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Introduction

Shrimp aquaculture has experienced remarkable growth over the past three decades, with global production reaching
approximately 5.7 million tons annually, representing over 15% of total aquaculture output 2. The intensive nature of modern
shrimp farming systems has created substantial challenges in nutrient management, feed efficiency optimization, and
environmental sustainability (2. Traditional feed formulations suffer from significant nutrient losses due to rapid dissolution in
aquatic environments, leading to reduced bioavailability and increased production costs [,

The conventional approach to shrimp nutrition relies heavily on pelletized feeds that release nutrients rapidly upon contact with
water, resulting in substantial nutrient leaching and environmental degradation . Studies indicate that up to 70% of applied
nutrients may be lost to the surrounding environment before consumption by target organisms, creating both economic losses
and ecological concerns Bl. These challenges have driven the aquaculture industry to explore innovative delivery systems that
can enhance nutrient retention and bioavailability while reducing environmental impact.

Nano-encapsulation technology has emerged as a promising solution to address these fundamental challenges in shrimp nutrition
61 By incorporating essential nutrients within nanoscale carriers, this technology enables controlled release mechanisms,
enhanced stability, and targeted delivery to specific physiological sites ["). The application of nanotechnology in aquaculture
represents a convergence of materials science, nutrition, and sustainable farming practices, offering unprecedented opportunities
for precision nutrient management 1,

Nano-Encapsulation Technologies

Polymeric Nanoparticles

Polymeric nanoparticles represent one of the most versatile platforms for nutrient encapsulation in aquaculture applications.
Biodegradable polymers such as poly (lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and chitosan have
demonstrated exceptional capability for encapsulating water-soluble vitamins, minerals, and bioactive compounds . These
systems provide controlled release kinetics that can be tailored to match the digestive physiology of shrimp species.
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Research has demonstrated that PLGA-based nanoparticles
can achieve sustained release of vitamin C over extended
periods, maintaining therapeutic concentrations in shrimp
tissues for up to 14 days post-administration 19, The
controlled release mechanism significantly reduces the
frequency of supplementation required while ensuring
consistent nutrient availability throughout critical growth
periods.

The encapsulation efficiency of polymeric systems typically
ranges from 60-95%, depending on the specific polymer
composition and encapsulated nutrient characteristics [,
Advanced formulation techniques, including double
emulsion methods and electrospray deposition, have enabled
the development of multi-compartment particles capable of
delivering multiple nutrients with distinct release profiles.

Liposomal Delivery Systems

Liposomal encapsulation offers unique advantages for
delivering lipophilic nutrients and sensitive bioactive
compounds in shrimp farming applications. The
phospholipid bilayer structure of liposomes provides
excellent compatibility with biological membranes,
enhancing cellular uptake and bioavailability 2. Studies
have shown that liposome-encapsulated astaxanthin
demonstrates 3-fold higher bioavailability compared to
conventional supplementation methods in Penaeus vannamei
[13]

The development of pH-responsive liposomal systems has
enabled targeted delivery to specific regions of the shrimp
digestive tract. These intelligent delivery systems remain
stable in neutral pH conditions but rapidly release their
contents in the acidic environment of the stomach,
maximizing nutrient absorption 4. Recent advances in
liposome technology have incorporated targeting ligands that
specifically bind to intestinal receptors, further enhancing
delivery precision.

Stability optimization through cholesterol incorporation and
surface modification with polyethylene glycol (PEG) has
extended the shelf-life of liposomal formulations to over 12
months under appropriate storage conditions %1, These
improvements have made liposomal delivery systems
commercially viable for large-scale shrimp farming
operations.

Chitosan-Based Encapsulation

Chitosan, derived from crustacean shell waste, represents an
environmentally sustainable option for nano-encapsulation in
shrimp aquaculture. The natural origin and biodegradable
properties of chitosan align perfectly with sustainable
aquaculture  objectives  while  providing  excellent
encapsulation capabilities [6l. Chitosan nanoparticles
demonstrate particular effectiveness for encapsulating
probiotics, enzymes, and water-soluble vitamins.

The cationic nature of chitosan enables strong electrostatic
interactions with negatively charged nutrients and bioactive
compounds, resulting in high encapsulation efficiencies
exceeding 85% for most applications [7). Additionally,
chitosan's inherent antimicrobial properties provide added
benefits by reducing pathogenic bacterial loads in
aquaculture environments.

Cross-linking with tripolyphosphate (TPP) creates stable
chitosan nanoparticles with controlled swelling properties
that can be optimized for specific release kinetics [*8l. Recent
research has demonstrated that chitosan-TPP nanoparticles
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can provide sustained release of encapsulated nutrients for up
to 7 days in simulated gastric fluid conditions.

Applications in Shrimp Nutrition

Vitamin and Mineral Supplementation
Nano-encapsulation has revolutionized vitamin and mineral
supplementation strategies in shrimp farming by addressing
stability issues and improving bioavailability. Vitamin C,
essential for immune function and stress tolerance, is
particularly susceptible to oxidative degradation in aquatic
environments 1%, Nano-encapsulated ascorbic acid
demonstrates remarkable stability improvement, maintaining
over 90% potency after 30 days of storage compared to 20%
retention for unencapsulated vitamin C.

Mineral supplementation through nano-encapsulation has
shown significant improvements in absorption rates and
tissue accumulation. Iron nanoparticles encapsulated in
chitosan matrices demonstrate 40% higher bioavailability
compared to conventional iron sulfate supplementation,
leading to improved hemolymph iron levels and enhanced
oxygen-carrying capacity 2%,

The precise control of nutrient release kinetics enables
synchronization with natural feeding patterns and metabolic
demands, optimizing utilization efficiency and reducing
waste generation. Studies have reported feed conversion ratio
improvements of 15-25% when using nano-encapsulated
vitamin and mineral supplements compared to conventional
formulations.

Bioactive Compound Delivery

Nano-encapsulation technology has enabled the effective
delivery of sensitive bioactive compounds that would
otherwise degrade rapidly in aquaculture environments.
Astaxanthin, the primary carotenoid responsible for shrimp
pigmentation and antioxidant protection, benefits
significantly from nano-encapsulation strategies [,
Encapsulated astaxanthin maintains its biological activity
while providing enhanced color development and improved
resistance to photooxidation.

Omega-3 fatty acids, crucial for shrimp growth and immune
function, are particularly vulnerable to rancidity and
oxidative  degradation. ~ Nano-encapsulation  within
antioxidant-containing matrices has extended the shelf-life of
these sensitive compounds while improving their
incorporation into shrimp tissues 2. This technology has
enabled the development of more stable and effective
functional feeds that support optimal growth performance
and disease resistance.

Environmental and Economic Benefits

Reduced Environmental Impact

The implementation of nano-encapsulation technologies in
shrimp farming contributes significantly to environmental
sustainability by reducing nutrient leaching and minimizing
ecological impact. Controlled release mechanisms ensure
that nutrients are available when and where they are needed,
substantially reducing waste discharge into surrounding
water bodies 1. Studies have demonstrated up to 60%
reduction in nitrogen and phosphorus discharge when using
nano-encapsulated feed formulations compared to
conventional feeds.

The improved feed efficiency achieved through nano-
encapsulation directly translates to reduced feed consumption
and lower production of metabolic wastes. This dual benefit
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addresses both resource conservation and pollution
prevention objectives, supporting the development of more
sustainable aquaculture practices.

Economic Advantages

While initial investments in nano-encapsulation technology
may be higher than conventional approaches, the long-term
economic benefits are substantial. Improved feed conversion
ratios result in reduced feed costs, which typically represent
60-70% of total production expenses in intensive shrimp
farming operations. Additionally, enhanced disease
resistance and improved survival rates contribute to higher
overall profitability.

The precision of nano-encapsulated nutrient delivery reduces
the need for excessive supplementation, eliminating waste
and optimizing resource utilization. Economic analyses
indicate that nano-encapsulation technologies can improve
profit margins by 12-18% through combined effects of
improved efficiency and reduced input costs.

Future Perspectives and Challenges
The future development of nano-encapsulation technologies
for shrimp aquaculture will likely focus on smart delivery

systems that respond to environmental triggers or
physiological conditions. pH-responsive, temperature-
sensitive, and enzyme-activated release mechanisms

represent promising areas for continued innovation.
Regulatory frameworks for nanomaterial applications in
aquaculture are still evolving, requiring continued research to
establish safety protocols and approval procedures. Long-
term environmental fate studies of nanocarriers and their
degradation products remain essential for ensuring
sustainable implementation.

Scale-up challenges associated with nano-encapsulation
manufacturing must be addressed to achieve cost-effective
commercial production. Advances in continuous processing
techniques and automated quality control systems will be
crucial for widespread adoption of these technologies.

Conclusion

Nano-encapsulation techniques represent a transformative
approach to nutrient delivery in sustainable shrimp farming,
offering unprecedented control over release Kkinetics,
bioavailability, and environmental impact. The technology
addresses fundamental challenges in aquaculture nutrition
while supporting industry objectives for sustainable
intensification and environmental stewardship.

The successful implementation of polymeric nanoparticles,
liposomal systems, and chitosan-based carriers has
demonstrated significant improvements in feed efficiency,
nutrient utilization, and production performance. These
advances contribute to both economic profitability and
environmental sustainability, essential requirements for the
future of shrimp aquaculture.

Continued research and development in nano-encapsulation
technologies will drive further innovations in precision
aquaculture, enabling more sophisticated and sustainable
approaches to shrimp nutrition. The integration of these
technologies into commercial farming systems represents a
critical step toward achieving sustainable intensification of
global shrimp production.
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