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Abstract 

Nanotechnology has emerged as a transformative tool in aquaculture, addressing critical 
challenges such as disease outbreaks, environmental sustainability, and nutritional 
management. By leveraging the unique properties of nanomaterials, innovative solutions have 
been developed, including nano-based diagnostic systems, targeted drug delivery, nano-
vaccines, and antimicrobial coatings. These advancements not only improve disease detection 
and treatment but also reduce the dependency on antibiotics, thereby mitigating the risk of 
antimicrobial resistance. Additionally, nano-enabled feed additives and nano remediation 
techniques enhance nutritional uptake and environmental safety, contributing to the overall 
sustainability of aquaculture practices. Despite its potential, the adoption of nanotechnology in 
aquaculture faces several challenges, such as high costs, regulatory uncertainties, and a limited 
understanding of long-term environmental and health impacts. To fully realize the benefits of 
nanotechnology, future research must focus on the development of eco-friendly nanomaterials, 
cost-effective production methods, and comprehensive risk assessments to ensure the safe and 
effective application of nanotechnology in aquatic animal health. 
 
Keywords: Nanotechnology, aquaculture, disease management, nano-vaccines, antimicrobial 
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Introduction 

Aquaculture has emerged as one of the most significant contributors to global food 

production, supplying nearly 50% of the world's fish for human consumption. However, the 

rapid expansion of this industry is accompanied by challenges such as disease outbreaks, poor 

water quality, and the unsustainable use of antibiotics, which can lead to antimicrobial 

resistance and environmental degradation. These issues threaten not only the economic 

viability of aquaculture but also global food security and ecosystem health. 

Nanotechnology is an emerging technology that has gained attention among the 

scientific community to address the challenges involved in the increase of aquaculture 

production, mitigation of environmental degradation, disease control, and food safety (Huang 

et al., 2015; Marquez et al., 2018; Mishra et al., 2019). Recent studies have demonstrated the 

efficacy of nanotechnology in enhancing the sensitivity of diagnostic tools for detecting 

pathogens, improving vaccine efficacy, and developing environmentally friendly antimicrobial 
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agents. For example, nanoparticles such as silver and zinc oxide exhibit strong antimicrobial 

properties, making them effective alternatives to conventional antibiotics. Additionally, nano-

based delivery systems, such as liposomes and polymeric nanoparticles, enable precise and 

controlled administration of drugs and vaccines, reducing waste and minimizing side effects. 

Despite its potential, the integration of nanotechnology into aquaculture remains in its early 

stages. Issues such as cost, scalability, and regulatory hurdles need to be addressed for 

widespread adoption. Nevertheless, the ongoing research and development in this field 

underscore its promise to revolutionize aquatic animal health management, ensuring the 

industry's growth aligns with sustainable practices. 

Management of diseases in aquaculture 

Nanotechnology has significantly advanced disease diagnosis in aquaculture by 

introducing highly sensitive and specific diagnostic tools, enabling rapid and precise detection 

of pathogens in water and aquatic organisms. These tools, including nanosensors and 

nanobiosensors, are designed to identify specific biomolecules such as proteins, nucleic acids, 

or antigens associated with pathogens like viruses, bacteria, and parasites (FAO, 2022; Kumar 

et al., 2020). Gold nanoparticles, for instance, are widely used due to their optical and electrical 

properties, allowing them to detect viral DNA or bacterial RNA within minutes through visible 

color changes (Handy et al., 2012). Quantum dots, with their bright fluorescence and 

multiplexing capabilities, enable the simultaneous detection of multiple pathogens, while 

magnetic nanoparticles facilitate the isolation and concentration of pathogens using magnetic 

fields. These nano-based diagnostics offer significant advantages over traditional methods, 

providing faster results, heightened sensitivity, and real-time monitoring. By enabling the early 

detection of pathogens, they help prevent disease outbreaks, reduce mortality rates, and 

minimize the use of antibiotics in aquaculture (Das et al., 2018). However, challenges such as 

high costs and the need for specialized equipment remain, highlighting the need for continued 

research to develop cost-effective, portable diagnostic devices. The integration of 

nanotechnology into disease management practices represents a transformative step towards 

sustainable aquaculture, ensuring improved animal health and productivity while mitigating 

environmental impacts (Lee et al., 2020). 

2. Targeted Drug Delivery Systems 

In aquaculture, conventional drug delivery techniques like oral treatment or direct 

injection frequently led to environmental pollution, substantial waste, and insufficient 

absorption. Antibiotic misuse and incorrect dosage may also result from these practices, which 
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could lead to the emergence of antimicrobial resistance (AMR). By providing targeted 

medication delivery systems, guaranteeing that medicines reach the precise location of 

infection, avoiding side effects, and lowering environmental impact, nanotechnology offers 

promising answers to these problems. 

Nanocapsules and Liposomes 

In aquaculture, liposomes and nanocapsules are frequently employed as medicine 

delivery systems. Antibiotics, probiotics, and vaccinations are just a few of the chemicals that 

these nanoscale carriers can encapsulate and shield from deterioration before they reach their 

intended location. Liposomes' lipid bilayers and nanocapsules' polymeric shells shield delicate 

chemicals like vaccines from environmental influences and digestive enzymes, enhancing their 

ability to reach their target (Kumar et al., 2020). 

For example, liposome-based delivery systems have been shown to improve the 

bioavailability and immune response to vaccines in aquatic species. Encapsulating the vaccine 

in liposomes allows for more controlled release, reducing the need for multiple doses and 

enhancing the protection of fish against infections (Abd El-Hack et al., 2017). Similarly, 

antibiotics encapsulated in nanocapsules can be directly delivered to infected tissues, reducing 

the required dosage and minimizing exposure to the surrounding environment. 

Dendrimers (Nanocarriers) 

The introduction of dendrimers, highly branched nanoscale polymeric carriers capable 

of encapsulating medications, represents another significant advancement in nanotechnology. 

Dendrimers offer precise control over drug release, enabling the controlled and sustained 

delivery of therapeutic agents. Due to their unique structure, a wide range of medications, 

including hydrophobic compounds that are typically difficult to administer using conventional 

methods, can be encapsulated (Das et al., 2018). In aquaculture, dendrimer-based drug delivery 

systems provide more efficient treatments by ensuring drugs are released at the infection site 

over an extended period, reducing the frequency of dosing and minimizing drug wastage. This 

controlled release not only enhances treatment efficacy but also lowers the risk of side effects, 

which is especially crucial for aquatic species, where overdosing can have severe consequences 

(Lee et al., 2020). 

Benefits of Targeted Drug Delivery Systems 

The decrease in antibiotic misuse, a major issue in the aquaculture sector, is the main 

benefit of targeted drug delivery systems. These devices lessen the need for broad-spectrum 

antibiotics by guaranteeing that medications are administered specifically to the illness site, 
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hence lowering the dangers of antimicrobial resistance (Kumar et al., 2020). This focused 

strategy also lessens environmental pollution that is frequently linked to traditional medication 

delivery techniques, which can damage aquatic habitats and non-target creatures.  

               Furthermore, by reducing the frequency of drug administration and improving drug 

absorption, targeted delivery systems offer more efficient disease treatment, leading to faster 

recovery times for aquatic animals and lower treatment costs for aquaculture farmers (Abd El-

Hack et al., 2017). This is particularly valuable in large-scale aquaculture operations, where 

the cost of maintaining fish health is a significant concern. 

3. Vaccine Development 

The production of vaccines for aquatic animals is being revolutionized by 

nanotechnology, which addresses many of the challenges associated with conventional vaccine 

delivery methods. Due to their unique properties, nanoparticles are being used as carriers to 

prevent antigens from degrading or as adjuvants to enhance the immune response, thereby 

increasing the efficacy and longevity of vaccinations in aquaculture (Handy et al., 2012; Lee 

et al., 2020). These advancements are particularly valuable in preventing bacterial and viral 

infections, which are the primary causes of disease outbreaks in aquaculture, leading to 

significant financial losses. 

Chitosan Nanoparticles for Oral Vaccines 

The use of chitosan nanoparticles as oral vaccination carriers is one of the most exciting 

uses of nanotechnology in the production of vaccines for aquatic animals. Excellent 

biocompatibility, biodegradability, and the capacity to encapsulate a broad range of vaccines 

and antigens have been demonstrated by chitosan, a biopolymer made from chitin, which is 

present in the exoskeletons of crustaceans (Kumar et al., 2020). Chitosan nanoparticles offer a 

number of advantages when employed as an oral vaccination carrier. They improve the 

vaccine's stability as it travels through the gastrointestinal tract by shielding encapsulated 

antigens from digestive enzymes (Abd El-Hack et al., 2017). Second, chitosan nanoparticles 

are perfect for promoting both local and systemic immunity in fish because they make it easier 

for the vaccine to be absorbed via mucosal surfaces, which are where the immune response is 

started. 

A major advantage of this delivery system is the avoidance of the stress and handling 

associated with injectable vaccines. Injection methods can be invasive and stress-inducing for 

aquatic animals, which may lead to reduced growth rates and overall health. By using oral 
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vaccines, the process becomes non-invasive, reducing the stress on fish and simplifying large-

scale vaccination in aquaculture settings (Ramesh and Vinoth, 2019). 

Nano-vaccines and Immune Response 

By using nanoparticles as adjuvants in addition to carriers, nano-vaccines go one step 

further and improve the immune response to the vaccine. By boosting both innate and adaptive 

immunity, these vaccinations provide stronger and more durable defense against infections. By 

interacting with immune cells like macrophages and dendritic cells, nanoparticles can stimulate 

the adaptive immune response and activate the innate immune system (Das et al., 2018). 

Specifically, it has been demonstrated that polymeric and lipid-based nanoparticles, 

such liposomes, increase the efficacy of vaccinations by improving the presentation of antigen 

to immune cells, which strengthens immunological activation. Furthermore, these 

nanovaccines can be made to release antigens in a regulated way, guaranteeing a sustained 

immune response. For aquatic animals to be protected against viral diseases—which can be 

especially challenging to contain once an outbreak occurs—this capacity to maintain immunity 

over time is essential (Handy et al., 2012). 

4. Water Quality Management 

Nanotechnology also contributes to maintaining optimal water quality, which is critical 

for aquatic animal health. Nanomaterials such as: 

Nanofilters remove pollutants, heavy metals, and toxins from aquaculture water. 

Photocatalytic nanoparticles like titanium dioxide (TiO₂) degrade organic waste and harmful 

compounds. 

These technologies help create a healthier aquatic environment, reducing stress on 

cultured organisms and promoting overall health. 

5. Antimicrobial Nanomaterials 

A novel class of antimicrobial nanomaterials has been made possible by 

nanotechnology. These nanomaterials include copper oxide, zinc oxide, and silver 

nanoparticles, which have strong antibacterial qualities. These nanoparticles can lower the 

pathogen burden, improve biosecurity, and fight bacterial and fungal illnesses in aquaculture. 

Since antimicrobial nanoparticles are efficient substitutes for conventional antibiotics, their use 

is crucial in tackling the aquaculture industry's mounting worries about antibiotic resistance 

(Handy et al., 2012; Abd El-Hack et al., 2017). 
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Coating Aquaculture Equipment and Surfaces 

Coating aquaculture surfaces and equipment to stop biofilm formation is one of the 

main uses for antimicrobial nanoparticles. Microorganisms that adhere to surfaces and form 

protective layers are known as biofilms, and they can harbor pathogens and make the removal 

of illnesses challenging. Because of their potent antibacterial activity, silver nanoparticles in 

particular are very successful at preventing the formation of biofilms (Lee et al., 2020). These 

nanoparticles lower the risk of illness in aquatic animals by interfering with microbial 

development when added to coatings for tanks, pipes, or other aquaculture infrastructure. 

Similar antibacterial qualities are also shown by zinc oxide nanoparticles, and applying them 

as coatings can reduce the spread of pathogens in aquaculture facilities. 

Incorporating into Feed Additives 

Adding antimicrobial nanoparticles to feed additives is another creative use for them. 

Fish feed can use nanoparticles to enhance gut health and guard against microbial diseases. By 

specifically targeting dangerous pathogens while maintaining helpful microbes, silver and 

copper oxide nanoparticles, for instance, have been demonstrated to improve the balance of the 

gut microbiota (Das et al., 2018). In farmed aquatic species, this tailored antibacterial action 

improves nutrient absorption and general health by preserving a healthy gut environment. By 

encouraging natural defense mechanisms and lowering the danger of antibiotic resistance, the 

use of such additions also contributes to the reduction of the requirement for antibiotics, which 

is consistent with sustainable aquaculture practices (Kumar et al., 2020). 

Application of nanotechnology in different frontiers of aquaculture 

• Nanotechnology for aquaculture structure and fishing system 

Aquaculture systems can be improved by nanotechnology, especially in the areas of pond 

management, water quality regulation, and infrastructure longevity. Carbon nanotubes increase 

the longevity of fishing gear and cages, whereas nanoparticles such as zinc oxide, copper oxide, 

and titanium oxide can fortify materials used in aquaculture structures (Handy, 2012). By 

absorbing excess phosphate, lanthanum-based nanoparticles in water quality management 

efficiently treat eutrophication and improve pond water for fish farming (Kumar et al., 2019; 

Rather et al., 2011). Furthermore, tanks can be sterilized and biofilm growth decreased using 

antibacterial nanoparticles such as zinc oxide and silver (Weinrib et al., 2012; Friedman et al., 

2013). By increasing water flow and lowering impurities, nanofiltration with hybrid 

nanocomposite membranes provides better water purification (Zahid et al., 2018; Lee et al., 

2007). Nano-vaccines improve immune responses and reduce disease spread, lowering the need 
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for antibiotics and helping prevent antimicrobial resistance (Kumar et al., 2020; Ramesh and 

Vinoth, 2019). These innovations contribute to more sustainable, efficient, and effective 

aquaculture practices. 

• Nanotechnology in nutritional aquaculture 

Nanotechnology is playing an important role in enhancing feed formulation and 

nutritional supplements in aquaculture. By using nanoparticles, feed consumption patterns can 

be modified through added flavors, colors, or attractants. Water-insoluble vitamins and 

carotenoids can be solubilized using nanoparticles, improving their bioavailability as dietary 

supplements (Singha et al., 2017; Jampilek et al., 2019). Advanced micro/nano-encapsulation 

systems, such as Ubisol-AquaTM (Zymes LLC, USA) and NovaSOL (AQUANOVA, 

Germany), have been developed to improve the delivery and bioavailability of nutraceuticals 

like coenzyme Q10, vitamins A and B, and fish oils (Aklakur et al., 2016). These systems 

protect and stabilize bioactive compounds, aiding in better fish growth. Several Indian start-

ups are also manufacturing nanotechnology-based nutritional products, including Nano silver, 

Nano PUFA, Nano trace minerals, and Nano phosphorus, to support fish health. Research has 

shown that nanoparticles like zinc can stimulate growth and immunomodulation in species like 

Macrobrachium rosenbergii and Pangasius hypophthalmus (Srinivasan et al., 2016; Kumar et 

al., 2018). 

Challenges and Future Prospects 

While nanotechnology holds great promise for enhancing aquatic animal health and 

improving aquaculture practices, several challenges need to be addressed to fully realize its 

potential. These challenges range from costs and regulatory uncertainties to the long-term 

safety of nanoparticles in aquatic ecosystems. Overcoming these obstacles will require 

concerted efforts from researchers, policymakers, and the aquaculture industry. 

1. High Development and Implementation Costs 

One of the major challenges facing the adoption of nanotechnology in aquaculture is 

the high cost of developing and implementing nano-based solutions. The production of 

nanoparticles, as well as the development of nano-enabled products such as vaccines, 

antimicrobial agents, and feed additives, can be expensive. The production process often 

requires sophisticated equipment, highly controlled conditions, and specialized raw materials, 

which can drive up costs (Kumar et al., 2020; Handy et al., 2012). This can be a significant 

barrier for small and medium-sized aquaculture operations, particularly in developing 

countries, where financial constraints may limit the ability to invest in such advanced 
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technologies. Furthermore, integrating nanotechnology into existing aquaculture systems often 

requires upgrading infrastructure and training personnel, adding to the financial burden (Das 

et al., 2018). 

2. Regulatory Uncertainties 

Another challenge to the widespread application of nanotechnology in aquaculture is 

the lack of clear regulatory frameworks regarding the safety and use of nanoparticles in 

aquatic environments. Regulatory agencies across the globe are still in the process of 

establishing guidelines for the use of nanomaterials in food production systems, including 

aquaculture. There is considerable uncertainty regarding the safety of nanoparticles for 

aquatic organisms, which makes it difficult for companies to bring nano-based products to 

market . The diverse and complex nature of nanoparticles—combined with the variety of 

aquatic environments in which they are used—complicates the risk assessment process. For 

example, the behavior of nanoparticles in water, their potential accumulation in aquatic 

organisms, and their impact on aquatic ecosystems are not fully understood. This uncertainty 

often leads to regulatory delays, hindering the timely adoption of nanotechnology in 

aquaculture. 

3. Limited Understanding of Long-Term Impacts 

While nanomaterials show great promise in aquaculture, there is still a limited 

understanding of their long-term impacts on both aquatic organisms and the broader 

ecosystem. Research on the environmental fate and bioaccumulation of nanoparticles in aquatic 

environments is still in its early stages. It is critical to evaluate the toxicity of nanoparticles 

over prolonged periods, as well as their potential to accumulate in the food chain. For instance, 

nanoparticles may interact with other chemicals or organisms in the ecosystem in ways that 

have not yet been fully explored. Understanding the long-term effects of nanoparticle exposure 

is essential to ensure the sustainability of aquaculture systems and avoid unintended ecological 

consequences (Das et al., 2018; Kumar et al., 2020). 

Conclusion 

Nanotechnology is a game-changer in the field of aquatic animal health, offering 

cutting-edge solutions for disease management, water quality improvement, and sustainable 

practices. By integrating nanotechnology into aquaculture systems, the industry can achieve 

higher productivity, better animal welfare, and reduced environmental impact, paving the way 

for a resilient and sustainable future. 
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