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ABSTRACT Squid ink essence contains large amounts of organic compounds and pigments such as melanin. In
this research, a brief overview of the characteristics of natural melanin pigment derived from squid ink and its
types is first presented, followed by a discussion of novel methods used for extracting natural melanin using various
pre-treatments. Finally, the application of natural melanin in the field of nanobiotechnology is discussed. It should
be noted that, melanin can also be utilized in food industry, agriculture, military industries, environmental sectors,
water purification, and electronics. Based on the conducted reviews, it has been determined that chemical methods

Squid Ink, for melanin extraction are not efficient and face limitations. It seems that using alternative methods, such as

Melanin Nanoparticles

enzymatic methods, could increase extraction efficiency and, on the other hand, produce a biopolymer with higher

purity. Furthermore, the physicochemical properties of squid ink melanin, such as solubility, morphological
characteristics, and stability, have been investigated. This study provides a relatively comprehensive outlook for
evaluating the potential uses of active marine-derived resources in producing melanin for applications in
nanobiotechnology. It is hoped that this article can provide useful information for the development of new
extraction methods and applications of natural melanin in various fields.
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1. Introduction

Melanin, a natural biopolymer derived from Sepia
pharaonis ink, has emerged as a versatile material for
nanobiotechnology due to its unique physicochemical
properties, including UV absorption, free radical
scavenging, metal chelation, and biocompatibility. As a
byproduct of the seafood industry, squid ink offers a
sustainable and cost-effective source of melanin, which
is primarily composed of 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)
units. These structural features enable melanin to
function as an antioxidant, antimicrobial agent, and
photothermal converter, making it valuable for
applications in drug delivery, biosensing, antimicrobial
coatings, and environmental remediation. This review
comprehensively examines the extraction, purification,
and functionalization techniques of Sepia pharaonis
melanin, highlighting its potential in advancing
nanobiotechnology (Abdullah et al., 2025).

1.1. Extraction methods
1.1.1. Alkali-Acid Hydrolysis

The most widely used method for melanin extraction
involves alkaline solubilization (0.5-1 M NaOH)
followed by acid precipitation (HCIl) to isolate the
pigment. This approach yields high-purity melanin but
may require additional purification steps to remove
residual proteins and polysaccharides. However, harsh
acid/base treatments can alter melanin’s native structure,
leading to decarboxylation and reduced functionality.

1.1.2. Enzymatic Extraction

To preserve melanin’s structural integrity,
enzymatic methods using proteases (e.g., trypsin) or a
combination of neutral and acidic proteases have been
developed. For instance, a patented method employs
neutral protease (pH 5-6) and acidic protease (pH 1.5—
2.5) to hydrolyze bound proteins, reducing extraction
time from 12—24 hours to just 4 hours while maintaining
high purity. This method is eco-friendly and avoids
chemical degradation of melanin’s bioactive properties.

1.1.3. Ultrasound-Assisted Extraction

Recent advances include ultrasound-assisted
degradation (UAD) under alkaline conditions, which
breaks melanin aggregates into smaller nanoparticles
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(~150 nm) while retaining antioxidant activity. This
technique enhances melanin’s bioavailability for
therapeutic applications, such as drug delivery systems.

1.1.4. Solvent-Based and Mild Chemical Methods

Organic solvents (e.g., ethanol) and repeated
centrifugation/washing with deionized water are
employed for milder extraction, preserving melanin’s
natural morphology. Ethanolic extracts have shown
enhanced antimicrobial and antioxidant properties, ideal
for functional coatings (Apte et al., 2013).

1.2. Purification and Characterization
Post-extraction, melanin undergoes purification
through (Cao et al., 2021):

1.2.1. Dialysis/Ultrafiltration
Removes low-molecular-weight impurities.

1.2.2. Freeze-Drying or Supercritical CO:

1.2.3. Drying

Freeze-drying  produces  aggregates,  while
supercritical drying preserves spherical granules (~150—
200 nm) with higher surface area (37.5 m*g vs. 21.5
m?/g).

1.2.4. Spectroscopic and Microscopic Analysis

Techniques like UV-Vis, FTIR, and SEM confirm
melanin’s structure (e.g., catechol/quinone groups) and
morphology.

1.3. Nanobiotechnology Applications
1.3.1. Drug Delivery and Photothermal Therapy
Melanin nanoparticles (MNPs) serve as effective
nanocarriers for anticancer drugs (e.g., doxorubicin) due
to their high surface area and biocompatibility. Their
photothermal conversion efficiency (40%) enables
controlled drug release under near-infrared (NIR)
irradiation, enhancing tumor ablation in synergistic
chemo-photothermal therapies.

1.3.2. Antimicrobial and Antifouling Coatings
Melanin’s intrinsic antimicrobial properties inhibit
pathogens like E. coli and S. aureus, making it suitable
for wound dressings and food packaging. Hybrid
coatings combining melanin with CuO nanoparticles or
polytetrafluoroethylene (PTFE) exhibit enhanced
antifouling activity, reducing biofilm formation on
marine surfaces by 60-80% (Cheng et al., 2019).

1.3.3. Antioxidant and Anti-Inflammatory Agents

Sepia pharaonis melanin alleviates oxidative stress
by scavenging reactive oxygen species (ROS) and
modulating the Nrf2 pathway. It also reduces
inflammation in conditions like ethanol-induced gastric
ulcers by suppressing pro-inflammatory cytokines
(TNF-a, IL-6).

1.3.4. Biosensors and Bioelectronics
Melanin’s electrical conductivity and redox activity
facilitate applications in biosensors and organic

electronics. Its charge transport properties are exploited
for sustainable bioelectronic devices.

2. Results

According to the studies conducted, it has been
found that chemical methods for melanin extraction are
not efficient and face limitations. It seems that the use of
alternative methods such as enzymatic methods can
increase the extraction efficiency and on the other hand
can produce biopolymer with a higher percentage of
purity. Also, the physicochemical properties of squid ink
melanin, such as its solubility, morphological
characteristics, and stability, have been investigated.

3. Challenges and Future Perspectives
Despite its potential, several challenges remain:

e Scalability: Industrial-scale production requires
optimization of green methods (e.g., enzymatic
hydrolysis).

e  Solubility: Natural melanin’s insolubility in water
limits biomedical use. Surfactant-based
formulations (e.g., Tween 80) are being explored to
improve dispersibility.

e Standardization: Variability in melanin properties
due to extraction methods necessitates standardized
protocols.

Future research should focus on:

e Hybrid Nanomaterials: Combining melanin with
polymers (e.g., chitosan) for enhanced drug
delivery or water purification.

e Advanced Functionalization: Tailoring melanin for
targeted therapies and environmental applications.

4. Conclusion

The extraction and preparation of melanin from
Sepia pharaonic ink offer a sustainable pathway for
nanobiotechnology  innovations.  Advances in
purification, functionalization, and hybrid material
synthesis will further unlock its potential in medicine,
environmental science, and industrial applications.
Future studies should prioritize scalable, eco-friendly
extraction methods and explore novel composite
materials to broaden melanin’s utility.
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