bonds and the
polymeric nature of the pigment. Absorption in the 600
- 800cm™! range, associated with low-frequency
aromatic hydrogen vibrations, validated the aromatic

and highly conjugated backbone typical of melanin

A 327486

Transmittance (%)

104

4000 3500 3000 2500 2000 1500 1000 850
cm?!

[6,12,30,31] (Figure 2(A)). UV-visible spectroscopy
further revealed strong UV absorption by both extracted
melanin samples, with peaks observed between 230 -
250 nm. This absorption extended across both UVA and
UVB wavelength ranges and closely matched synthetic
melanin standards [9,26,31,32]. Notably, melanin
extracted from strain CQ2 exhibited stronger UV
absorption than that from AQ2 (Figure 2(B)).
Collectively, these spectroscopic features demonstrate
that S. spectabilis-derived melanin possesses both
structural and photoprotective properties comparable to
synthetic melanin, highlighting its potential as a bio-
based UV-protective pigment.

Absorbance (ABS)

Wavelength (nm)

Figure 2 Physicochemical characterization of melanin extracted from S. spectabilis strains AQ2 and CQ?2, showing (A)

Fourier transform infrared spectroscopy (FTIR) and (B) UV—visible absorption spectra, with STD (control) representing

synthetic melanin.

Antioxidant activity

The antioxidant activity of melanin extracted from
S. spectabilis strains AQ2 and CQ2, as determined by
the DPPH assay, demonstrated measurable free radical
scavenging capacity, reflecting its potential as a natural
antioxidant. This observation was consistent with FTIR

results, where absorption bands around 3,200 -

3,300cm™ corresponded to —NH and —OH groups.
These —NH and —OH groups in indolic structures
contribute to antioxidant activity through electron
donation [4], thereby stabilizing free radicals.
Furthermore, the results aligned with previous reports
indicate that naturally derived melanin possesses free

radical scavenging properties [7,8,33,34]. Melanin from



Trends Sci. 2026; 23(5): 12213

7 of 14

strain CQ2 consistently exhibited higher scavenging
activity than that from AQ2 across all tested
concentrations (1 - 5 mg/mL) (Figure 3), suggesting
strain-dependent efficiency that may be associated with
structural variations, differences in the degree of
polymerization, or the presence of functional groups
influencing electron-donating capacity. Despite these
effects, the antioxidant activity of both melanin samples
remained significantly lower than that of standard
antioxidants, such as Trolox and ascorbic acid, which
exhibited ICso values of 0.111 and 0.069 mg/mL,

respectively, demonstrating a substantially stronger
radical-neutralizing capacity. In comparison, AQ2- and
CQ2-derived melanin exhibited ICso values of 6.47 and
5.01 mg/mL, respectively, with ICso determined by
plotting DPPH scavenging activity against sample
concentrations. These findings suggest that, while S.
spectabilis melanin has intrinsic antioxidant properties,
its standalone efficacy is moderate. Therefore, selecting
appropriate strains and further exploring its potential
properties are necessary to improve its antioxidant

performance.

Extracted melanin (AQ2-CQ2)

AQ2
B cQ2

100 -

(®)]

£

2 g0

0]

>

(1]

S 60+

©

Q

5 40-

©

E 20

o

9 |0

.O\ 0 I | | ] I
N 1) % X D

Melanin concentration (mg/mL)

Figure 3 Antioxidant activity of melanin extracted from S. spectabilis strains AQ2 and CQ2, showing DPPH radical

scavenging activity at concentrations of 1 - 5 mg/mL. Data were presented as mean = SD (n = 4).

Cytotoxicity evaluation of melanin on B16F10
and HaCaT cell lines

Cytotoxicity assays were conducted to determine
the appropriate concentration range of melanin for
evaluating its UV-protective properties. Previous
studies have indicated that melanin exhibits lower
cytotoxicity toward normal cells compared with
cancerous cells. The concentrations tested in this study
included 0.125, 0.25, 0.5, 1, 3.125, 6.25, 12.5, 25, and
50 pg/mL. Melanin extracted from S. spectabilis strain
AQ2 exhibited significant cytotoxicity toward
melanocyte cells at 25 pg/mL (p-value < 0.0001) versus

the control group, whereas significant cytotoxicity
toward keratinocyte cells was observed at 50 pg/mL (p-
value < 0.0001) versus the control group (Figures 4(A)
and 4(B)). In contrast, melanin derived from strain CQ2
demonstrated significant cytotoxic effects in both
melanocyte and keratinocyte cells only at 50 pg/mL (p-
value < 0.0001) versus the control group (Figures 4(A)
and 4(B)), indicating relatively lower cytotoxicity
compared with AQ2-derived melanin at equivalent
concentrations. Previous studies in the rat H9c2
cardiomyocytes have reported that melanin exhibits

low toxicity at low concentrations [35]. Therefore,
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these findings underscore the importance of careful
concentration optimization when applying melanin as a
UV-protective agent, as cytotoxicity profiles vary

between strains. In particular, lower concentrations

A B16F10

3

ns ns =

= AQ2
ns m CcQ2

g

ns ns ns

Cell viabiability (%)

$ 588

Concentration (pg/mL)

should be selected for AQ2-derived melanin to ensure
reliable and reproducible results in subsequent UV-

protection assays.

Cell viabiability (%)
3
i

-.s°\ h > q,’f’ .:1.‘? P ®

Concentration (pg/mL)

Figure 4 Cytotoxic effects of various concentrations ranging from 1 to 50 pg/mL of melanin extracted from S. spectabilis
strains AQ2 and CQ2 on B16F10 cells (A, B) and HaCaT cells (C, D) after 24 h. Data were presented as mean = SEM (n
= 4) and were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons test. ###; p-value < 0.001

versus the control group.

Intracellular ROS level after UV exposure in
B16F10 and HaCaT cells

The evaluation of intracellular reactive oxygen
species (ROS) levels following single UVA and UVB
exposure in melanocyte (B16F10) and keratinocyte
(HaCaT) cell lines highlighted the antioxidant potential
of melanin extracted from S. spectabilis strains AQ2 and
CQ2. Overall, UVA irradiation induced higher ROS
levels than UVB, indicating that UVA serves as a more
significant contributor to oxidative stress. Treatment of
B16F10 cells with AQ2-derived melanin at
concentrations of 6.25 and 12.5 pg/mL significantly
reduced intracellular ROS levels in melanocytes under
UVA exposure, with p-values of 0.0135 and <0.0001,
respectively (Figure 5(A); B16F10-AQ2-UVA). The
effect size analysis using Eta-squared indicating an
extremely strong overall effect (N> =0.9203) (Table 1).
Moreover, the pairwise effect sizes calculated using
Cohen’s d ranged from 2.22 to 7.78, confirming that the
observed differences between treatment groups were not
only statistically significant but also biologically
substantial, with very large to extremely large
standardized mean differences. Similarly, CQ2-derived
melanin at 12.5 and 25 pg/mL markedly decreased ROS
levels, with statistically significant effects (p-value =
0.0005 and 0.0001, respectively), and exhibited a

slightly higher ROS reduction than AQ2 (Figure 5(B);
B16F10-CQ2-UVA). The effect size (0> = 0.8651),
indicating that 86.51% of the variance was attributable
to treatment (Table 1).

In addition, one-way ANOVA revealed a highly
significant impact of UVB exposure and melanin
concentration on B16F10 cells. Only CQ2-derived
melanin ~ demonstrated  statistically  significant
reductions at 12.5 and 25 pg/mL (p-value = 0.0015 and
0.0023, respectively) (Figure 6(B); B16F10-CQ2-
UVB). Post hoc comparisons using Tukey’s test showed
significant differences for all group comparisons (p-
value < 0.01) except for 12.5 vs 25 pg/mL and pairwise
effect size analysis (Cohen’s d) revealed extremely large
effects ranging from d = 3.36 to 9.70, confirming
substantial biological impact (Table 1). The AQ2-
derived melanin showed no significant effects on the
reduction of ROS compared to the UVB exposed control
cells (Figure 6(A); BI16F10-AQ2-UVB). The
comparatively lower efficacy of AQ2 melanin may be
attributed to the lower concentrations of tested melanin
on the melanocyte (B16F10).

In keratinocytes (HaCaT), melanin from both AQ2
and CQ2 significantly inhibited ROS generation
following single UVA and UVB irradiation,
demonstrating comparable antioxidant activities at 12.5
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and 25 pg/mL of both strains derived melanin. Both

concentrations AQ2-derived melanin significantly
reduced intracellular ROS levels under UVA exposure,
with p-values <0.0001 and <0.0001 (Figure 5(C);
HaCaT-AQ2-UVA).

Tukey’s test revealed statistically significant and

Post hoc comparisons using

biologically substantial differences between all
treatment groups, except between 12.5 and 25 pg/mL.
Effect sizes calculated with Cohen’s d ranged from —
0.16 to —16.18, confirming negligible to extremely large
biological effects depending on the comparison
(Table 1). Similarly, CQ2-derived melanin at 12.5 and
25 ug/mL markedly decreased ROS levels, with
statistically significant effects (p-values 0.0009 and
0.0009) 5(D); HaCaT- CQ2-UVA).

Corresponding Cohen’s d values ranged, supporting the

(Figure

presence of strong biological effects in most treatment
comparisons (Table 1).

The AQ2-derived melanin at concentration of 12.5
and 25 pg/mL treatment on HaCaT cells showed a
significant reduced ROS levels compared to UVB
exposed at p-values 0.0001 and 0.0002
(Figure 6(C); HaCaT-AQ2-UVB), while
concentration of CQ2-derived melanin had significant
effect at p-values 0.0002 and <0.0001 (Figure 6(D);
HaCaT-CQ2-UVB), respectively. Moreover, pairwise

cells

similar

A B16F10-AQ2-UVA

DCF Fluorescence

DCF Fluorescence

(fold of control)

(fold of control)

effect sizes (Cohen’s d) of both strains-derived melanin,
indicating large to extremely large biological effects
across treatment conditions (Table 1). Together data of
UVA and UVB exposure among 2 different cell types
suggested that reductions in ROS were significantly
reduced under melanin treatment of UVB-induced
oxidative stress compared with untreated controls and
greater pronounced under UVA-induced oxidative
stress. Collectively, these findings confirm that AQ2-
and CQ2-derived melanin effectively alleviates UV-
induced oxidative stress by reducing intracellular ROS
levels, consistent with the protective role of melanin
against UV radiation [36]. Furthermore, these cellular
results correlate with the DPPH free radical scavenging
and UV-visible which

demonstrated that both melanin possess intrinsic

assay absorption data,
antioxidant and UV-absorbing properties, with CQ2
exhibiting superior performance in both aspects. In
agreement with previous studies, melanin such as those
from Ophiocordyceps sinensis and Inonotus hispidus
similarly reduced intracellular ROS [10,12]. Overall, the
results emphasize the potential of AQ2- and CQ2-
derived melanin as promising bioactive ingredients for
UV-protective and skin-care formulations designed to

mitigate oxidative damage.

B16F10-CQ2-UVA

s

"]
oo

<

Concentratian (pgimL)

HaCaT-CQ2-UVA

Concentration (pg/mL)

Figure 5 Effects of melanin from S. spectabilis strains AQ2 and CQ2 on evaluation of intracellular reactive oxygen
species (ROS) levels after pre-incubation followed by single UVA irradiation. Panels (A), (B) show B16F10 cells, and
panels (C), (D) show HaCaT cells. The relative fluorescence intensities are mean + SEM (n = 4) and analyzed using one-

way ANOVA followed by Tukey’s multiple comparisons test. ###; p-value < 0.001 versus the control group, *; p-value

< 0.05, and ***; p-value < 0.001 versus UVA irradiated cells alone. The statistical difference between the melanin

concentration was at $8; p-value <0.01.
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e

=
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Figure 6 Effects of melanin from S. spectabilis strains AQ2 and CQ2 on evaluation of intracellular reactive oxygen
species (ROS) levels after pre-incubation followed by single UVB irradiation. Panels (A), (B) showed B16F10 cells, and
panels (C), (D) showed HaCaT cells. The relative fluorescence intensities were mean = SEM (n = 4) and analyzed with
Tukey’s test. ###; p-value < 0.001 versus the control group **; p-value < 0.01, and ***; p-value < 0.001 versus UVB

irradiated cells alone, ns; non-significant versus UVB irradiated cells alone. The statistical difference between the melanin

concentration was at $; p-value < 0.05.

Metal ion chelation activity

Previous studies have reported that naturally
derived melanin can chelate various heavy metals,
including iron, manganese, magnesium, zinc, and
copper [37-39]. In this study, melanin samples from
strains AQ2 and CQ2 showed strong chelation activity
against CuSQs, FeSO47H,0O and MnCl,'4H,0, at a
concentration of 5 mg. Chelation efficiency was
evaluated based on the growth of C. albicans on agar
plates supplemented with metal solutions pretreated
with melanin (Figure 7). For FeSO47H>O and
MnCl,-4H,0, untreated metal solutions inhibited fungal
growth, allowing growth only at 10°® CFU/mL (107
dilution).

solutions supported increased C. albicans viability: Up

In contrast, melanin-preincubated metal
to 10-fold growth of C. albicans over control (10°
CFU/mL at a spot of 1072 dilution) for FeSO4-7H,0 and
10>-fold growth of C. albicans over control (10*
CFU/mL at a spot of 107 dilution) for MnCl,-4H,0.
Among the tested ions, CuSO4 exhibited the most
untreated Cu?* completely

pronounced toxicity;

inhibited fungal growth at all concentrations. However,
melanin pretreatment restored viability up to 10*-fold
growth of C. albicans over control (10* CFU/mL at a
spot of 107 dilution), indicating strong sequestration of
copper ions. These findings are consistent with previous
reports describing the high copper-binding affinity of
natural melanin [12,40]. The presence of functional
groups such as hydroxyl, carboxyl, and indolic moieties
likely contributes to metal coordination, in agreement
with FTIR analysis showing —NH and —OH groups that
not only stabilize the melanin structure via hydrogen
bonding but also serve as active chelating sites. Overall,
the metal ion chelation assay demonstrated that melanin
extracted from S. spectabilis strains AQ2 and CQ2
possesses comparable heavy metal-binding capability.
Notably, both extracts exhibited strong potential for
copper detoxification, underscoring their applicability
in biotechnological

as natural chelating agents

approaches for environmental remediation and

mitigation of heavy metal pollution [11].
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CuSO,
60 mM

FeS0,7H,0
300 mM

MnCIz-AHzO
400 mM

Figure 7 Effects of melanin on metal ion-induced inhibition of Candida albicans growth 24 h. Preincubated melanin in

heavy metal prior 1:15 supernatant supplemented in PDA and growth inhibition was perform by 10 pL spot of serial
diluted C. albicans from 10% - 10* CFU/mL (as shown in the control plate; 10° - 10* dilution), where “No-Melanin”

represents the control group without pre-incubation of heavy metals with melanin.

Conclusions

Melanin produced by S. spectabilis strains AQ2
and CQ2 exhibited promising bioactive properties,
particularly in UV protection and heavy metal chelation.
Both strains yielded comparable amounts of melanin,
with AQ2 showing higher production efficiency per
biomass, whereas CQ2 produced larger quantities
during prolonged cultivation. The extracted melanin
exhibited both UV absorption and antioxidant activity,
which effectively reduced intracellular ROS levels in
melanocytes and keratinocytes after exposure to UVA
and UVB radiation. The superior performance of CQ2-
derived melanin under UVA irradiation is likely
due to its drastically greater UV absorption range
compared to the AQ2-derived variant (Figures 2 and
5(B) - 5(D)). Additionally, both melanin samples
exhibited significant copper ion chelation capacity.
These findings reinforce the benefits and previously
recognized properties of naturally derived melanin,
suggesting that melanin from S. spectabilis strains AQ2

and CQ2 function as a natural antioxidant and metal
chelator, with potential for future development in
cosmetic,  pharmaceutical, and  environmental
remediation applications. However, several limitations
remain in this study, including the need for purer
extraction processes and more comprehensive
physicochemical characterization. Techniques such as
pyrolysis—gas chromatography—mass spectrometry (Py-
GC-MS) could be employed to analyze structural
components, while inductively coupled plasma—mass
spectrometry (ICP-MS) would allow for more accurate
evaluation of heavy metal adsorption capacity.
Moreover, further systematic studies and optimizations
are required to thoroughly investigate and enhance the
protective and metal-chelating efficiencies of natural
melanin. These efforts aim to maximize its performance
and reliability for potential commercial applications,
thereby ensuring that this bacterially derived melanin
can be effectively utilized for advanced research and

future product development.
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