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ABSTRACT

Technical interventions in aquaculture are essential to address environmental, socio-economic, and technological
sustainability challenges. Among these, nanotechnology has emerged as a transformative tool with diverse applications for
enhancing fish health, productivity, and food security. Nanoparticles such as silver, iron, zinc, and carbon-based materials
play a vital role in water purification, contaminant removal, and real-time monitoring of environmental parameters through
nanosensors. Chitosan-based nanoparticles improve reproductive performance by enabling stress-free hormone delivery,
while nanoparticle-enriched feeds enhance nutrient absorption, growth, and immunity, thereby reducing waste and
environmental impact. In disease management, nanotechnology introduces novel approaches such as nanotherapeutics,
nanovaccines, and advanced drug delivery systems that minimize antibiotic dependence and improve treatment efficacy.
Furthermore, integration of nanotechnology into aquaculture infrastructure enables the development of smart, self-regulating
systems that promote long-term sustainability. However, ethical considerations, biosafety, and ecological impacts must be
carefully addressed. Overall, nanotechnology holds immense potential to reshape aquaculture by improving fish health
management, ensuring sustainable production, and contributing significantly to global food security.
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1.Introduction

Aquaculture is one of the fastest-growing food-producing
sectors and a cost-effective source of protein for the global
population, contributing more than 49% of global fish
consumption (FAO, 2018; Golden et al., 2021). Global
aquaculture production reached a record 122.6 million
tonnes in 2020, and its role in meeting rising seafood demand
is expected to increase as capture fisheries remain stagnant
(Oddsson, 2020). Despite this growth, traditional practices
face sustainability challenges including environmental
degradation, disease outbreaks, and inefficient resource use
(Naylor et al.,, 2023). Addressing these issues requires
technological  innovations to  ensure  sustainable
intensification.Nanotechnology, involving the manipulation
of materials at 1-100 nm, offers transformative potential in
aquaculture by enhancing feed utilization, water quality, and
disease management (Khursheed et al., 2023). Nano-enabled
feed additives improve nutrient delivery, growth, and
immune responses (Kumar et al., 2022), while nanomaterial-
based water treatment systems efficiently remove pollutants
and pathogens, reducing risks of eutrophication (Ibrahim et
al., 2016; Yaqoob et al., 2020). Nanosensors allow real-time
monitoring of water parameters, enabling timely

management interventions (Lu et al., 2016).In fish health
management, nanoparticles with antimicrobial properties
and nanoparticle-based vaccines show promise in controlling
infectious diseases, reducing antibiotic dependence, and
improving therapeutic efficiency (Wang et al., 2017; Pati et
al., 2018; Nasr-Eldahan et al., 2021a, 2021b). Beyond
aquaculture, nanotechnology applications in food, medicine,
and consumer products demonstrate broad utility, with the
global nanofood market projected to surpass $112 billion
(Technavio, 2019; Chaudhry et al, 2017). Emerging
approaches such as green nanotechnology further expand
sustainable  pathways for nanoparticle production
(Vijayaram, Ghafarifarsani, Vuppala, et al.,
2024).Nevertheless, concerns regarding long-term safety,
cost-effectiveness, scalability, and environmental impacts of
nanomaterials require further investigation and regulatory
oversight (Kolupula et al., 2024). Overall, nanotechnology
represents a paradigm shift for aquaculture, offering
innovative tools to improve productivity, sustainability, and
resilience, thereby contributing significantly to global food
security in the face of a growing population.
2.Classification of Nanoparticles
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Nanoparticles represent a diverse group of engineered or
naturally occurring materials with unique properties at the
nanoscale (1-100 nm). Their classification is generally based
on composition and origin, with the most common categories
being organic, inorganic, carbon-based, and lipid-based
nanoparticles (Baig et al., 2021)

2.10rganic Nanoparticles

Organic nanoparticles (ONPs) are derived from organic
molecules, typically around 100 nm in size (Ealia &
Saravanakumar, 2017). Examples include ferritin, micelles,
dendrimers, and liposomes. Micelles and liposomes act as
biodegradable, non-toxic nanocarriers capable of
encapsulating bioactive compounds, thereby enhancing their
stability and delivery. In aquaculture, these systems improve
nutrient uptake in feed and reduce degradation during
digestion (Puri et al., 2009). Dendrimers, with their branched
architecture, are gaining importance in targeted drug and
vaccine delivery for disease management (Tayel et al.,
2019).

2.2. Inorganic Nanoparticles

Inorganic nanoparticles are primarily composed of metals,
metal oxides, and silica, and are widely applied in
aquaculture for water treatment, disease management, and
sensing.

2.2.1. Metal-Based Nanoparticles

Metal nanoparticles (MNPs) such as silver, gold, iron, and
copper exhibit unique chemical, optical, and antimicrobial
properties due to their nanoscale size (Nascimento et al.,
2018). For instance, silver nanoparticles (AgNPs) effectively
control bacterial and fungal infections in fish (Wang et al.,
2017; Johari et al., 2015), while zinc oxide nanoparticles
(ZnO NPs) enhance growth, immunity, and reproduction
(Ashouri et al., 2015). Quantum dots (QDs), owing to their
optical properties, are proposed as biosensors for detecting
heavy metals in aquaculture systems (Choi, 2017; Alexpandi
et al., 2020). Additionally, nanoparticles like nTiO2 and nAg
reduce bacterial accumulation in aquatic environments
(Kalita & Baruah, 2020).

2.2.2. Metal Oxide-Based Nanoparticles

Metal oxide nanoparticles combine metal and oxygen atoms,
with applications in catalysis, environmental remediation,
and water treatment (Nair et al., 2022). For example, TiO:
nanoparticles act as photocatalysts under UV irradiation,
generating reactive oxygen species that sterilize and disinfect
aquaculture systems (Cin, 2021; Nascimento et al., 2018).
Similarly, iron oxide nanoparticles enhance fish growth and
immunity while contributing to pollutant removal (Duncane
2011).

2.3. Carbon-Based Nanoparticles .

Carbon-based nanoparticles (CNPs), including carbon
nanotubes, graphene oxide, fullerenes, and carbon dots, are
recognized for their antimicrobial, antioxidant, and
adsorptive properties (Verma, Rani, et al., 2020; Verma,
Thakur, et al., 2020). Fullerenes and nanotubes, with their
unique conductivity and stability, have potential in drug
delivery and aquaculture diagnostics (Georgakilas et al.,
2015). Their ability to adsorb pollutants makes them
effective in water purification (Foo et al., 2024), while their
controlled release properties improve nutrient uptake and
therapeutic efficiency (Giri et al., 2021; Moges et al., 2020).
Additionally, their optical and electrical features support the
development of nanosensors for water quality monitoring
(Shafi et al., 2024).

2.4. Lipid-Based Nanoparticles

Lipid nanoparticles (LNPs) are spherical carriers (10—-1000
nm) with a solid lipid core stabilized by surfactants or
emulsifiers (Khan et al., 2019). They are widely used in drug
and nutrient delivery owing to their high biocompatibility
and scalability. Solid lipid nanoparticles (SLNs) enable
controlled drug release, improving therapeutic outcomes in
fish health management (McClements & Rao, 2011).
Nanoliposomes are effective in delivering vitamins, fatty
acids, and immunostimulants to enhance growth and
immunity (Hoseini-Ghahfarokhi et al., 2020). Advanced
lipid carriers include liposomes, solid lipid nanoparticles
(SLNs), nanostructured lipid carriers (NLCs), hybrid lipid-
polymer nanoparticles (LPNs), exosomes, and lipoprotein
particles (LPTs), many of which are scalable for industrial
use (Zhang et al., 2023; Trapani et al., 2022).

3.Applications of Nanotechnology in Fisheries and
Aquaculture

Aquaculture is a major global sector for food production, and
integrating nanotechnology can enhance productivity,
sustainability, and food security (Igbal et al., 2024; Fajardo
et al., 2022). Nanomaterials and nanodevices have diverse
applications in water quality improvement, nutrition, disease
management, and environmental monitoring.

3.1. Wastewater Treatment:Efficient  wastewater
management is critical in aquaculture to remove solids,
nutrients, pathogens, and chemical residues (U.S. EPA,
2023). Nanotechnology enhances wastewater treatment
through increased reactivity, adsorption, and catalytic
properties.

Key Nanoparticles Used:

Silver nanoparticles (AgNPs): Antimicrobial properties;
remove TOC, suspended solids, pathogens.

Nano zero-valent iron (nZVFe): Reduces pollutants like
halogenated organics, dyes, heavy metals.
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Zinc nanoparticles (Zn-NPs): Antimicrobial, photocatalytic,
and pollutant-degrading properties.

Metal oxides (Fe304, TiO2): Remove heavy metals; TiO2
acts as a photocatalyst producing reactive oxygen species.
Carbon nanotubes (CNTs): High adsorption capacity for
heavy metals, dyes, and organic compounds. °
Nano-863: Improves pH, prevents algae proliferation, and
enhances antibacterial activity. .
3.2. Fish Growth and Reproduction

Nanoparticles improve feed efficiency, nutrient absorption,
and reproductive performance. .
TiO2 and ZnO NPs: Improve growth rates, feed conversion,
and nutrient digestibility.

AgNPs and Se-NPs: Enhance sperm quality, egg production,
gonadal development, and antioxidant capacity in offspring.
Mechanism: High surface area-to-volume ratio facilitates
efficient interaction with biological tissues and targeted
delivery of nutrients (Izadpanah et al., 2022; Saffari et al$
2022).

3.3. Immunity and Stress Response .
Nanoparticles boost immunity and reduce stress in fish:
Zn0O, Ag, chitosan, and nano-selenium: Enhance
immunoglobulin, lysozyme activity, antioxidant capacity,
and heat-shock protein expression.

Reduce reliance on antibiotics and mitigate oxidative stress
(Aramli et al., 2023; Rezaei et al., 2024).

3.4. Aquatic Feed

Nanoparticles in aquafeeds improve nutrient delivery and
minimize waste:

Se-NPs and ZnO-NPs: Enhance growth, feed conversion®
and antioxidant defense.

Enable fishmeal replacement with plant-based ingredient®
without affecting performance.

Reduce environmental pollution by minimizing uneaten feed
(Sharif-Kanani et al., 2024; Vijayaram et al., 2024).

3.5. Food Processing and Preservation

Nanotechnology improves quality, safety, and shelf-life of
seafood:

Nano-packaging: Strengthens barrier properties, extends
shelf life, and prevents microbial growth. °
Nano-ice and silver nanoparticles: Reduce microbial
contamination in seafood.

Nano-encapsulation: Delivers vitamins, omega-3s, an&
bioactive compounds efficiently (Daniel et al., 2016;
Feizollahi et al., 2018).

3.6. Nanofilms and Nano-Biosensors

Nanofilms are ultra-thin layers of material, usually witlt
thicknesses in the nanometer range (1-100 nm). .
Nano-biosensors are analytical devices that integrate
biological recognition elements (enzymes, antibodies,

DNA, aptamers) with nanomaterials for
biological/chemical targets.

detecting

Applications in aquaculture monitoring and health
management:

Nanofilms: Impart antimicrobial properties, reduce fouling,
and improve water quality.

Nano-biosensors: Detect pathogens, toxins, and pollutants
with high sensitivity; enable real-time water quality
monitoring (Zhao et al., 2018; Ali et al., 2020).

Smart fish sensors: Monitor health and location for cage
management (Dei et al., 2023).

3.7. Nano-Emulsions and Nanoliposomes

Efficient delivery systems for nutrients, vaccines, and
therapeutics:

Enhance solubility, stability, and bioavailability of bioactive
compounds.

Protect essential oils and vitamins; improve antibacterial
activity.

Used for oral or dermal delivery of vaccines and
nutraceuticals (Otoni et al., 2014; Radhakrishnan et al.,
2023).

3.8. Water Quality Monitoring

Nanoparticle-based sensors enable:

Real-time, multi-parameter monitoring of pH, dissolved
oxygen, ammonia, nitrites, and contaminants.

Faster detection of pollutants and pathogens than
conventional methods (Mishra et al., 2021; Jan et al., 2021).
Integration into remote systems for continuous monitoring
(Miller et al., 2023).

3.9. Fish Health Management and Disease Diagnosis

Nanoparticles improve disease detection and treatment:
Gold NPs: Detect viral and bacterial pathogens.

Silver NPs and nano-carriers: Enhance antimicrobial activity
and targeted drug delivery.

Nanoscale DNA vaccines: Enable mass vaccination and
immune stimulation (Khursheed et al., 2023; Tayel et al.,
2019).

Early detection reduces mortality and economic losses.
3.10. Nanomedicine in Aquaculture

Stimuli-responsive nanomedicine systems offer:

Targeted drug delivery.

Controlled release of therapeutics.

Enhanced efficacy and reduced side effects in disease
treatment (Farjadian et al., 2022).
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4. Toxicological effects of nanoparticles in

aquaculture

The potential toxicity of nanoparticles in biological sys-

tems has become a growing public concern. As

emerging pollutants, nanomaterials may introduce new

environ- mental risks, prompting extensive research into

their potential negative impacts. Due to their

exceptionally small size, nanoparticles can easily

penetrate cell mem- branes, leading to genotoxic effects.

Their inherent chem- ical reactivity contributes to the

increased generation of reactive oxygen species and

free radicals, key mecha- nisms underlying nanoparticle

toxicity. This excessive oxidative stress can result in

inflammation, protein dam- age, and DNA deterioration.

Studies have demonstrated that nanomaterials can

induce DNA mutations and cause significant structural

damage to mitochondria, which may ultimately lead to

cell death [107]. The application of nanoparticles in

aquaculture has raised significant con- cerns regarding

their potential toxicological effects on aquatic

organisms, leading to nano waste—a novel form of

pollution that poses environmental hazards. Therefore,

understanding the accumulation of nanoparticles and

their adverse effects across various food chain trophic

levels is crucial [13]. Nanoparticles can enter aquatic

eco- systems through multiple pathways, including

wastewa- ter discharge from nanomaterial production

facilities and nanoparticle-containing products in

aquaculture. Once released into water bodies,

nanoparticles interact with aquatic organisms such as

fish, crustaceans, and mol- lusks, potentially affecting

their health and disrupting the aquatic ecosystem (Saba

et al., 2024).

One of the primary concerns regarding nanoparticle
toxicity in aquaculture is their bioaccumulation within
aquatic organisms. Nanoparticles can be absorbed
through fish gills, ingestion, or skin penetration, accu-
mulating in different tissues and organs [130]. Prolonged
exposure increases the risk of toxic effects, impacting fish
health and overall ecosystem stability. Several studies
have examined the toxicological effects of nanoparticles
on fish in aquaculture. For instance, silver nanoparticles
(AgNPs), widely used for their antimicrobial properties,
have induced oxidative stress, DNA damage, and altera-
tions in gene expression in fish [4, 47]. Additionally, tita-
nium dioxide nanoparticles have been reported to cause
oxidative stress, inflammation, and behavioral changes in
fishAccording to Scown et al. [130], AgNPs smaller than 10
nm caused significant damage to the kidneys and gills
of rainbow trout compared to larger AgNPs exceeding
35 nm. Similarly, Johari et al. [70] observed that the
toxic- ity of AgNPs decreased as rainbow trout progressed

from the eleuthero stage of embryo development to the
larval and juvenile stages, leading to reduced mortality
rates. In another study, exposure of the freshwater fish
Mpystus gulio to AgNPs for 15 days reduced protein and
carbo- hydrate levels in the liver, muscles, and gills,
while lipid content increased [3]. The decline in energy
reserves was attributed to increased glucose utilization
under stress, higher protein consumption due to
physiological demands, and an unusual increase in lipid
storage within tissues.

Furthermore, exposure to copper nanoparticles,
a major water pollutant, has been reported to cause
abnormalities in the liver, brain, and gill functions of
Mozambique tilapia, adversely affecting their growth and
development, ultimately leading to higher mortality rates
[9]. Zinc oxide nanoparticles (ZnO NPs) have also been
found to compromise the antioxidant defense mecha-
nisms of Oreochromis niloticus, although vitamin E sup-
plementation has been shown to mitigate these toxic
effects [37]. Additionally, research has highlighted the
toxic effects of nickel nanoparticles on various aquatic
species, including fish, planktonic crustaceans, and algae.
Sadeghi and Peery observed that exposure to silver and
selenium nanoparticles resulted in reduced body size and
increased toxicity in Tenualosa ilisha larvae, fry, juve-
niles, and fingerlings.Moreover, studies have reported
the  detrimental impact of  iron-containing
nanoparticles on Japanese medaka (Oryzias latipes),
particularly due to the increas- ing use of zerovalent iron
nanoparticles in wastewater treatment. Chen et al. [23]
found that Japanese medaka exhibited higher mortality
rates during developmental stages compared to
adulthood, highlighting the severe effects of nanoparticle
toxicity on early life stages. These findings underscore the
need for further research on nanoparticle toxicity in
aquaculture to develop sustainable strategies for
minimizing environmental risks while maintaining
effective disease management.

4.1 Regulatory framework for nanotechnology applications

The regulation of nanotechnology in food, agriculture,
and environmental applications is still developing, with
various global organizations playing key roles in estab-
lishing safety guidelines. The key regulatory bodies and
their role in nanotechnology governance is given in
Table 3.

The application of nanotechnology in the fisheries
and aquaculture sectors presents substantial benefits,
with existing toxicological data indicating that
nanoma- terials pose fewer hazards compared to other
chemicals commonly used in these industries.
Additionally, occu- pational health risks associated
with nanotechnology in aquaculture appear to be
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within acceptable limits. Work- ers are expected to
encounter nanomaterials mainly through commercial
products rather than raw materials containing free
particles, reducing  direct exposure  risks.
Consequently, the occupational health and safety con-
cerns for personnel in these industries are considered
low and comparable to those faced by the general
pub- lic, given that manufactured nanomaterials are
integrated into various commercial forms (Handy,
2012). Recog- nizing these concerns, the World
Health Organization (WHO) has developed
Guidelines on Protecting Work- ers from Potential
Risks of Manufactured Nanomateri- als, which
outline recommended occupational exposure limits
[159].

The governance of nanotechnology in aquaculture
and other agricultural sectors should consider not only

Future Prospects

The future of nanotechnology in aquaculture lies in precision
diagnostics,  targeted  therapies, and  sustainable
environmental monitoring. Multi-omics tools (genomics,
proteomics, metabolomics) will deepen understanding of
nanoparticle—fish interactions, supporting safer and more
efficient applications. Expanding nanotoxicology into
nanoecotoxicology will help assess long-term ecological
effects, including nanoparticle migration, bioaccumulation,
and interactions with microplastics. Personalized fish
toxicology, accounting for genetic and developmental
variability, will further refine toxicity assessments. In
parallel, the development of eco-friendly and biodegradable
nanoparticles offers promise for minimizing environmental
risks ~ while maintaining  functionality. = Emerging
nanomedicine—through nanosensors, biomarkers, and
advanced delivery systems—will enable real-time disease
diagnosis and precise treatment, revolutionizing fish health
management.

Conclusion

Nanotechnology offers transformative opportunities for
aquaculture by improving feed utilization, water quality,
disease prevention, and fish health. Nanoparticles can
enhance drug and vaccine delivery, enable early pathogen
detection, and reduce environmental burdens. However,
challenges remain in addressing toxicity, scalability, and
regulatory frameworks. Responsible implementation,
interdisciplinary collaboration, and the design of eco-
friendly nanomaterials are essential. With these
considerations, nanotechnology can drive sustainable growth
of aquaculture, strengthen global food security, and ensure
long-term ecosystem protection.
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