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ABSTRACT

The integration of nanotechnology into aquaculture presents transformative opportunities to enhance feed
efficiency, disease control, and sustainability. However, the potential for engineered nanoparticles (ENPs) to accumulate
in edible tissues raises significant food safety and human health concerns. Recent analyses using single-particle ICP-
MS have detected ENPs in seafood at trace but measurable concentrations. For example, titanium dioxide ENPs
were identified in tuna and clam samples at levels ranging from 0.5 to 2.5 mg/kg, corresponding to estimated dietary
exposures of 0.9-3.2 pug/kg body weight/day. Similarly, experimental exposure studies show that silver ENPs can
accumulate in edible fish muscle at concentrations ranging from 10 to 80 pg/kg, depending on particle size and exposure
duration. These findings underscore the need for strengthened analytical monitoring and risk assessment frameworks
to evaluate potential human health implications. This review focuses on nano-enabled applications that directly affect
seafood safety, including nano-feed additives, antimicrobial agents, and nanocarriers for therapeutics. Evidence from
bioaccumulation studies, toxicokinetics, and in vitro assays is examined to assess potential human exposure and risks
via seafood consumption. Regulatory frameworks from the EFSA, FDA, and Codex Alimentarius are compared to

highlight gaps in oversight. Risk mitigation strategies, including Safe-by-Design nanomaterials and improved analytical

*CORRESPONDING AUTHOR:
Ntombikayise Mahaye, Agricultural Research Council-Tropical and Subtropical Crops, Nelspruit 1200, South Africa; Email: MahayeN@arc.agric.
za or mahaye.ntombi@gmail.com

ARTICLE INFO
Received: 26 May 2025 | Revised: 2 July 2025 | Accepted: 19 July 2025 | Published Online: 25 July 2025
DOI: https://doi.org/10.55121/fds.v2i2.661

CITATION
Mahaye, N., 2025. Nanotechnology in Aquaculture: Food Safety, Human Health Risks, and Regulatory Challenges. Food and Drug Safety. 2(2):
70-93. DOL: https://doi.org/10.55121/fds.v2i2.661

COPYRIGHT

Copyright © 2025 by the author(s). Published by Japan Bilingual Publishing Co. This is an open access article under the Creative Commons Attri-
bution 4.0 International (CC BY 4.0) License (https://creativecommons.org/licenses/by/4.0).

70


https://ojs.bilpub.com/index.php/fds
https://orcid.org/0000-0003-2820-8690
mailto:MahayeN@arc.agric.za
mailto:MahayeN@arc.agric.za
mailto:mahaye.ntombi@gmail.com
https://doi.org/10.55121/fds.v2i2.661
https://doi.org/10.55121/fds.v2i2.661
https://creativecommons.org/licenses/by/4.0

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

detection, are also discussed. The review concludes with research priorities aimed at ensuring the safe and sustainable

adoption of nanotechnology in the seafood sector.
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1. Introduction

Aquaculture is the controlled farming of aquatic organ-
isms in freshwater or marine water for human consumption.
It is the fastest-growing food production sector globally,
contributing over 50% of the world’s fish supply "*. The
growth of the aquaculture sector is primarily driven by its
potential to enhance global food security, alleviate poverty,
support diversified livelihoods, strengthen the resilience of
coastal communities, attract investment, and ease the burden
on wild fisheries, thereby aiding the restoration of marine
and coastal ecosystems . Projections indicate that aquacul-
ture production will increase to 106 million tonnes by 2030,
underscoring its importance in meeting the protein demands
of a growing population .

Despite its growing contribution to global seafood
supply, the sector faces persistent challenges such as dis-

ease outbreaks, poor water quality, inefficient feed utili-

zation, and environmental degradation which can limit
production efficiency and affect product safety Y. These
constraints not only reduce profitability but also threaten
environmental integrity and food safety. For instance, dis-
ease alone accounts for over USD 10 billion annually and
poses significant environmental and public health risks ©.
Conventional strategies such as prophylactic antibiotic use,
chemical disinfectants, and intensive water exchange often
prove costly and unsustainable, contributing to antimicro-
bial resistance (AMR), nutrient pollution, and biodiversity
loss ™. This confluence of biological, environmental, and
economic pressures highlights the urgent need for innova-
tive, more sustainable technologies capable of simultane-
ously improving system efficiency and reducing health and
environmental risks. Table 1 summarises major challenges
in aquaculture. These challenges call for innovative, sus-
tainable solutions to enhance productivity while safeguard-

ing ecosystems and human health.

Table 1. Summary of major challenges in aquaculture: Conventional interventions vs. nano-enabled solutions.

Challenge Conventional Methods

Limitations

Nano-Enabled Solutions Advantages

Antibiotics, chemical

Disease management
& treatments

Feed efficiency Conventional feeds

Water quality control Water exchange, filtra-
tion
Periodic sampling, lab

Environmental monitoring .
analysis

AMR, environmen-
tal pollution

Nutrient wastage

High water use,
incomplete removal

Delayed detection

Reduced antibiotic use,
targeted

Nanovaccines, nanocarri-
ers

Enhanced bioavailabili-

Nano-feed additives ty

Nanomaterials (TiOz,
AgNPs)

Improved purification,
pathogen control

Nanosensors, real-time

L Early warning systems
monitoring yw £ 8y

Nanotechnology, defined as the manipulation of ma-
terials at the nanoscale (1-100 nm), offers transformative
opportunities for aquaculture due to the unique physico-
chemical properties of nanomaterials ™. The unique physi-
cochemical properties of engineered nanomaterials, such as
high surface area and reactivity, enable enhanced nutrient

bioavailability through nano-enabled feed additives and

improved disease resistance via nanovaccines and targeted
drug delivery "”. Applications include nano-enabled feed
additives for improved nutrient bioavailability and growth

11 . .
" nanovaccines and nanocarrier-based thera-

performance
peutics for targeted drug delivery and enhanced immunity "'*,
and nanomaterials for water purification and nanobubbles

for oxygenation, all of which enhance system efficiency and
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sustainability. In addition, nanomaterials like titanium diox-
ide (TiO2 NPs), iron oxide (FesO4 NPs), and silver nanopar-
ticles (Ag NPs) have been investigated for water purification
and pathogen control ¥, while nanosensors allow for re-
al-time monitoring of water quality and pathogen presence,
advancing precision aquaculture "’

Despite these advances, unresolved concerns remain
regarding the environmental fate of nanoparticles (NPs),
their accumulation in aquatic organisms, and long-term

14131 Regulatory frameworks from

human health impacts
agencies such as the European Food Safety Authority
(EFSA), Food and Drug Administration (FDA), and Codex
Alimentarius remain fragmented and lack harmonization,
creating uncertainties that may hinder global trade and

117 Emerging trends, including bio-

commercialization
degradable nanomaterials, CRISPR-based nano-delivery
systems, and Al-driven nano-enabled monitoring tools,
highlight the sector’s innovation trajectory, yet they also
amplify the need for robust risk assessment and gover-
nance """,

Most existing reviews focus on either the technologi-
cal applications or toxicological aspects of nanotechnology
in aquaculture separately, rarely integrating human health
risks, regulatory challenges, and trade implications into a
comprehensive analysis. Considering the COVID-19 pan-
demic, which has underscored vulnerabilities in global
food systems and amplified the use of disinfectants and
antiviral chemicals, a holistic approach is urgently needed

to ensure the safe and sustainable development of nano-en-

abled aquaculture. This review uniquely bridges this gap
by synthesizing recent breakthroughs in nano-aquaculture
technologies with an interdisciplinary evaluation of human
health impacts, regulatory landscapes, and risk mitigation
strategies. A novel conceptual framework, the Sustainabili-
ty—Risk Nexus, which integrates technological innovation,
environmental and human health risk assessment, regulato-
ry compliance, and trade considerations is proposed. This
framework aims to guide researchers, policymakers, and
industry stakeholders in balancing the benefits of nano-en-
abled aquaculture with consumer safety and ecosystem
preservation in the post-COVID era. As aquaculture prod-
ucts enter global markets, ensuring food safety and con-

sumer protection is imperative.

2. Applications of Nanotechnology
in Aquaculture

The integration of nanotechnology into aquaculture
addresses key challenges such as disease management,
feed efficiency, water quality control, and environmental
monitoring. The following subsections critically evaluate
recent advancements in these domains, comparing nano-
technology-based interventions with traditional practices
to highlight the potential transformative impact of na-
no-enabled technologies. Table 2 provides a comparative
analysis of conventional and nano-enabled technologies in

aquaculture.

Table 2. Comparative Analysis of Conventional vs. Nano-Enabled Technologies in Aquaculture.

Application

Conventional Technology Nano-Enabled Technology

Key Advantages Challenges

Feed additives Mineral/vitamin premixes

ents

Disease control Antibiotics, vaccines

carriers
Mechanical filtration,

Water purification
exchange

Monitoring Periodic manual sampling

tion

Nanoencapsulation of nutri-
Nanovaccines, nano-drug
Nanoparticle photocatalysis,

magnetic adsorption
Nanosensors with Al integra- Real-time data, early

Improved bioavailability, Potential nanoparticle
lower doses toxicity, cost
Enhanced immune re- Regulatory uncertainty,
sponse, reduced AMR safety data gaps
Efficient pollutant remov- Nanoparticle environ-
al, water saving mental persistence
Sensor fouling, data

warning management issues

2.1.Nano-Enabled Nutrition and Feed Effi-
ciency

Feed constitutes the largest operational expense in
aquaculture, accounting for 50-60% of total production

costs [20,21]. To feed the growing global population pro-

jected to reach 9.8 billion in 2050, fish is the cheapest
source of protein. However, conventional feed formula-
tions, supplemented with bulk minerals, vitamins, and oth-
er additives, often exhibit low bioavailability. This ineffi-

ciency leads to nutrient wastage, elevated costs, and water
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quality degradation through nutrient leaching, which con-
tributes to eutrophication and environmental stress '],
Addressing these limitations is critical for improving eco-
nomic viability and sustainability in intensive aquaculture
systems.

Nanotechnology-based feed interventions have
emerged as a promising solution to enhance nutrient de-
livery, absorption, and utilization. Nanoparticles, due to
their high surface area and reactivity, enable better nutri-
ent absorption, sustained release, and targeted delivery,
contributing to overall improved health and productivity
of farmed aquatic species . For instance, Zn NPs incor-
porated into fish diets have demonstrated superior growth
performance and improved immune responses compared
to conventional bulk zinc sources, attributed to enhanced
bioavailability and cellular interaction ***'. Similarly, na-
no-supplementation with nano-selenium and nano-ZnO has
been shown to improve growth rates, antioxidant capacity,
and disease resistance in fish and shrimp *"**).

One of the most promising strategies in aquaculture
for enhancing nutrient delivery and fish health is nano-en-
capsulation. This involves enclosing bioactive compounds
such as vitamins, essential fatty acids, probiotics, and
essential oils within nanoscale carriers made from bio-
polymers (e.g., chitosan), lipids, or inorganic materials
1 This controlled-release mechanism protects sensitive
compounds from degradation during feed processing and
digestion, improving gut health and feed conversion ratios
(FCR) "1, Moreover, by minimizing nutrient leaching
into surrounding waters, nano-enabled feed technologies
significantly reduce the risk of eutrophication, aligning
with sustainability objectives and lowering environmental
footprints. In species such as tilapia and beluga sturgeon,
nano-encapsulation using chitosan NPs has been shown
to significantly enhance growth performance, antioxi-
dant defenses, immune function, and resistance to Aero-

334 Nano-encapsulated essential oils

monas pathogens '
also demonstrated enhanced antimicrobial, antioxidant,
and immunostimulatory effects, improving resistance to
infections and supporting growth in Nile tilapia (Oreo-
chromis niloticus) ", Collectively, these innovations not
only improve growth performance and health outcomes
in aquatic species but also reduce production costs and

mitigate ecological impacts. As research progresses, inte-

grating nano-enabled feed solutions into aquaculture holds
promise for advancing both productivity and environmen-
tal stewardship. Nano-supplementation enhances nutrient
absorption and fish immunity. However, residual nanopar-
ticles may accumulate in muscle tissues, posing dietary
exposure risks. Controlled-release formulations reduce nu-
trient leaching but require evaluation of bioavailability in

humans.

2.2.Disease Management

Disease outbreaks remain a major constraint in aqua-
culture, causing substantial economic losses and posing
serious biosecurity challenges worldwide """, Conven-
tional control measures, primarily the prophylactic use of
antibiotics and chemical therapeutics, have contributed to
the emergence of AMR, residual contamination of aquatic
environments, and negative impacts on human health 7.
Nanocarriers (e.g., chitosan) are used to deliver drugs and
vaccines. These systems improve therapeutic efficiency
and reduce antibiotic use, mitigating AMR. However, con-
cerns persist regarding the fate of carrier particles in edible
tissues and their transformation during digestion. These
limitations necessitate the urgent need for alternative, sus-
tainable disease management strategies. Nanotechnology
offers transformative solutions for improving disease pre-

vention and treatment through three main approaches:

2.2.1. Nanovaccines

Nanovaccines utilize NPs as carriers or adjuvants to
enhance antigen stability, stimulate stronger immune re-
sponses, and enable controlled antigen release. Polymeric
NPs, such as chitosan-based systems, have demonstrated
high efficacy in oral vaccine delivery by promoting muco-
sal immunity in fish and crustaceans, reducing stress asso-
ciated with injection-based methods ***". A recent study
by Ibrahim et al. *) demonstrated the therapeutic potential
of chitosan-based nano-encapsulated neem (Azadirachta
indica) extract (CNNC) in managing bacterial infections in
Nile tilapia. In both in vitro and in vivo trials, CNNC ex-
hibited significant antibacterial activity against Aeromonas
sobria, a common aquaculture pathogen. Fish challenged
with 4. sobria exhibited oxidative stress, immune sup-

pression, and reduced survival (60%). However, treatment
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with CNNC at 1 mg/L in water restored antioxidant levels
(e.g., catalase, glutathione), normalized liver and kidney
function markers, and significantly improved survivability.
The minimum inhibitory and bactericidal concentrations
of CNNC were 6.25 mg/mL and 12.5 mg/mL, respectively.
These results support CNNC as a promising, eco-friendly
alternative to antibiotics for disease control in aquaculture.

Lipid-based nanocarriers and other biodegradable
polymers provide additional benefits by prolonging antigen
release and improving bioavailability compared to conven-
tional vaccines “**¥. These attributes significantly improve
protection against pathogens with reduced dosing frequen-
cy and minimal side effects. Jonjaroen et al. ™' reviewed
the use of nano-encapsulation technologies to enhance the
stability and cellular delivery of double-stranded RNA (ds-
RNA) for antiviral applications in shrimp aquaculture. Due
to dsRNA’s inherent instability and susceptibility to enzy-
matic degradation, the study emphasized the importance
of nanoparticle carriers such as virus-like particles (VLPs),
liposomes, chitosan, and B-glucan. Chitosan- and glu-
can-based nanocarriers not only protect dsSRNA from deg-
radation but also stimulate the immune response in shrimp,
improving resistance to viral pathogens. Yeast-derived
B-glucan particles were highlighted for their dual role as
immunostimulants and delivery systems. The authors also
addressed formulation challenges (e.g., pH, solvents, and
metal ions), regulatory hurdles, and the need for field-level
validation and environmental risk assessment before com-
mercialization. This work positions dsRNA-loaded NPs
as a promising, targeted antiviral strategy in sustainable

shrimp farming.

2.2.2. Nanocarrier-Based Therapeutics

Nanocarriers have transformed therapeutic delivery in
veterinary, and agricultural fields by enabling targeted and
controlled release of active compounds, thereby enhanc-
ing efficacy and reducing off-target effects. Recent trends
indicate a shift from delivering small molecules to the use
of nanocarriers for peptides, proteins, and nucleic acids.
This change is largely driven by advances in bioengineer-
ing and the rise of environmentally friendly, bioinspired
nanocarriers. Despite these innovations, several challenges
remain. In agriculture, the lack of clear regulatory frame-

works continues to hinder the commercial use of nanocar-

riers. Nonetheless, nanocarriers hold significant potential
for precision treatment of diseases and improved produc-
tivity across sectors . Nano-encapsulation of drugs and
immune-stimulants enhances therapeutic efficiency by en-
abling targeted delivery, controlled release, and improved
bioavailability. Controlled release is a key application of
nanotechnology in drug delivery, enabling the accurate and
sustained release of therapeutic agents from NPs or other
carriers over a prolonged duration*”’. This approach reduc-
es dosage requirements and mitigates risks of toxicity and
environmental accumulation, making it a promising strate-
gy for sustainable health management in aquaculture.
Chitosan nanoparticles (CNPs) have shown promise
in improving disease resistance and health in Nile tilapia
(O. niloticus). In a recent feeding trial, fish diets supple-
mented with up to 5 g/kg of CNPs significantly enhanced
immune responses, intestinal morphology, and antioxidant
activity compared to both control and conventional chi-
tosan groups. Notably, fish receiving 3 and 5 g/kg CNPs
exhibited lower mortality rates following a challenge with
Aeromonas veronii biovar sobria. These effects were sup-
ported by upregulated expression of immune-related genes
(TLR-2, MUC-2, and IGF-1) and increased phagocytic and
respiratory burst activity, without triggering heat shock
responses (HSP70). The findings support dietary CNPs,
particularly at 5 g/kg, as an effective and safe strategy to

. . . 33
enhance disease resistance in aquaculture "',

2.2.3. Antimicrobial Nanomaterials

Metal-based NPs, including Ag NPs, ZnON Ps, gold
(Au NPs), and copper oxide (CuO NPs), have emerged
as potent antimicrobial agents in aquaculture. These NPs
display broad-spectrum efficacy against various aquatic
pathogens such as Aeromonas hydrophila, Edwardsiella
tarda, Vibrio spp., Pseudomonas fluorescens, etc. Though
effective against pathogens, these materials can persist in
water and be absorbed by aquatic species. Their mecha-
nisms include damaging microbial membranes, generating
reactive oxygen species (ROS), and disrupting DNA and
protein synthesis **.

Among these, Ag NPs have shown notable promise. In
marine shrimp aquaculture, Ag NPs have been investigated
as both prophylactic and therapeutic agents against bacte-

rial and viral pathogens, including Vibrio spp. and white
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spot syndrome virus (WSSV)*. These NPs can be admin-
istered through feed, injection, or immobilized in water
filters. Their broad-spectrum activity and flexibility make
them attractive alternatives to antibiotics. However, most
toxicity studies have been limited to short-term exposures.
Data on chronic effects, bioaccumulation, and stage-spe-
cific sensitivities in shrimp are lacking.

Despite these gaps, Ag NPs offer a safer and more
environmentally sustainable option compared to antibi-
otics. Studies report effective antimicrobial action at low
concentrations, reducing both toxicity and environmental
persistence °”. This is especially relevant given the misuse
of antibiotics in aquaculture. A study in Vietnam found that
91.7% of small-scale freshwater fish farmers used antibi-
otics, often without diagnostic testing or proper guidance
B Alarmingly, 98.2% of them did not perform antibiotic
susceptibility testing, and 78.9% treated disease outbreaks
based solely on visual symptoms. Some even used antibi-
otics prohibited in aquaculture or classified as “critically
important” in human medicine. These practices raise seri-
ous concerns about AMR and food safety. Nanoparticles,
by contrast, act via multiple mechanisms and are less like-
ly to drive resistance.

Nanoparticle-based antimicrobials could serve as a
safer and more responsible alternative to indiscriminate
antibiotic use. They offer targeted, non-specific microbial
killing without contributing to resistance. Still, the adop-
tion of antimicrobial NPs in aquaculture depends on proper
risk assessments, species-specific safety data, and regula-
tory approval. There is also a need for cost-effective, scal-
able production methods tailored for commercial shrimp
and fish farming. Overall, these nanotechnology-driven
approaches, encompassing nanovaccines, targeted drug
delivery, and antimicrobial nanomaterials represent a par-
adigm shift in aquaculture health management. They offer
sustainable and efficient alternatives to conventional prac-
tices, improving biosecurity while reducing reliance on an-
tibiotics and chemical treatments.

2.3.Nanomaterials for Water Quality Man-
agement and Pathogen Control

Optimal water quality is a cornerstone of sustainable
aquaculture, directly influencing animal health, growth

performance, and system biosecurity. Traditional methods

such as frequent water exchange, mechanical filtration,
and chemical disinfection, while effective, are resource-in-
tensive and may contribute to environmental degradation
through nutrient loading and chemical residues. In re-
sponse, nanotechnology presents innovative, eco-friendly

solutions for water purification and pathogen control.

2.3.1. Photocatalytic and Antimicrobial Nano-
materials

Recent studies highlight the effectiveness of nanoma-
terials in treating aquaculture effluents by improving phys-
icochemical parameters and reducing harmful contami-
nants. Nanoparticles have been shown to remove heavy
metals like lead, and degrade persistent organic pollutants
such as polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, and pesticides. Additionally, they exhibit
antimicrobial properties, significantly reducing microbial
loads of pathogens such as Salmonella, Escherichia coli,
Campylobacter, and Vibrio spp. *”. Engineered NPs such
as TiOz2 NPs, Ag NPs, and ZnO NPs exhibit strong photo-
catalytic and antimicrobial properties. A study by Ozkale-
li and Erdem ™' demonstrated the antibacterial efficacy
of TiO2 NPs against Staphylococcus aureus and Bacillus
subtilis, two gram-positive bacteria commonly found in
contaminated water. TiO> NPs were tested under varying
concentrations (10-1000 mg/L) and water chemistries (pH
6.5; ionic strength 10-100 mM). Results showed signif-
icant bacterial inactivation even in the absence of light,
with enhanced photocatalytic activity under visible light.
B. subtilis exhibited higher resistance than S. aureus, as re-
flected by lower specific die-off rates (k). These findings
support the potential of TiO2 NPs as effective agents for
waterborne pathogen control in aquaculture environments.

A comparative study by Simsek et al. ®* evaluated the
effectiveness of graphene oxide (GO), Ag NPs, and GO—
Ag nanocomposites in drinking water purification against
a conventional treatment method. GO-based filtration sig-
nificantly improved water quality parameters, including
color, total inorganic carbon (TIC), total organic carbon
(TOC), and hardness, with up to 86.8% enhancement in
TOC removal. The GO-Ag nanocomposite also achieved
substantial microbial reduction, effectively inhibiting
pathogens such as E. coli, Salmonella typhi, Enterococcus

faecalis, Pseudomonas aeruginosa, and Staphylococcus
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aureus. These findings highlight the superior antimicrobial
and physicochemical purification performance of GO-Ag
nanomaterials compared to traditional methods, supporting
their application in aquaculture water treatment systems.
In marine shrimp farming, Ag NPs demonstrated potential

effectiveness against pathogens such as Vibrio spp. and

WSSV, delivered via injection, feed inclusion, or filtration
systems *”. However, concerns remain regarding their po-
tential toxicity, bioaccumulation, and environmental safety,
particularly under chronic exposure conditions. Table 3
summarizes mechanisms and toxic effects of nanomateri-

als used in aquaculture water treatment.

Table 3. Nanoparticles Used in Aquaculture Water Treatment: Mechanisms and Toxic Effects.

Primary Mechanism of Ac-

Antimicrobial / Treatment

Reported Toxic Effects in Aquat-

Nanoparticle Type tion Function ic Species
. . . idative st ROS d
Photocatalysis; ROS gener-  Effective against Staphylococcus Oxidative stress, .OS amage,
. . N . g reduced reproduction; toxicity
TiO2 NPs ation (*OH, O:"); membrane aureus, Bacillus subtilis; de- ..
. . . modulated by salinity and UV
disruption grades organic pollutants
exposure
Release of Ag" ions; mem- B;ggi;fpzct;;ll?slta;t;t;;csroblal Gill necrosis, intestinal inflamma-
Ag NPs brane damage; protein/DNA Y ag S PP tion, liver degeneration; bioaccu-
interaction Aeromonas spp.; antiviral effects mulation in muscle tissues
(White Spot Syndrome Virus)
. Lo . . - R hatchi ida-
Dissolution into Zn?*"; ROS Antibacterial activity; removal ‘educed a?c INg Success, 0)<.1da
ZnO NPs . .. . . tive stress, immune suppression;
production; surface reactivity of organic contaminants . ..
size-dependent toxicity
Adsorption: membrane stress: Removal of TOC, TIC, hard- Potential oxidative stress at high
Graphene Oxide (GO) rphion, ’  ness; strong antimicrobial effects ~ concentrations; limited bioaccu-

improved filtration efficiency

Adsorption; magnetic recov-
ery; complexation with metals

Magnetic Nanoparticles
(F6203, Fesoa)

ROS generation; enhanced
gas transfer; collapse-induced
microbial inactivation

Nanobubbles (Ozone-
and O2-NBs)

Heavy metal removal (Cd?*,
Pb?*, Cu?"); antimicrobial action

Pathogen reduction (Vibrio para-
haemolyticus); improved DO;

mulation data
Generally low toxicity when coat-
ed; may cause oxidative stress at
high doses

when combined with Ag

when functionalized

Safe in most studies; high ozone

decreased organic load doses may irritate gill tissue

Despite these benefits, concerns remain regarding the
ecotoxicity of NPs to aquatic organisms, including poten-
tial impacts on salinity and long-term ecosystem health.
However, modifications such as fluorescent labelling, ty-
rosine coating, and the use of biocompatible carriers offer
promising strategies to mitigate toxicity and enhance safe-
ty [52

for the responsible integration of nanotechnology in aqua-

1. Continued research into these approaches is essential
culture water management.

2.3.2. Adsorptive and Magnetic Nanomateri-
als

Magnetic and adsorptive nanomaterials have gained
attention for their ability to remove dissolved pollutants
such as heavy metals, phosphates, and nitrogenous com-
pounds from aquaculture systems. These contaminants
contribute to eutrophication and disease outbreaks when
not adequately controlled. Recent advances in the surface

modification of magnetic nanoparticles (MNPs), particu-

larly through biopolymer coatings and silica functionaliza-
tion, have significantly improved their capacity to adsorb
heavy metals from aqueous environments ™. Although
most applications to date have been conducted in con-
trolled lab settings, their strong adsorption potential and
magnetic recoverability make them promising candidates
for use in aquaculture wastewater treatment systems.
Aquaculture wastewater is increasingly recognized as a
significant environmental concern due to nutrient loading,
residual pharmaceuticals, and pathogenic contamination.
While biological (e.g., bioflocs, wetlands) and physicochem-
ical methods (e.g., advanced oxidation processes (AOPs),
membranes) have been widely applied, their sustainability
and long-term effectiveness remain limited °*. Nanotech-
nology-based interventions, such as photocatalytic TiO: or
adsorptive nanomaterials, offer promising alternatives that
can complement or enhance these existing systems. A no-
table experimental study demonstrated the application of a
biogenic Fe:0s-based magnetic cryogel, synthesized using
Bacillus subtilis and embedded in a polyvinyl alcohol (PVA)
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matrix, to remediate cadmium-contaminated water in Nile
tilapia culture. The magnetic cryogel not only reduced cad-
mium concentrations but also restored physiological, hema-
tological, and immune parameters in the fish, highlighting
its safety and efficiency in live aquaculture settings 7.
These findings support the integration of magnetic nanoma-
terials into sustainable aquaculture water management. Their
recyclability and low residual toxicity make them attractive

alternatives to conventional chemical treatments.

2.3.3. Nanobubble Technology

Nanobubble (NB) technology, comprising gas-filled
cavities typically under 1 um in diameter has gained grow-
ing interest in aquaculture for its capacity to enhance water
quality and support disease mitigation. These NBs remain
stable in water over extended periods, facilitating pro-
longed interaction with dissolved gases. Their nanoscale
size enables superior gas transfer efficiency and promotes
the generation of (ROS, including hydroxyl radicals and
singlet oxygen, which together contribute to elevated
dissolved oxygen levels and microbial suppression °**"),
Emerging evidence indicates that NB aeration significantly
improves oxygen delivery and reduces energy input com-
pared to traditional bubble systems. In synthetic wastewa-
ter and biofilm systems, NBs have been shown to double
oxygen transfer efficiency and deliver up to 80% energy
savings, while also enhancing pollutant degradation and
microbial control .

Recent studies highlight the practical benefits of NB
technology in aquaculture systems. Applications of NBs
particularly those infused with ozone or oxygen have proven
effective in controlling pathogens such as Vibrio parahae-
molyticus and enhancing survival rates in species like Nile
tilapia and shrimp. For example, a controlled study in Viet-
nam demonstrated that oxygen- and ozone-enriched NBs
significantly reduced Vibrio concentrations while improving
water quality in shrimp culture ponds . These findings
reinforce the dual function of NBs in both oxygenation and
microbial suppression. Beyond oxygen delivery, NBs can
act as efficient carriers for active gases such as ozone and
hydrogen, enabling targeted disinfection without leaving
harmful residues associated with conventional chemical
treatments. For instance, Dien et al. "’ demonstrated this

using ozone NBs in a recirculating aquaculture system. The

treatment significantly reduced microbial loads, includ-
ing multidrug-resistant Aderomonas hydrophila. Bacterial
concentrations were lowered by approximately 16—36%,
and relative percent survival in treated Nile tilapia reached
around 65%. Importantly, no adverse effects on fish health
or behavior were observed during the exposure period.
Ozone NB treatments have been shown to upregulate im-
mune-related gene expression and improve disease resis-
tance in Nile tilapia, resulting in significantly higher surviv-

(@I’ A comprehensive

al rates following bacterial challenge
review by Yaparatne et al. *” further emphasized that NBs
generated from gases like air, oxygen, ozone, and hydrogen
not only improve gas exchange but also aid in pollutant deg-
radation and pathogen inactivation. These effects collective-
ly lead to increased growth rates, improved harvest yields,
and reduced mortality across various aquaculture species.
Long-term pilot-scale applications, including those in
recirculating aquaculture systems (RAS), have shown ad-
ditional benefits such as enhanced water clarity, improved
nitrification, and reduced carbon dioxide accumulation ™.
Moreover, NBs have been successfully applied to manage
sea lice in salmon farming and to optimize biofilter perfor-
mance, supporting more sustainable and productive aqua-
culture operations. Despite these advantages, several chal-
lenges remain. Issues related to scalability, cost-efficiency,
and potential ecological impacts of NB technology must
be addressed. More comparative and long-term studies are
needed to assess these aspects and to establish standard-
ized protocols for safe and effective implementation. Nev-
ertheless, current evidence positions NBs as a promising

innovation for sustainable aquaculture development.

2.4.Environmental Monitoring and Smart
Aquaculture

Precision environmental monitoring is critical in mod-
ern aquaculture for maintaining optimal water quality and
ensuring healthy livestock. Traditional methods such as
manual sampling and laboratory analysis are time-con-
suming, labour-intensive, and often lack the sensitivity
required for early detection of critical parameters such as
dissolved oxygen (DO), ammonia, nitrite, pH, and patho-
genic microorganisms. Delays in corrective measures can
lead to disease outbreaks, poor growth performance, and

significant economic losses. By contrast, nanosensor-en-
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abled monitoring systems, integrated into Internet of
Things (IoT) platforms, provide continuous, real-time data
and enable early detection of environmental stressors **.
Recent systematic reviews highlight the proliferation of
low-cost water quality sensors adapted for [oT applications
in aquaculture. These systems monitor key parameters with
sufficient accuracy and support real-time decision-making
while minimizing infrastructure costs .

Experimental validation in Asian seabass (Lates cal-
carifer) culture systems demonstrated that loT-based sen-
sor arrays measuring temperature, pH, dissolved oxygen,
ammonia, and conductivity can be calibrated against pro-
fessional-grade instruments. This approach ensures reliable
monitoring while maintaining affordability and operation-
al scalability ). Incorporating nanosensor innovations
such as carbon nanotube or graphene-based electrodes and
metaloxide nanocomposites further enhances detection
sensitivity. These nanomaterials can detect trace levels of
ammonia, nitrates, heavy metals, and organic contaminants
with rapid response times, a key advantage for smart aqua-

[l Foo et al. " emphasized the role of

culture systems
nanomaterials not only in contaminant sensing but also in
water disinfection and pollutant degradation. Their study
highlights the potential of nanotechnology-based platforms
to monitor, remediate, and optimize aquaculture water sys-
tems, especially when coupled with advanced data analyt-
ics.

Recent innovations now pair nanosensors with loT and
Artificial Intelligence (AI) platforms, forming intelligent
aquaculture systems capable of real-time water-quality
monitoring, predictive analytics, and automated manage-

9l These integrated platforms enable: (1) Predic-

ment '
tive Analytics: Al-driven models on IoT sensor data offer
early warnings for disease outbreaks or deteriorating water
quality. (2) Automation: Systems adjust aeration, feeding,
and water exchange in real time, minimizing manual in-
tervention. (3) DataDriven Sustainability: Optimizes re-
sources, enhances biosecurity, and reduces environmental
impact.

Combining nanosensors with IoT and Al signals a shift
toward fully digitized, efficient, and sustainable aquacul-
ture production. While traditional approaches such as an-
tibiotics and mechanical aeration remain widespread, they

carry drawbacks like AMR, environmental contamination,

and high costs. Cabello et al. " documented the link be-
tween antibiotic overuse in aquaculture and global AMR
dissemination. Conversely, nanotechnology-based methods
offer potential for lower chemical usage, higher efficiency,
and improved sustainability. That said, uncertainties persist
regarding the fate, bioaccumulation, and potential toxicity
of nanoparticles in aquatic systems emphasizing the impor-
tance of robust safety assessments before widespread use.
These advances collectively position nanotechnology
as a promising tool to enhance aquaculture sustainability
and resilience. However, the rapid development of na-
no-enabled inputs demands concurrent assessment of their
environmental fate, bioaccumulation potential, and human
health impacts, which are addressed in the following sec-

tions.

3. Ecotoxicological Impacts of Nano-
materials

While nanotechnology holds considerable promise
for advancing aquaculture, concerns regarding the envi-
ronmental fate, behavior, and toxicological effects of NPs
must be rigorously addressed. The unique physicochemical
properties of NPs such as small size, high surface area, and
reactivity allow them to interact with aquatic ecosystems
in ways that differ fundamentally from bulk materials """,
This section discusses current understanding of NP per-
sistence, bioavailability, and ecotoxicological effects in

aquaculture environments.

3.1.Environmental Fate and Transport of
Nanoparticles

Nanoparticles introduced into aquaculture systems
through feeds, therapeutics, or water treatment can en-
ter surrounding water bodies and sediments via effluent
discharge or direct application. Once released, their en-
vironmental behavior is shaped by key processes such as
aggregation, dissolution, adsorption onto natural organic
matter (NOM), sulfidation, and sedimentation, all of which
influence particle mobility, transformation, and ecological
impact ">, Figure 1 illustrates a conceptual overview
of the fate of NPs in biological systems, illustrating the
sequence from environmental exposure, uptake routes in

aquatic organisms, internal distribution across organs and
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tissues, subsequent transformation and interaction within
biological environments, and final excretion or elimina-
tion pathways. Ag NPs undergo rapid transformations in
oxic and saline waters. In low-salinity systems, Ag NPs
may be stabilized by NOM, whereas in high-sulfide or
chloride environments, sulfidation can transform them into
less bioavailable forms such as Ag.S. These transforma-
tions reduce Ag" ion release and colloidal mobility, thereby

lowering acute toxicity. However, sediment-associated Ag

. . . . . . o)
species can still pose chronic risks to benthic organisms ™.

In contrast, TiO2 NPs exhibit different behavior, remaining
suspended longer in water columns due to slower sedimen-
tation. Their aggregation and settling behavior are sensitive
to environmental factors such as pH, ionic strength, and
presence of algal or organic colloids. Under UV exposure,
TiO:NPs can generate ROS, elevating risks to pelagic or-

ganisms ",
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Figure 1. Conceptual overview of the fate of NPs in biological systems.

A study by Huang et al. ¥ examined the toxicity of
TiO: and Ag NPs on Moina mongolica under varying sa-
linity levels in nearshore environments. Both NPs caused
oxidative stress and immune responses, with Ag NPs
showing stronger reproductive toxicity due to Ag" release.
Transcriptomic analysis revealed carapace damage from
NP accumulation. Salinity increased TiO: toxicity but re-
duced that of Ag NPs, highlighting salinity’s key role in
modulating NP effects in coastal ecosystems.

Additionally, in highsalinity environments ZnO NPs
tend to aggregate and settle, reducing aqueous-phase bio-
availability but increasing exposure risk for benthic or-
ganisms. Acidic or lowionic strength conditions promote

dissolution, generating Zn?* ions that drive toxicity .

For example, in early life stages of the pufferfish 7akifigu
obscurus, exposure to ZnO NPs significantly decreased
hatching success and survival, and induced oxidative stress
responses (MDA, SOD, CAT, GSH) and morphological
deformities ", Similarly, studies on the marine mussel Xe-
nostrobus securis showed that toxicity varied with salinity
and temperature, with nanoparticle surface coatings modu-
lating effects ). Algal species are particularly sensitive to
Zn*" release. For example, ZnO NPs inhibited growth and
induced ROS-mediated stress in algae, making them effec-
tive indicators of ecosystem-level impacts ", Comparative
toxicity assays found that small ZnO NPs had greater dis-
solution and stronger acute effects than nanorods or ionic
Zn. Algae and bacteria exhibited lower LCso thresholds
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(~15 mg/L) compared to crustaceans like Artemia (LCso
~>40 mg/L) . In marine systems, their aggregation in-
creases with salinity, potentially reducing bioavailability in
the water column but increasing sedimentation and expo-
sure to benthic species. Furthermore, ZnO NPs can interact
with NOM and phosphates, affecting dissolution rates and
ecological risk profiles™.

Understanding these transformation pathways includ-
ing sulfidation, photochemical alterations, and NOM/EPS
surface interactions is critical for accurate modeling of NP
transport and bioavailability in aquatic ecosystems. Inte-
grating such mechanistic insights into environmental risk
assessments will improve predictive accuracy and guide
the safer application of nanomaterials in aquaculture and

aquatic industries.

3.2. Bioaccumulation and Biomagnification in
Aquatic Organisms

Bioaccumulation of nanoparticles in aquaculture spe-
cies such as fish and shrimp raises significant concerns for
environmental safety and human health. Engineered NPs
can be taken up through gills, ingestion, and skin, accu-
mulating in organs like the liver, kidney, and muscle ", In
tilapia (O. niloticus), ZnO NPs (10-30 nm) accumulated at
significantly higher levels in gill, liver, kidney, intestine,
brain, and muscle, inducing oxidative stress via elevat-
ed SOD, CAT, GSH, and lipid peroxidation biomarkers
(sizedependent effects; small > large NPs) ™,

In Asian seabass (Lates calcarifer) under lowsalinity
estuarine conditions, chronic exposure (1-50 ppm ZnO
NPs for 8 weeks) resulted in substantial accumulation in
the head kidney, gills, and liver, with suppressed immune
gene expression, impaired growth, and increased mortality
(up to 100% at 50 ppm) . Sex-specific biodistribution of
ZnO NPs was observed in Japanese medaka (Oryzias lati-
pes). For instance, male medaka accumulated particles in
brain, gills, gut, kidney, and gonads, while females showed
lower brain accumulation. Reproductive behavior and fer-
tility were impaired in both sexes, mediated by ROS induc-
tion and endocrine disruption (200 nm nZnO vs ZnSOs) ™.
Collective exposure to ZnO NPs and Ag NPs in Oreochro-
mis mossambicus revealed additive oxidative stress and
histopathological damage; coexposure influenced bioavail-

ability, with reduced Ag accumulation in liver but height-

ened ZnO NP effects *”.

Biomagnification, the transfer of NPs up the food
chain remains underexplored but may pose ecological and
food safety risks. For instance, trophic transfer studies in a
freshwater chain (Dunaliella salina — Artemia salina —
Poecilia reticulata) revealed that Ag NPs could biomagni-
fy from brine shrimp to guppy fish at BMF > 1 in liver and
whole body, though not from algae to shrimp (BMF < 1) ¥,
A recent study emphasized how microplastics can modify
biomagnification dynamics. When Chlorella vulgaris and
Daphnia magna were coexposed to ZnO NPs and polysty-
rene microplastics (PSMPs), biomagnification of ZnO NPs
occurred in Daphnia (BMF up to 1.49 in acute exposure,
and 2.11 in chronic 21day exposure), whereas ZnO NPs
alone showed BMF < 0.90 Accumulation occurred in the
Daphnia intestine, with increased ROS and physiological
stress *7).

Nanoparticles such as ZnO and Ag are known to bio-
accumulate in aquatic organisms, particularly in organs
like the liver, kidney, and gills, leading to oxidative stress
and physiological disruption. Accumulation is influenced
by particle properties (e.g., size, surface chemistry, shape),
exposure duration, and environmental conditions (e.g.,
salinity and pH). While biomagnification is less studied,
evidence suggests that trophic transfer can occur, especial-
ly in the presence of co-contaminants like microplastics.
These findings underscore the need to consider both bio-
accumulation and biomagnification in nanoparticle risk
assessments and call for further research into long-term,

species-specific, and combined exposure effects.

3.3. Toxicological Effects on Aquatic Biota

Engineered NP toxicity in aquatic organisms is intri-
cately shaped by particle characteristics such as size, coat-
ing, solubility and by environmental variables like salinity,
pH, and organic content, which influence bioavailability

IS Adverse effects commonly

and hazard potential !
include oxidative stress, inflammation, histopathological
damage, metabolic disruption, impaired growth, reproduc-
tive dysfunction, and even genotoxicity in plankton and
algae "%,

A recent study examined chronic dietary exposure of
Nile tilapia to Ag NPs at concentrations ranging from 10 to

100 pg/L across six weeks. Fish experienced dosedepen-
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dent liver damage, including congestion, fatty degenera-
tion, fibrosis, necrosis, and marked increases in lipid per-
oxidation (LPO) and antioxidant enzyme activities (SOD,
CAT, GPx, GR). Over time, antioxidant enzyme activity
declined while oxidative damage worsened. Compared to
bulk silver nitrate (AgNOs), AgNPs induced more severe
and progressive hepatotoxicity, highlighting their greater
ecological risk through prolonged exposure ™. In earlier
work on non-vertebrate primary producers, Mahaye et al.
) exposed the aquatic plant Salvinia minima to citrate-
and BPEI-coated gold NPs (5-40 nm) at environmentally
relevant concentrations. While root-surface binding was
evident, no nanoparticle internalization occurred and plant
growth remained unaffected indicating low systemic tox-
icity but potential for localized interaction effects. Ma-

haye et al. *

also explored cytotoxicity and genotoxicity
of coated gold NPs in the green alga Pseudokirchneriella
subcapitata. Smaller, BPEI-coated NPs caused the stron-
gest growth inhibition and chlorophylla reduction. Nota-
bly, RAPD-PCR assays revealed DNA damage in all treat-
ments, even when cellular toxicity was limited, indicating
persistent sublethal genotoxic impact. Mahaye and Musee
P extended this work by testing cerium oxide NPs (nCeO:
< 25 nm) on P. subcapitata across a 62.5-1000 pg/L
range. While initial physiological inhibition was observed,
photophysiological recovery began by 168 h. However,
molecular markers still indicated DNA damage, under-
scoring the importance of including genotoxic assays since
recovery at the physiological level may mask underlying
lesions.

These combined findings illustrate the diverse effects
of NPs across aquatic taxa. Fish are particularly vulnera-
ble to dose- and time-dependent oxidative stress and his-
topathological damage, especially under chronic Ag NP
exposure. In contrast, algae and aquatic plants, while often
physiologically resilient, can exhibit molecular and genetic
damage even at low concentrations. Key factors influenc-
ing toxicity include particle size, surface reactivity, and
ionic release (e.g., Ag®, Zn?"), all of which are associated
with heightened biological impact. Aquatic organisms,
from primary producers to higher trophic levels demon-
strate susceptibility to both overt and sublethal NP-induced
harm. To better capture these risks, traditional acute toxici-

ty tests should be complemented by chronic exposure stud-

ies and molecular-level endpoints. Robust environmental
risk assessments must also consider nanoparticle transfor-
mation, bioaccumulation, and species-specific responses.
These evaluations are critical for ensuring the safe use and
regulatory approval of nano-enabled inputs in aquaculture

and aquatic systems

4. Human Health Implications of
Nanoparticle Exposure via Sea-
food Consumption

The integration of ENPs such as TiO2, Ag, and ZnO
in aquaculture practices has prompted growing concern
regarding their accumulation in edible seafood tissues and
the potential health risks posed to consumers. These NPs,
introduced either intentionally through nano-enabled feeds
and antimicrobial coatings or unintentionally via environ-
mental contamination, have been shown to bioaccumulate
in edible tissues of aquaculture species including fish,
shrimp, and mollusks. Recent analytical studies confirm
the presence of such particles in seafood at trace levels,
raising important questions about their long-term effects
on human health.

A pivotal study by Grasso et al.

employed sin-
gle-particle inductively coupled plasma mass spectrometry
(spICP-MS) to detect and quantify TiO> NPs in various
seafood products, including tuna and clam. Their results
showed detectable levels of TiO»-NPs in all samples, with
estimated dietary exposures ranging from 0.9 to 3.2 pg/kg
body weight/day. These levels are considered low but still
relevant for risk characterization. These findings demon-
strate that ingestion of NPs via seafood consumption is
plausible under real-world exposure scenarios. Supporting
this, in vivo studies in aquatic species reveal consistent
bioaccumulation of NPs in tissues consumed by humans.
Kakakhel et al. ! exposed Cyprinus carpio (common
carp) to Ag NPs and observed significant accumulation in
muscle, liver, and gastrointestinal tissues, along with his-
topathological changes such as gill necrosis and intestinal
inflammation. These results suggest that bioaccumulated
NPs can persist in edible tissues and potentially be trans-
ferred to consumers.

In addition to bioaccumulation in edible aquatic tis-

sues, understanding the toxicodynamics of nanoparticles in
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the human body is crucial for accurate health risk assess-

ment. A recent review by Pathak et al. ™

emphasizes that
the toxicity of nanoparticles is not only dose-dependent
but also heavily influenced by their physicochemical prop-
erties such as size, shape, and surface functional groups.
Importantly, chemically synthesized NPs with synthetic
capping agents often exhibit greater cytotoxicity in human
cell lines compared to biosynthesized NPs due to less bio-
compatible surfaces. The review further notes that while
inhalation remains a common route of exposure, ingestion
through contaminated food such as seafood and dermal
contact via consumer products also represent viable path-
ways. Once ingested, NPs may interact with the gastro-
intestinal lining or enter systemic circulation, where they
can affect various organs. In vitro studies have shown that
hematite NPs can induce oxidative stress in lung fibroblast
MRC-5 cells by depleting glutathione and increasing the
activity of antioxidant enzymes such as SOD and catalase,
which may parallel potential mechanisms in the gut epithe-
lium. These findings underscore the necessity of evaluating
not only direct cytotoxic effects but also secondary sys-
temic responses such as oxidative stress and inflammation.
Despite these indications, the actual risk to human
health from consuming NP-contaminated seafood remains
uncertain. This is due, in part, to the absence of standard-
ized analytical methods for detecting NPs in complex food
matrices, and limited human-specific toxicokinetic (TK)
and toxicodynamic (TD) data. According to the European
Food Safety Authority '®, current risk assessment frame-
works are not fully equipped to account for the unique be-
haviors and interactions of ENPs in the human body, par-
ticularly after oral exposure. EFSA calls for the integration
of realistic exposure scenarios, validated in vitro diges-
tion models, and physiologically based pharmacokinetic
(PBPK) modeling to improve dietary risk assessments.

In this context, the study by Lane et al. ”!

provides
a valuable contribution. Although focused on nano- and
microplastic particles, the exposure scenarios and PBPK
framework they propose are directly applicable to metal-
lic NPs. Their model incorporates demographic variabil-
ity (e.g., children, adults), multiple ingestion pathways,
and probabilistic estimation of intake, offering a robust
template for estimating internal exposure levels. For sea-

food-related exposures, this type of structured approach

could enhance current NP risk assessments by integrating
seafood consumption data, body burden estimates, and
age-specific exposure distributions.

Yet, several challenges remain in accurately character-

izing nanoparticle exposure via seafood:

1. Analytical limitations: Differentiating engineered
NPs from naturally occurring particles in food prod-
ucts is complex.

2. Lack of human biomonitoring data: Biomarkers
of NP exposure and validated absorption-distribu-
tion-metabolism-excretion (ADME) data are sparse.

3. Synergistic toxicity: Co-exposure with other envi-
ronmental pollutants may enhance NP toxicity, but
these interactions are not well understood.

4.  Cumulative exposure: Long-term health ef-
fects from chronic, low-dose ingestion of multiple

nanoparticle types remain poorly characterized.

Given these gaps, precautionary risk management is
warranted. This includes continued investment in research

to:

1. Improve detection and quantification of nanoparti-
cles in aquaculture-derived food products,

2. Conduct human-relevant oral toxicological studies
and long-term dietary exposure trials,

3. Develop and validate PBPK models tailored to nano-
material ingestion,

4.  Monitor exposure in vulnerable populations such as
children, pregnant individuals, and immunocompro-

mised patients.

Addressing these uncertainties will require a multidis-
ciplinary approach. Future research priorities include the
development of sensitive detection techniques for nanopar-
ticles in complex food matrices, toxicokinetic studies
specifically designed for oral ingestion, biomonitoring of
chronic low-level exposures in human populations, and an
emphasis on at-risk groups such as children, pregnant indi-
viduals, and those with compromised health. Establishing
validated biomarkers of exposure and effect will also be
critical to translate laboratory findings into meaningful hu-
man health risk assessments.

In summary, while the current evidence suggests that
seafood consumption may contribute only marginally to

overall human nanoparticle exposure, the scientific uncer-
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tainty surrounding long-term health effects and inter-indi-
vidual variability warrants a cautious and research-driven
approach. Strengthening risk assessment methodologies
and filling data gaps will be essential to ensure the safe and

sustainable integration of nanotechnology into aquaculture.

4.1. Gut Microbiome Interactions with Ingest-
ed Nanoparticles

Ingested ENPs such as TiO2, Ag and ZnO can inter-

act directly with the gut microbiota and intestinal epithe-

698 Recent reviews identify the microbiome as

[99,100]

lium
an important early target of dietary NP exposure
Across in vitro gut models and rodent studies, these
materials have been associated with dysbiosis, reduced
microbial diversity, and shifts in microbial metabolic
activity. Reported mechanisms include particle size and
surface properties, metal-ion release (notably from Ag
and ZnO), and oxidative stress—mediated effects on ep-
ithelial and microbial function ®>'"". Controlled in vivo
work demonstrates that repeated oral TiO2 exposure can
alter microbial a-/B-diversity, modify amino-acid and
lipid metabolic pathways, and increase indicators of ox-

1ol Broader

idative stress and low-grade inflammation
evaluations of inorganic NPs used as food additives con-
sistently report reductions in beneficial commensals such
as Lactobacillus and shifts in the Firmicutes/Bacteroide-
tes ratio, patterns commonly associated with dysbiosis
and perturbed mucosal homeostasis !'*.

Evidence also suggests that NP-induced microbiome
changes may be more pronounced under pre-existing gut
inflammation. In colitis-prone models, exposure to TiO- or
AgNPs has been shown to decrease overall diversity, in-
crease mucus production, and enrich mucus-degrading taxa
such as Akkermansia muciniphila, collectively contributing
to worsened epithelial inflammation and impaired barrier
integrity .

Although most evidence derives from animal or in vi-
tro systems, the convergence of findings supports the mi-
crobiome as a relevant pathway through which chronic NP
ingestion may influence host metabolic and immune pro-
cesses. Current reviews highlight the need for standardized

gut-relevant exposure models and incorporation of micro-

biome endpoints into food-safety assessment ',

4.2.Current Knowledge Gaps and Method-
ological Challenges

While Section 4 focused on human health risks from
dietary nanoparticle exposure, the broader scientific lit-
erature on nano-enabled aquaculture exhibits additional
limitations that hinder comprehensive risk assessment and

regulatory development.

4.2.1. Methodological Inconsistencies

Studies often differ in how nanoparticles are synthe-
sized, characterized, and applied. Variations in particle
size, surface chemistry, and dispersion protocols lead to
poor reproducibility and incompatible toxicity results

across species and systems.

4.2.2. Short-Term and Laboratory-Focused
Studies

Most investigations are based on short-term trials in
controlled laboratory settings. These fail to account for
long-term, low-dose, or cumulative exposures that occur
under realistic aquaculture conditions. Field or mesocosm
studies simulating natural environmental dynamics are

largely absent.

4.2.3. Narrow Taxonomic and Endpoint Focus

Research has disproportionately focused on common
fish models such as Oreochromis niloticus and Cyprinus
carpio, while overlooking economically important inver-
tebrates like shrimp and mollusks. Additionally, endpoints
such as immune modulation, microbiome changes, and re-

productive impacts are understudied.

4.2.4. Human Health Extrapolation Gaps

Oral bioavailability, nanoparticle transformation in the
digestive tract, and long-term effects on human systems
are not well defined. In vitro and animal models dominate
current research, with limited translation to real-world hu-

man dietary exposures.
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4.2.5. Regulatory and Analytical Barriers

Despite rising commercialization of nanotechnology,
international regulatory frameworks remain inconsistent,
and no global standards exist for permissible nanoparticle
residue levels in seafood. Analytical challenges, including
distinguishing ENPs from natural colloids in food matri-

. 16,103
ces, further complicate enforcement '),

5. Risk Governance and Mitiga-
tion Strategies for Nano-Enabled
Aquaculture

As established in Section 4, ENPs may accumulate in

aquaculture products consumed by humans. The growing

application of nanotechnology thus demands comprehen-
sive regulatory oversight and evidence-based mitigation
strategies. Table 4 gives a summary of regulatory and mit-

igation approaches to nano-enabled aquaculture inputs.

5.1.International Regulatory Perspectives

5.1.1. United States (FDA)

The U.S. Food and Drug Administration evaluates na-
no-enabled feed additives and veterinary drugs under the
Federal Food, Drug, and Cosmetic Act. FDA’s Guidance
for Industry #220 emphasizes case-by-case assessments
of particle characterization, toxicity, and residue levels,
although it does not mandate nano-specific aquaculture

guidelines "

Table 4. Summary of Regulatory and Mitigation Approaches to Nano-Enabled Aquaculture Inputs.

Domain Key Measures

Challenges

Regul igh .
egulatory Oversight Lations

Analytical Monitoring tion

Safe-by-Design polymer-based carriers

Risk Communication

Surveillance -
studies

Tiered risk assessment (EFSA), FDA case-by-case eval-

splCP-MS, AF4, electron microscopy; HACCP integra-

Biodegradable coatings, reduced surface charge, bio-

Labeling, certification schemes, consumer outreach

Long-term dietary and environmental monitoring, field

No seafood MRLs, definition inconsistency

High cost, validation gaps in complex matrices

Early development costs, lack of standards

Distrust of nanotechnology, regulatory inertia

Biomarker gaps, ethical/economic hurdles

5.1.2. European Union (EFSA)

The European Food Safety Authority applies a tiered
risk assessment strategy for nanomaterials. The 2021
EFSA guidance requires data on in vitro digestion, absorp-
tion, bioaccumulation, and long-term toxicology. However,
Maximum Residue Limits (MRLs) for NPs in seafood re-

main undefined "'®.

5.1.3. Codex Alimentarius and OECD

While the Codex Alimentarius Commission provides
food safety benchmarks, it lacks nano-specific guidelines
for aquaculture. OECD, through its Working Party on

Manufactured Nanomaterials, has made progress in harmo-

nizing nanoparticle testing protocols, including for particle

size, toxicity, and environmental fate """,

5.2. Persistent Challenges in Oversight and
Enforcement

1. Lack of Harmonized Definitions: Inconsistent defi-
nitions of what constitutes a nanomaterial complicate
regulatory alignment across countries ",

2. Analytical Gaps: Reliable detection in seafood
products is hindered by matrix complexity. Advanced
tools like single-particle ICP-MS and asymmetric
flow field-flow fractionation (AF4) are promising
but not yet universally adopted .

3. Dynamic Transformations: Nanoparticles may un-
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dergo agglomeration, oxidation, or digestion-depen-
dent transformations that influence bioavailability
and toxicity, complicating exposure modeling """

4.  Trade Barriers: Divergent regulations, particularly
the EU’s precautionary stance, may restrict imports
of nano-enabled aquaculture products, affecting

global market access''*.

5.3. Mitigation Strategies for Consumer Safety

The growing presence of ENPs in aquaculture systems
and seafood products necessitates a multi-layered risk mit-
igation strategy. Addressing potential consumer safety con-
cerns requires interventions at the material design stage,
within analytical monitoring protocols, through coordinat-
ed regulation, and across consumer communication and

surveillance mechanisms.

5.3.1. Safe-By-Design Nanomaterials

Safe-by-Design is a proactive approach that integrates
toxicological considerations into the initial stages of NP
development. By engineering NPs with biodegradable
coatings such as chitosan, alginate, or polyethylene glycol
(PEQ), researchers can reduce persistence in aquatic or-
ganisms and improve clearance from human tissues after
ingestion. Adjusting surface charge toward neutrality fur-
ther limits bioavailability by reducing NP interactions with
epithelial and mucosal surfaces. Another important strat-
egy is the substitution of traditional metal-based NPs like
Ag or ZnO with safer, biopolymer-based carriers such as
liposomes or poly lactic-co-glycolic acid (PLGA). These
alternative carriers have shown promise in delivering func-
tional benefits such as nutrient delivery or immunostimula-
tion while minimizing systemic toxicity and environmental

. (94,10
accumulation "',

5.3.2. Enhanced Analytical Monitoring

Reliable detection and quantification of NPs in aqua-
culture inputs and seafood products are essential for risk
assessment and regulatory compliance. Techniques such
as spICP-MS, AF4, and transmission electron microscopy
(TEM) provide the resolution necessary to characterize

particle size, shape, and composition in complex biologi-

cal matrices. However, challenges remain in standardizing
these methods for routine use. Regulatory agencies and
research institutions must develop validated protocols and
inter-laboratory comparisons to ensure consistency and ac-
curacy. Integrating these methods into existing food safety
frameworks, including Hazard Analysis and Critical Con-
trol Point (HACCP) systems, will facilitate early detection

of nanoparticle residues before products reach consumers.

5.3.3. Regulatory Harmonization and Policy
Alignment

A major hurdle in governing nano-enabled aquaculture
is the lack of international regulatory alignment. Defini-
tions of nanomaterials vary among jurisdictions, leading to
inconsistent oversight and potential trade barriers. Estab-
lishing harmonized criteria for nanoparticle classification,
safety evaluation, and labeling is essential. Agencies such
as EFSA and the FDA have issued guidance documents,
but specific thresholds for nanoparticle residues in sea-
food such as MRLs have yet to be universally established.
Collaborative platforms like the Codex Alimentarius and
OECD provide opportunities for harmonizing regulatory
practices by promoting standardized test methods, tiered
risk assessment frameworks, and mutual recognition
agreements. These efforts would reduce regulatory frag-
mentation and ensure a more predictable environment for

producers and exporters.

5.3.4. Transparent Risk Communication and
Consumer Engagement

Consumer perception is a critical factor influencing the
adoption and marketability of nano-enabled aquaculture
products. Transparent communication regarding the use of
nanotechnology, especially when residues may remain in
edible tissues, can help build public trust. Mandatory label-
ing that discloses the presence and purpose of nanoparticle
applications allows consumers to make informed choices.
Educational campaigns, outreach materials, and certifica-
tion schemes can further demystify nanotechnology and
emphasize its potential to enhance food safety, nutritional
value, and sustainability. These initiatives should be driven
by evidence-based messaging and supported by regulatory
bodies and industry stakeholders alike.
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5.3.5. Post-Market Surveillance and Long-
Term Monitoring

Risk mitigation does not end at the point of product
approval. Long-term surveillance is necessary to assess
chronic exposure risks and detect emerging issues. This in-
cludes biomonitoring of human populations with high sea-
food consumption, as well as those with increased physio-
logical vulnerability such as children, pregnant individuals,
and immunocompromised patients. The development of
validated biomarkers for nanoparticle exposure and effect
would greatly improve the reliability of epidemiological
studies. In parallel, environmental field trials and meso-
cosm studies are needed to validate laboratory findings un-
der realistic aquaculture conditions. Together, these moni-
toring systems provide a safety net that ensures consumer
protection even as nanotechnology applications continue to
evolve.

The application of nanotechnology in aquaculture of-
fers transformative potential for enhancing sustainability,
productivity, and disease management. However, its suc-
cessful integration into the seafood supply chain depends
on a comprehensive governance framework that accounts
for the unique physicochemical properties of nanoparticles
and their interactions within biological systems. While
regulatory efforts by EFSA, the FDA, and the OECD have
laid the groundwork for oversight, gaps in residue limits,
analytical validation, and public communication persist.
A robust risk mitigation strategy, anchored in Safe-by-De-
sign nanomaterials, advanced detection tools, regulatory
harmonization, and transparent communication will be es-
sential for building consumer trust and maintaining market
integrity. As scientific knowledge progresses, a responsive,
interdisciplinary approach that includes long-term health
and environmental surveillance will be necessary to ensure
that the benefits of nanotechnology in aquaculture are re-
alized without compromising human health or ecological

stability.

5.4. Regulation and Trade Impacts

Regulatory actions targeting specific nanomaterials
have already influenced international seafood trade. A no-
table example is the European Union’s 2022 removal of
titanium dioxide (E171) as a food additive following EF-

SA’s conclusion that it could no longer be considered safe.
This decision prompted reformulation of certain processed
seafood products such as surimi and coated items that pre-
viously used whitening or texturizing agents containing
TiOz, creating additional compliance requirements for ex-
porters to the EU. Differences in regulatory approaches,
such as the EU’s nanospecific risk-assessment framework
versus the FDA’s case-by-case guidance, can also generate
trade uncertainty when data expectations diverge. Ongoing
initiatives by the OECD Working Party on Manufactured
Nanomaterials and Codex expert groups aim to harmonize
testing methods and definitions, helping reduce regulatory
fragmentation and facilitate smoother trade of nano-en-

abled aquaculture products.

6. Conclusions

Nanotechnology presents transformative opportunities
for aquaculture by offering innovative tools to enhance
productivity, disease control, and environmental sustain-
ability. Applications such as nanoparticle-based drug deliv-
ery, nano-formulated feed supplements, and antimicrobial
coatings have shown promise in improving aquaculture
efficiency. However, the increasing use of ENPs also rais-
es concerns regarding their persistence, bioaccumulation,
and potential toxicity in aquatic organisms and humans via
seafood consumption.

Although current research demonstrates beneficial
effects of nanomaterials in controlled settings, several
knowledge gaps persist. These include the lack of long-
term and field-based studies, limited data on oral bioavail-
ability and chronic toxicity in humans, and challenges in
nanoparticle detection in complex food matrices. Regula-
tory frameworks vary significantly between countries and
are often not well adapted to the unique properties of nano-
materials. In addition, there are no globally harmonized
maximum residue limits or standardized risk assessment
protocols specific to nano-enabled aquaculture products.

Looking forward, the development of green nano-
technology using biologically derived synthesis methods
could help reduce environmental impact while improving
safety and cost-efficiency. Smart and biodegradable nano-
materials responsive to environmental triggers may enable

targeted release of nutrients and therapeutics, reducing

86



Food and Drug Safety | Volume 02 | Issue 02 | July 2025

nanoparticle persistence in aquatic systems. Integration of
nanosensors with digital monitoring platforms offers po-
tential for precision aquaculture, enabling real-time track-
ing of water quality, disease outbreaks, and nutrient de-
livery. Furthermore, conducting comprehensive life cycle
assessments will be essential to evaluate the environmen-
tal, economic, and social impacts of nano-enabled technol-
ogies across the aquaculture value chain.

To ensure safe and sustainable deployment, future ef-
forts must focus on: (1) Long-term dietary exposure stud-
ies, (2) PBPK modeling for ingested nanoparticles, (3)
Development of biomarkers for human exposure, (4) Har-
monization of international regulatory standards, (5) es-
tablishing clear nanoparticle residue thresholds in seafood,
and (5) Investing in consumer engagement strategies such
as transparent labeling and public education. Collectively,
these efforts will enable nanotechnology to support global
food security while upholding environmental and public
health standards.

Priority Recommendations

1. Develop harmonized international definitions and
test protocols for engineered nanoparticles in aqua-
culture to reduce variability in safety assessments
and facilitate regulatory alignment.

2. Strengthen analytical detection and exposure-mon-
itoring capacity, including validated methods for
quantifying ENPs in water, sediments, and edible tis-
sues.

3. Adopt Safe-by-Design nanomaterial development,
integrating biocompatibility, degradability, and mini-
mized bioaccumulation early in material synthesis.

4.  Expand long-term and environmentally realistic tox-
icity studies, including chronic low-dose exposure,
trophic transfer analyses, and gut microbiome inter-
actions.

5. Improve data sharing and regulatory transparency,
especially through OECD, Codex, FAO/WHO plat-
forms, to support science-based decision-making and
reduce trade uncertainty.

6.  Encourage multi-stakeholder collaboration among
regulators, researchers, and industry to accelerate
risk-benefit evaluation and responsible adoption of

nano-enabled aquaculture technologies.

Funding

This work received no external funding.

Institutional Review Board State-
ment

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

This study is a review of previously published litera-
ture. No new datasets were generated or analyzed during

the current study.

Acknowledgments

The author thanks the anonymous reviewers for their
constructive comments, which helped improve the manu-

script.

Conflicts of Interest

The author declares no conflict of interest.

References
[1] Organisation for Economic Co-operation and
Development (OECD), 2025. OECD-FAO
Agricultural Outlook 2025-2034: Fish and Other
Aquatic Products. OECD: Paris, France. Available
from: https://www.oecd.org/en/publications/oecd-
fao-agricultural-outlook-2025-2034 601276cd-
en/full-report/fish-and-other-aquatic-products_
ed13346f.html
Food and Agriculture Organization, 2022. The State
of World Fisheries and Aquaculture 2022. FAO:
Rome, Italy. DOI: https://doi.org/10.4060/cc0461en
Britsch, M.L., Leslie, H. M., Stoll, J.S., 2021.
Diverse Perspectives on Aquaculture Development
in Maine. Marine Policy. 131, 104697. DOI: https://

(2]

87


https://www.oecd.org/en/publications/oecd-fao-agricultural-outlook-2025-2034_601276cd-en/full-report/fish-and-other-aquatic-products_ed13346f.html
https://www.oecd.org/en/publications/oecd-fao-agricultural-outlook-2025-2034_601276cd-en/full-report/fish-and-other-aquatic-products_ed13346f.html
https://www.oecd.org/en/publications/oecd-fao-agricultural-outlook-2025-2034_601276cd-en/full-report/fish-and-other-aquatic-products_ed13346f.html
https://www.oecd.org/en/publications/oecd-fao-agricultural-outlook-2025-2034_601276cd-en/full-report/fish-and-other-aquatic-products_ed13346f.html
https://doi.org/10.4060/cc0461en
https://doi.org/10.1016/j.marpol.2021.104697

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

(3]

(6]

(9]

[10]

[11]

[12]

doi.org/10.1016/j.marpol.2021.104697

Tan, S.-Y., Sethupathi, S., Leong, K.-H., et al.,
2024. Challenges and Opportunities in Sustaining
Aquaculture Industry in Malaysia. Aquaculture
International. 32(1), 489-519. DOI: https://doi.
org/10.1007/s10499-023-01173-w

Shinn, A., Pratoomyot, J., Bron, J., et al., 2015.
Economic Impacts of Aquatic Parasites on global
Finfish Production. Available from: https://www.
researchgate.net/publication/283506528 Economic
impacts_of aquatic_parasites_on_global finfish
production (cited 22 July 2025).

Ruben, M.O., Akinsanola, A.B., Okon, M.E., et al.,
2025. Emerging Challenges in Aquaculture: Current
Perspectives and Human Health Implications.
Veterinary World. 15-28. DOI: https://doi.
org/10.14202/vetworld.2025.15-28

Cabello, F.C., Godfrey, H.P., Buschmann, A.H., et
al., 2016. Aquaculture as yet Another Environmental
Gateway to the Development and Globalisation of
Antimicrobial Resistance. The Lancet Infectious
Diseases. 16(7), el27—-e133. DOI: https://doi.
org/10.1016/S1473-3099(16)00100-6

Lowry, G.V., Avellan, A., Gilbertson, L.M., 2019.
Opportunities and Challenges for Nanotechnology in
the Agri-Tech Revolution. Nature Nanotechnology.
14(6), 517-522. DOI: https://doi.org/10.1038/
s41565-019-0461-7

Farré, M., Gajda-Schrantz, K., Kantiani, L., et al.,
2009. Ecotoxicity and Analysis of Nanomaterials
in the Aquatic Environment. Analytical and
Bioanalytical Chemistry. 393(1), 81-95. DOI:
https://doi.org/10.1007/s00216-008-2458-1

Khan, S.K., Dutta, J., Ahmad, I., et al., 2024.
Nanotechnology in Aquaculture: Transforming
the Future of Food Security. Food Chemistry:
X. 24, 101974. DOI: https://doi.org/10.1016/
j-.fochx.2024.101974

Nguyen, M.Q., Nguyen, D.M., Toan, T.T.T., et al.,
2024. Review—Nanotechnology in Aquaculture:
Applications and Challenges. Journal of The
Electrochemical Society. 171(5), 057507. DOI:
https://doi.org/10.1149/1945-7111/ad48c2
Harshitha, M., Nayak, A., Disha, S., et al., 2023.
Nanovaccines to Combat Aeromonas Hydrophila
Infections in Warm-Water Aquaculture: Opportunities
and Challenges. Vaccines. 11(10), 1555. DOI: https://
doi.org/10.3390/vaccines11101555

Jayasri, M., Shyamala, G., Thirumalarao, G., 2025.
Nano Material Application in Wastewater Treatment.
E3S Web of Conferences. 619, 04011. DOI: https://

[14]

[15]

[17]

[19]

[20]

(21]

[22]

88

doi.org/10.1051/e3sconf/202561904011

Mahmud, M.N., Haque, M.M., 2025. Reassessing
the Role of Nanoparticles in Core Fields of
Aquaculture: A Comprehensive Review of
Applications and Challenges. Aquaculture Research.
2025(1), 6897333. DOI: https://doi.org/10.1155/
are/6897333

Mahaye, N., Thwala, M., Cowan, D.A., et al.,
2017. Genotoxicity of Metal Based Engineered
Nanoparticles in Aquatic Organisms: A Review.
Mutation Research/Reviews in Mutation Research.
773, 134-160. DOI: https://doi.org/10.1016/
j.mrrev.2017.05.004

More, S., Bampidis, V., Benford, D., et al., 2021.
Guidance on Risk Assessment of Nanomaterials to
Be Applied in the Food and Feed Chain: Human and
Animal Health. EFSA Journal. 19(8). DOI: https://
doi.org/10.2903/j.efsa.2021.6768

U.S. Food and Drug Administration, 2014.
Considering Whether an FDA-Regulated Product
Involves the Application of Nanotechnology.
Available from: https://www.fda.gov/regulatory-
information/search-fda-guidance-documents/
considering-whether-fda-regulated-product-
involves-application-nanotechnology (cited 6 June
2025).

Ma, F., Fan, Z., Nikolaeva, A., et al., 2025.
Redefining Aquaculture Safety with Artificial
Intelligence: Design Innovations, Trends, and Future
Perspectives. Fishes. 10(3), 88. DOI: https://doi.
org/10.3390/fishes 10030088

Ghara, S., Biswas, S., Patel, R.S., et al., 2025.
CRISPR-Cas and Nanotech in Aquaculture:
Pioneering Genetic Advancements for Food Security.
In: Ahmed, 1., Ahmad, 1. (Eds.). Aquaculture:
Enhancing Food Security and Nutrition. Springer
Nature: Cham, Switzerland. pp. 287-311. DOI:
https://doi.org/10.1007/978-3-031-92858-1 14
Rana, K.J., Hasan, M.R., Siriwardena, S., 2009.
Impact of Rising Feed Ingredient Prices on
Aquafeeds and Aquaculture Production. FAO:
Rome, Italy. Available from: https://www.fao.org/4/
i1143¢/i1143¢00.htm

White, P.G., 2013. Environmental Consequences
of Poor Feed Quality and Feed Management. FAO:
Rome, Italy. Available from: https://www.fao.org/
fishery/docs/CDrom/T583/root/21.pdf

Munguti, J.M., Kirimi, J.G., Obiero, K.O., et
al., 2020. Aqua-Feed Wastes: Impact on Natural
Systems and Practical Mitigations—A Review.
Journal of Agricultural Science. 13(1), 111. DOI:


https://doi.org/10.1016/j.marpol.2021.104697
https://doi.org/10.1007/s10499-023-01173-w
https://doi.org/10.1007/s10499-023-01173-w
https://www.researchgate.net/publication/283506528_Economic_impacts_of_aquatic_parasites_on_global_finfish_production
https://www.researchgate.net/publication/283506528_Economic_impacts_of_aquatic_parasites_on_global_finfish_production
https://www.researchgate.net/publication/283506528_Economic_impacts_of_aquatic_parasites_on_global_finfish_production
https://www.researchgate.net/publication/283506528_Economic_impacts_of_aquatic_parasites_on_global_finfish_production
https://doi.org/10.14202/vetworld.2025.15-28
https://doi.org/10.14202/vetworld.2025.15-28
https://doi.org/10.1016/S1473-3099(16)00100-6
https://doi.org/10.1016/S1473-3099(16)00100-6
https://doi.org/10.1038/s41565-019-0461-7
https://doi.org/10.1038/s41565-019-0461-7
https://doi.org/10.1007/s00216-008-2458-1
https://doi.org/10.1016/j.fochx.2024.101974
https://doi.org/10.1016/j.fochx.2024.101974
https://doi.org/10.1149/1945-7111/ad48c2
https://doi.org/10.3390/vaccines11101555
https://doi.org/10.3390/vaccines11101555
https://doi.org/10.1051/e3sconf/202561904011
https://doi.org/10.1051/e3sconf/202561904011
https://doi.org/10.1155/are/6897333
https://doi.org/10.1155/are/6897333
https://doi.org/10.1016/j.mrrev.2017.05.004
https://doi.org/10.1016/j.mrrev.2017.05.004
https://doi.org/10.2903/j.efsa.2021.6768
https://doi.org/10.2903/j.efsa.2021.6768
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/considering-whether-fda-regulated-product-involves-application-nanotechnology
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/considering-whether-fda-regulated-product-involves-application-nanotechnology
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/considering-whether-fda-regulated-product-involves-application-nanotechnology
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/considering-whether-fda-regulated-product-involves-application-nanotechnology
https://doi.org/10.3390/fishes10030088
https://doi.org/10.3390/fishes10030088
https://doi.org/10.1007/978-3-031-92858-1_14
https://www.fao.org/4/i1143e/i1143e00.htm
https://www.fao.org/4/i1143e/i1143e00.htm
https://www.fao.org/fishery/docs/CDrom/T583/root/21.pdf
https://www.fao.org/fishery/docs/CDrom/T583/root/21.pdf

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

[24]

[25]

[26]

[27]

[29]

[30]

https://doi.org/10.5539/jas.v13nlplll

Tacon, A.G.J., Metian, M., 2015. Feed Matters:
Satisfying the Feed Demand of Aquaculture.
Reviews in Fisheries Science & Aquaculture. 23(1),
1-10. DOI: https://doi.org/10.1080/23308249.2014.
987209

Chatterjee, P., Khan, A., 2025. Nanotechnology’s
Voyage: Enriching Aquafeed with Nutraceuticals.
Uttar Pradesh Journal Of Zoology. 46(1), 199-
216. DOI: https://doi.org/10.56557/upjoz/2025/
v46i14755

Dube, E., 2024. Nanoparticle-Enhanced Fish Feed:
Benefits and Challenges. Fishes. 9(8), 322. DOI:
https://doi.org/10.3390/fishes9080322

Mondal, A.H., Behera, T., Swain, P., et al., 2020.
Nano Zinc Vis-A-Vis Inorganic Zinc as Feed
Additives: Effects on Growth, Activity of Hepatic
Enzymes and Non-Specific Immunity in Rohu,
Labeo Rohita (Hamilton) Fingerlings. Aquaculture
Nutrition. 26(4), 1211-1222. DOI: https://doi.
org/10.1111/anu.13077

Vijayaram, S., Ghafarifarsani, H., Vuppala, S., et
al., 2025. Selenium Nanoparticles: Revolutionizing
Nutrient Enhancement in Aquaculture — A Review.
Biological Trace Element Research. 203(1), 442—
453. DOI: https://doi.org/10.1007/s12011-024-
04172-x

Ashouri, S., Keyvanshokooh, S., Salati, A.P., et
al., 2015. Effects of Different Levels of Dietary
Selenium Nanoparticles on Growth Performance,
Muscle Composition, Blood Biochemical Profiles
and Antioxidant Status of Common Carp (Cyprinus
Carpio). Aquaculture. 446, 25-29. DOI: https://doi.
org/10.1016/j.aquaculture.2015.04.021

Ahmed, J., Vasagam, K.P.K., Ramalingam, K., 2023.
Nanoencapsulated Aquafeeds and Current Uses in
Fisheries/Shrimps: A Review. Applied Biochemistry
and Biotechnology. 195(11), 7110-7131. DOI:
https://doi.org/10.1007/s12010-023-04418-9
Goémez, B., Barba, F.J., Dominguez, R., et al., 2018.
Microencapsulation of Antioxidant Compounds
Through Innovative Technologies and Its Specific
Application in Meat Processing. Trends in Food
Science & Technology. 82, 135-147. DOI: https://doi.
org/10.1016/.ifs.2018.10.006

Malekhosseini, P., Alami, M., Khomeiri, M.,
et al., 2019. Development of Casein-Based
Nanoencapsulation Systems for Delivery of
Epigallocatechin Gallate and Folic Acid. Food
Science & Nutrition. 7(2), 519-527. DOI: https://
doi.org/10.1002/fsn3.827

[32]

[34]

[35]

[38]

89

Taouzinet, L., Djaoudene, O., Fatmi, S., et al., 2023.
Trends of Nanoencapsulation Strategy for Natural
Compounds in the Food Industry. Processes. 11(5),
1459. DOI: https://doi.org/10.3390/pr11051459
Hossam-Elden, N., Abu-Elala, N.M., AbuBakr,
H.O., et al., 2024. Diectary Chitosan Nanoparticles
Enhance Growth, Antioxidant Defenses, Immunity,
and Aeromonas Veronii Biovar Sobria Resistance in
Nile Tilapia Oreochromis Niloticus. Fishes. 9(10),
388. DOI: https://doi.org/10.3390/fishes9100388
Samimi, M., Bahri, A.H., Mohammadizadeh, F.,
2024. Assessing the Impact of a Diet Incorporating
Folic Acid and/or Chitosan Nanoparticles Loaded
with Folic Acid (FA/CNPs) on the Growth
Performance and Immune Response of Juvenile
Beluga Sturgeon (Huso Huso). Aquaculture
Reports. 38, 102335. DOI: https://doi.org/10.1016/
j.aqrep.2024.102335

Raslan, W.S., Shehab, A., Matter, A.F., et al.,
2025. Impact of Essential Oil and Probiotics
Supplementation on Growth Performance, Serum
Biomarkers, Antioxidants Status, Bioenergetics
and Histomorphometry of Intestine of Nile Tilapia
Fingerlings Challenged with Aeromonas Veronii.
BMC Veterinary Research. 21(1), 6. DOI: https://
doi.org/10.1186/s12917-024-04433-w
Roldan-Juarez, J., Pinares, R., Smith, C.E., et al.,
2023. Microencapsulated Essential Oils Influence
the Growth and Foregut Histomorphometry of
Nile Tilapia (Oreochromis Niloticus) Fingerlings.
Veterinary and Animal Science. 22, 100316. DOI:
https://doi.org/10.1016/j.vas.2023.100316

Ali, S.E., Jansen, M.D., Mohan, C.V,, et al., 2020.
Key Risk Factors, Farming Practices and Economic
Losses Associated with Tilapia Mortality in Egypt.
Aquaculture. 527, 735438. DOI: https://doi.
org/10.1016/j.aquaculture.2020.735438

Brugere, C., Kumar, G., Bondad-Reantaso, M.G.,
2025. Bridging Aquatic Organism Health and
Economics in the Analysis of Disease Impacts and
Biosecurity Strategies in Aquaculture: A Conceptual
Framework. Critical Insights in Aquaculture. 1(1),
2441506. DOI: https://doi.org/10.1080/29932181.20
24.2441506

Food and Agriculture Organization, 2023. The
Progressive Management Pathway for Aquaculture
Biosecurity. FAO: Rome, Italy. DOI: https://doi.
org/10.4060/cc6858en

Wu, Y., Rashidpour, A., Almajano, M.P., et al., 2020.
Chitosan-Based Drug Delivery System: Applications
in Fish Biotechnology. Polymers. 12(5), 1177. DOI:


https://doi.org/10.5539/jas.v13n1p111
https://doi.org/10.1080/23308249.2014.987209
https://doi.org/10.1080/23308249.2014.987209
https://doi.org/10.56557/upjoz/2025/v46i14755
https://doi.org/10.56557/upjoz/2025/v46i14755
https://doi.org/10.3390/fishes9080322
https://doi.org/10.1111/anu.13077
https://doi.org/10.1111/anu.13077
https://doi.org/10.1007/s12011-024-04172-x
https://doi.org/10.1007/s12011-024-04172-x
https://doi.org/10.1016/j.aquaculture.2015.04.021
https://doi.org/10.1016/j.aquaculture.2015.04.021
https://doi.org/10.1007/s12010-023-04418-9
https://doi.org/10.1016/j.tifs.2018.10.006
https://doi.org/10.1016/j.tifs.2018.10.006
https://doi.org/10.1002/fsn3.827
https://doi.org/10.1002/fsn3.827
https://doi.org/10.3390/pr11051459
https://doi.org/10.3390/fishes9100388
https://doi.org/10.1016/j.aqrep.2024.102335
https://doi.org/10.1016/j.aqrep.2024.102335
https://doi.org/10.1186/s12917-024-04433-w
https://doi.org/10.1186/s12917-024-04433-w
https://doi.org/10.1016/j.vas.2023.100316
https://doi.org/10.1016/j.aquaculture.2020.735438
https://doi.org/10.1016/j.aquaculture.2020.735438
https://doi.org/10.1080/29932181.2024.2441506
https://doi.org/10.1080/29932181.2024.2441506
https://doi.org/10.4060/cc6858en
https://doi.org/10.4060/cc6858en

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

[42]

[44]

[45]

[49]

[50]

https://doi.org/10.3390/polym12051177
Nandhakumar, Ramachandran, 1., Elumalai,
P., 2025. Mucoadhesive Chitosan-Based Nano
Vaccine as Promising Immersion Vaccine Against
Edwardsiella Tarda Challenge in Nile Tilapia
(Oreochromis Niloticus). Veterinary Immunology
and Immunopathology. 286, 110976. DOI: https://
doi.org/10.1016/j.vetimm.2025.110976

Ibrahim, R.E., Elshopakey, G.E., Abdelwarith, A.A.,
et al., 2023. Chitosan Neem Nanocapsule Enhances
Immunity and Disease Resistance in Nile Tilapia
(Oreochromis Niloticus). Heliyon. 9(9), ¢19354.
DOI: https://doi.org/10.1016/j.heliyon.2023.e19354
Saleh, M., El-Moghazy, A., Elgohary, A.-H., et al.,
2025. Revolutionizing Nanovaccines: A New Era of
Immunization. Vaccines. 13(2), 126. DOI: https://
doi.org/10.3390/vaccines13020126

Patel, P., Garala, K., Singh, S., et al., 2024. Lipid-
Based Nanoparticles in Delivering Bioactive
Compounds for Improving Therapeutic Efficacy.
Pharmaceuticals. 17(3), 329. DOI: https://doi.
org/10.3390/ph17030329

Jonjaroen, V., Charoonnart, P., Jitrakorn, S., et
al., 2024. Nanoparticles-Based Double-Stranded
RNA Delivery as an Antiviral Agent in Shrimp
Aquaculture. Reviews in Aquaculture. 16(4), 1647—
1673. DOLI: https://doi.org/10.1111/raq.12916
Chariou, P.L., Ortega-Rivera, O.A., Steinmetz, N.F.,
2020. Nanocarriers for the Delivery of Medical,
Veterinary, and Agricultural Active Ingredients.
ACS Nano. 14(3), 2678-2701. DOI: https://doi.
org/10.1021/acsnano.0c00173

Egwu, C.O., Aloke, C., Onwe, K.T., et al., 2024.
Nanomaterials in Drug Delivery: Strengths and
Opportunities in Medicine. Molecules. 29(11), 2584.
DOI: https://doi.org/10.3390/molecules29112584
Dube, E., 2024. Antibacterial Activity of Engineered
Nanoparticles Against Fish Pathogens. Aquaculture
Reports. 37, 102240. DOI: https://doi.org/10.1016/
j.aqrep.2024.102240

Camacho-Jiménez, L., Alvarez-Sanchez, A.R.,
Mejia-Ruiz, C.H., 2020. Silver Nanoparticles
(AgNPs) as Antimicrobials in Marine Shrimp
Farming: A Review. Aquaculture Reports.
18, 100512. DOI: https://doi.org/10.1016/
j.aqrep.2020.100512

Abdelkarim, E.A., Elsamahy, T., El Bayomi, R.M.,
et al., 2025. Nanoparticle-Driven Aquaculture:
Transforming Disease Management and Boosting
Sustainable Fish Farming Practices. Aquaculture
International. 33(4), 288. DOI: https://doi.

[51]

[52]

[53]

[54]

[55]

[57]

90

org/10.1007/s10499-025-01952-7

Dang, L.T., Nguyen, L.T., Pham, V.T,, et al., 2021.
Usage and Knowledge of Antibiotics of Fish Farmers
in Small-Scale Freshwater Aquaculture in the Red
River Delta, Vietnam. Aquaculture Research. 52(8),
3580-3590. DOI: https://doi.org/10.1111/are.15201
Ogunfowora, L.A., Iwuozor, K.O., Ighalo, J.O., et
al., 2021. Trends in the Treatment of Aquaculture
Effluents Using Nanotechnology. Cleaner
Materials. 2, 100024. DOI: https://doi.org/10.1016/
j-clema.2021.100024

Ozkaleli, M., Erdem, A., 2020. The Role of TiO2
Nanoparticles in Disinfection of Gram (+) Bacteria
Under Visible Light. Fresenius Environmental
Bulletin. 28, 2780-2786. Available from: https://
www.researchgate.net/publication/339643462
THE ROLE OF TiO2 NANOPARTICLES
IN_DISINFECTION OF GRAM BACTERIA
UNDER VISIBLE LIGHT

Simsek, B., Sevgili, I., Ceran, O.B., et al., 2018.
Nanomaterials Based Drinking Water Purification:
Comparative Study with a Conventional Water
Purification Process. Periodica Polytechnica
Chemical Engineering. 63(1), 96—112. DOI: https://
doi.org/10.3311/PPch.12458

Dagil, G.J., Nyuk-Ting, N., Keyon, A.S.A., et
al., 2022. Magnetic Nanoparticles As Effective
Adsorbents For The Removal of Heavy Metals From
Water: A Review of Surface Modification (2015-
2022). Malaysian Journal of Analytical Sciences.
26(6). 1344-1377. Available from: https://mjas.
analis.com.my/mjas/v26 n6/pdf/Dagil 26 6 16.pdf
Ahmad, A.L., Chin, J.Y., Mohd Harun, M.H.Z., et
al., 2022. Environmental Impacts and Imperative
Technologies Towards Sustainable Treatment of
Aquaculture Wastewater: A Review. Journal of
Water Process Engineering. 46, 102553. DOI:
https://doi.org/10.1016/j.jwpe.2021.102553

Sheta, B., El-Zahed, M., Nawareg, M., et al.,
2024. Nanoremediation of Tilapia Fish Culture
Using Iron Oxide Nanoparticles Biosynthesized by
Bacillus Subtilis and Immobilized in a Free-Floating
Macroporous Cryogel. BMC Veterinary Research.
20(1), 455. DOI: https://doi.org/10.1186/s12917-
024-04292-5

Lyu, T., Wu, S., Mortimer, R.J.G., et al., 2019.
Nanobubble Technology in Environmental
Engineering: Revolutionization Potential and
Challenges. Environmental Science & Technology.
53(13), 7175-7176. DOI: https://doi.org/10.1021/
acs.est.9b02821


https://doi.org/10.3390/polym12051177
https://doi.org/10.1016/j.vetimm.2025.110976
https://doi.org/10.1016/j.vetimm.2025.110976
https://doi.org/10.1016/j.heliyon.2023.e19354
https://doi.org/10.3390/vaccines13020126
https://doi.org/10.3390/vaccines13020126
https://doi.org/10.3390/ph17030329
https://doi.org/10.3390/ph17030329
https://doi.org/10.1111/raq.12916
https://doi.org/10.1021/acsnano.0c00173
https://doi.org/10.1021/acsnano.0c00173
https://doi.org/10.3390/molecules29112584
https://doi.org/10.1016/j.aqrep.2024.102240
https://doi.org/10.1016/j.aqrep.2024.102240
https://doi.org/10.1016/j.aqrep.2020.100512
https://doi.org/10.1016/j.aqrep.2020.100512
https://doi.org/10.1007/s10499-025-01952-7
https://doi.org/10.1007/s10499-025-01952-7
https://doi.org/10.1111/are.15201
https://doi.org/10.1016/j.clema.2021.100024
https://doi.org/10.1016/j.clema.2021.100024
https://www.researchgate.net/publication/339643462_THE_ROLE_OF_TiO2_NANOPARTICLES_IN_DISINFECTION_OF_GRAM_BACTERIA_UNDER_VISIBLE_LIGHT
https://www.researchgate.net/publication/339643462_THE_ROLE_OF_TiO2_NANOPARTICLES_IN_DISINFECTION_OF_GRAM_BACTERIA_UNDER_VISIBLE_LIGHT
https://www.researchgate.net/publication/339643462_THE_ROLE_OF_TiO2_NANOPARTICLES_IN_DISINFECTION_OF_GRAM_BACTERIA_UNDER_VISIBLE_LIGHT
https://www.researchgate.net/publication/339643462_THE_ROLE_OF_TiO2_NANOPARTICLES_IN_DISINFECTION_OF_GRAM_BACTERIA_UNDER_VISIBLE_LIGHT
https://www.researchgate.net/publication/339643462_THE_ROLE_OF_TiO2_NANOPARTICLES_IN_DISINFECTION_OF_GRAM_BACTERIA_UNDER_VISIBLE_LIGHT
https://doi.org/10.3311/PPch.12458
https://doi.org/10.3311/PPch.12458
https://mjas.analis.com.my/mjas/v26_n6/pdf/Dagil_26_6_16.pdf
https://mjas.analis.com.my/mjas/v26_n6/pdf/Dagil_26_6_16.pdf
https://doi.org/10.1016/j.jwpe.2021.102553
https://doi.org/10.1186/s12917-024-04292-5
https://doi.org/10.1186/s12917-024-04292-5
https://doi.org/10.1021/acs.est.9b02821
https://doi.org/10.1021/acs.est.9b02821

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

[59]

[60]

[61]

[63]

[65]

[66]

Yaparatne, S., Moron-Lopez, J., Bouchard, D., et
al., 2024. Nanobubble Applications in Aquaculture
Industry for Improving Harvest Yield, Wastewater
Treatment, and Disease Control. Science of The
Total Environment. 931, 172687. DOI: https://doi.
org/10.1016/j.scitotenv.2024.172687

Xiao, W., Xu, G., 2020. Mass Transfer of Nanobubble
Aeration and Its Effect on Biofilm Growth: Microbial
Activity and Structural Properties. Science of The
Total Environment. 703, 134976. DOI: https://doi.
org/10.1016/j.scitotenv.2019.134976

Nghia, N.H., Van, P.T., Giang, P.T., et al., 2021.
Control of Vibrio Parahaemolyticus (AHPND
Strain) and Improvement of Water Quality Using
Nanobubble Technology. Aquaculture Research.
52(6), 2727-2739. DOI: https://doi.org/10.1111/
are.15124

Thanh Dien, L., Linh, N.V., Sangpo, P., et al.,
2021. Ozone Nanobubble Treatments Improve
Survivability of Nile Tilapia ( Oreochromis
Niloticus ) Challenged with a Pathogenic Multi-
Drug-Resistant Aeromonas Hydrophila. Journal of
Fish Diseases. 44(9), 1435-1447. DOI: https://doi.
org/10.1111/jd.13451

Linh, N.V., Dien, L.T., Sangpo, P., et al., 2022. Pre-
Treatment of Nile Tilapia (Oreochromis Niloticus)
with Ozone Nanobubbles Improve Efficacy of Heat-
Killed Streptococcus Agalactiae Immersion Vaccine.
Fish & Shellfish Immunology. 123, 229-237. DOI:
https://doi.org/10.1016/.£51.2022.03.007

de Camargo, E.T., Spanhol, F.A., Slongo, J.S., et
al., 2023. Low-Cost Water Quality Sensors for IoT:
A Systematic Review. Sensors. 23(9), 4424. DOI:
https://doi.org/10.3390/s23094424

Mohd Jais, N.A., Abdullah, A.F., Mohd Kassim,
M.S., et al., 2024. Improved Accuracy in IoT-
Based Water Quality Monitoring for Aquaculture
Tanks Using Low-Cost Sensors: Asian Seabass Fish
Farming. Heliyon. 10(8), €29022. DOI: https://doi.
org/10.1016/j.heliyon.2024.¢29022

Shehata, N., Kandas, I., Samir, E., 2020. In-
Situ Gold—Ceria Nanoparticles: Superior Optical
Fluorescence Quenching Sensor for Dissolved
Oxygen. Nanomaterials. 10(2), 314. DOI: https://
doi.org/10.3390/nan010020314

Silvanir, Foo, W.H., Chia, W.Y., et al., 2024.
Nanomaterials in Aquaculture Disinfection, Water
Quality Monitoring and Wastewater Remediation.
Journal of Environmental Chemical Engineering.
12(5), 113947. DOI: https://doi.org/10.1016/
jJjece.2024.113947

91

[68]

[70]

[71]

[72]

(73]

[75]

[76]

Huang, Y.-P., Khabusi, S.P., 2025. Attificial Intelligence
of Things (AloT) Advances in Aquaculture: A Review.
Processes. 13(1), 73. DOI: https://doi.org/10.3390/
pr13010073

Chandran, P.J.I., Khalil, H.A., Hashir, P., et al., 2025.
Smart Technologies in Aquaculture: An Integrated
IoT, Al, and Blockchain Framework for Sustainable
Growth. Aquacultural Engineering. 111, 102584.
DOI: https://doi.org/10.1016/j.aquaeng.2025.102584
Cabello, F.C., Godfrey, H.P., Tomova, A., et al.,
2013. Antimicrobial Use in Aquaculture Re-
Examined: Its Relevance to Antimicrobial Resistance
and to Animal and Human Health. Environmental
Microbiology. 15(7), 1917-1942. DOI: https://doi.
org/10.1111/1462-2920.12134

Nowack, B., Krug, H.F., Height, M., 2011. 120
Years of Nanosilver History: Implications for Policy
Makers. Environmental Science & Technology.
45(4), 1177-1183. DOI: https://doi.org/10.1021/
es103316q

Levard, C., Hotze, E.M., Lowry, G.V., et al.,
2012. Environmental Transformations of Silver
Nanoparticles: Impact on Stability and Toxicity.
Environmental Science & Technology. 46(13),
6900—-6914. DOI: https://doi.org/10.1021/es2037405
Sharma, V.K., 2009. Aggregation and Toxicity
of Titanium Dioxide Nanoparticles in Aquatic
Environment—A Review. Journal of Environmental
Science and Health, Part A. 44(14), 1485-1495.
DOI: https://doi.org/10.1080/10934520903263231
Huang, J., Li, S., Lin, Y., 2022. Effects and
Mechanism of Two Nanoparticles (Titanium Dioxide
and Silver) to Moina Mongolica Daday (Crustacea,
Cladocera). Frontiers in Marine Science. 9, 909701.
DOI: https://doi.org/10.3389/fmars.2022.909701
Amin, N., Erfan, M.A., 2025. Environmental Fate
and Toxicity of Zinc Oxide Nanoparticles in Aquatic
Ecosystems: A Comprehensive Review. Journal
of Natural Science Review. 3(1), 104—125. DOI:
https://doi.org/10.62810/jnsr.v3i1.103

Tang, S., Wang, J., Zhu, X., et al., 2024. Ecological
Risks of Zinc Oxide Nanoparticles for Early Life
Stages of Obscure Puffer (Takifugu obscurus).
Toxics. 12(1), 48. DOI: https://doi.org/10.3390/
toxics12010048

Lai, R.W.S., Kang, H.-M., Zhou, G.-J., et al., 2021.
Hydrophobic Surface Coating Can Reduce Toxicity
of Zinc Oxide Nanoparticles to the Marine Copepod
Tigriopus Japonicus. Environmental Science &
Technology. 55(10), 6917-6925. DOI: https://doi.
org/10.1021/acs.est.1c01300


https://doi.org/10.1016/j.scitotenv.2024.172687
https://doi.org/10.1016/j.scitotenv.2024.172687
https://doi.org/10.1016/j.scitotenv.2019.134976
https://doi.org/10.1016/j.scitotenv.2019.134976
https://doi.org/10.1111/are.15124
https://doi.org/10.1111/are.15124
https://doi.org/10.1111/jfd.13451
https://doi.org/10.1111/jfd.13451
https://doi.org/10.1016/j.fsi.2022.03.007
https://doi.org/10.3390/s23094424
https://doi.org/10.1016/j.heliyon.2024.e29022
https://doi.org/10.1016/j.heliyon.2024.e29022
https://doi.org/10.3390/nano10020314
https://doi.org/10.3390/nano10020314
https://doi.org/10.1016/j.jece.2024.113947
https://doi.org/10.1016/j.jece.2024.113947
https://doi.org/10.3390/pr13010073
https://doi.org/10.3390/pr13010073
https://doi.org/10.1016/j.aquaeng.2025.102584
https://doi.org/10.1111/1462-2920.12134
https://doi.org/10.1111/1462-2920.12134
https://doi.org/10.1021/es103316q
https://doi.org/10.1021/es103316q
https://doi.org/10.1021/es2037405
https://doi.org/10.1080/10934520903263231
https://doi.org/10.3389/fmars.2022.909701
https://doi.org/10.62810/jnsr.v3i1.103
https://doi.org/10.3390/toxics12010048
https://doi.org/10.3390/toxics12010048
https://doi.org/10.1021/acs.est.1c01300
https://doi.org/10.1021/acs.est.1c01300

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Saxena, P., Harish, Shah, D., et al., 2024. A Critical
Review on Fate, Behavior, and Ecotoxicological
Impact of Zinc Oxide Nanoparticles on Algae.
Environmental Science and Pollution Research.
31(13), 19105-19122. DOI: https://doi.org/10.1007/
s11356-024-32439-2

Dobretsov, S., Sathe, P., Bora, T., et al., 2020.
Toxicity of Different Zinc Oxide Nanomaterials at
3 Trophic Levels: Implications for Development of
Low-Toxicity Antifouling Agents. Environmental
Toxicology and Chemistry. 39(7), 1343—-1354. DOI:
https://doi.org/10.1002/etc.4720

Ma, H., Williams, P.L., Diamond, S.A., 2013.
Ecotoxicity of Manufactured ZnO Nanoparticles — A
Review. Environmental Pollution. 172, 76-85. DOI:
https://doi.org/10.1016/j.envpol.2012.08.011
Suarez-Oubina, C., Herbello-Hermelo, P., Mallo,
N., et al., 2024. Bioaccumulation and Human
Risk Assessment of Inorganic Nanoparticles in
Aquaculture Species. Environmental Science: Nano.
11(7), 2937-2947. DOI: https://doi.org/10.1039/
D4EN00167B

Kaya, H., Aydn, F., Giirkan, M., et al., 2015. Effects
of Zinc Oxide Nanoparticles on Bioaccumulation
and Oxidative Stress in Different Organs of Tilapia
(Oreochromis Niloticus). Environmental Toxicology
and Pharmacology. 40(3), 936-947. DOI: https://doi.
org/10.1016/j.etap.2015.10.001

Sukhsangchan, R., Phaksopa, J., Uchuwittayakul,
A, et al., 2024. Effects of Zinc Oxide Nanoparticles
(ZnO NPs) on Growth, Immune Responses and
Histopathological Alterations in Asian Seabass
(Lates Calcarifer, Bloch 1790) Under Low-Salinity
Conditions. Animals. 14(18), 2737. DOI: https://doi.
org/10.3390/ani14182737

Paul, V., Krishnakumar, S., Gowd, G.S., et al., 2021.
Sex-Dependent Bioaccumulation of Nano Zinc
Oxide and Its Adverse Effects on Sexual Behavior
and Reproduction in Japanese Medaka. ACS Applied
Bio Materials. 4(10), 7408—7421. DOI: https://doi.
org/10.1021/acsabm.1c00575

Sibiya, A., Jeyavani, J., Ramesh, D., et al., 2024.
Ecotoxicological Research on the Toxic Impact of
Zinc Oxide and Silver Nanoparticles on Oreochromis
Mossambicus. Environmental Toxicology. 39(11),
4946-4959. DOI: https://doi.org/10.1002/tox.24365
Babaei, M., Tayemeh, M.B., Jo, M.S., et al.,
2022. Trophic Transfer and Toxicity of Silver
Nanoparticles Along a Phytoplankton-Zooplankton-
Fish Food Chain. Science of The Total Environment.
842, 156807. DOI: https://doi.org/10.1016/

(87]

[88]

[89]

[92]

(93]

[94]

92

j-scitotenv.2022.156807

Guo, J., Liu, N, Xie, Q., et al., 2023. Polystyrene
Microplastics Facilitate the Biotoxicity and
Biomagnification of ZnO Nanoparticles in the
Food Chain from Algae to Daphnia. Environmental
Pollution. 324, 121181. DOI: https://doi.org/10.1016/
j-envpol.2023.121181

Mahaye, N., Leareng, S.K., Musee, N., 2021.
Cytotoxicity and Genotoxicity of Coated-Gold
Nanoparticles on Freshwater Algae Pseudokirchneriella
Subcapitata. Aquatic Toxicology. 236, 105865. DOI:
https://doi.org/10.1016/j.aquatox.2021.105865
Mahaye, N., Thwala, M., Musee, N., 2021.
Interactions of Coated-Gold Engineered Nanoparticles
with Aquatic Higher Plant Salvinia Minima Baker.
Nanomaterials. 11(12), 3178. DOI: https://doi.
org/10.3390/nano11123178

Ghannam, H.E., Khedr, A.IL., El-Sayed, R., et al.,
2025. Oxidative Stress Responses and Histological
Changes in the Liver of Nile Tilapia Exposed to
Silver Bulk and Nanoparticles. Scientific Reports.
15(1), 15390. DOI: https://doi.org/10.1038/s41598-
025-97731-8

Mahaye, N., Musee, N., 2023. Evaluation of Apical
and Molecular Effects of Algae Pseudokirchneriella
subcapitata to Cerium Oxide Nanoparticles.
Toxics. 11(3), 283. DOI: https://doi.org/10.3390/
toxics11030283

Grasso, A., Ferrante, M., Zuccarello, P., et al., 2020.
Chemical Characterization and Quantification of
Titanium Dioxide Nanoparticles (TiO2-NPs) in
Seafood by Single-Particle ICP-MS: Assessment
of Dietary Exposure. International Journal of
Environmental Research and Public Health. 17(24),
9547. DOL: https://doi.org/10.3390/ijerph17249547
Kakakhel, M.A., Wu, F., Sajjad, W., et al., 2021.
Long-Term Exposure to High-Concentration
Silver Nanoparticles Induced Toxicity, Fatality,
Bioaccumulation, and Histological Alteration in Fish
(Cyprinus Carpio). Environmental Sciences Europe.
33(1), 14. DOI: https://doi.org/10.1186/s12302-021-
00453-7

Pathak, G., Mangla, S., Gupta, G.K., et al., 2025.
Toxicological Assessment and Risk Management
of Nanoparticles Mediated Composite Materials-
Critical Review: State of the Art. Discover Polymers.
2(1), 12. DOI: https://doi.org/10.1007/s44347-025-
00023-7

Lane, T., Wardani, 1., Koelmans, A.A., 2025.
Exposure Scenarios for Human Health Risk
Assessment of Nano- and Microplastic Particles.


https://doi.org/10.1007/s11356-024-32439-2
https://doi.org/10.1007/s11356-024-32439-2
https://doi.org/10.1002/etc.4720
https://doi.org/10.1016/j.envpol.2012.08.011
https://doi.org/10.1039/D4EN00167B
https://doi.org/10.1039/D4EN00167B
https://doi.org/10.1016/j.etap.2015.10.001
https://doi.org/10.1016/j.etap.2015.10.001
https://doi.org/10.3390/ani14182737
https://doi.org/10.3390/ani14182737
https://doi.org/10.1021/acsabm.1c00575
https://doi.org/10.1021/acsabm.1c00575
https://doi.org/10.1002/tox.24365
https://doi.org/10.1016/j.scitotenv.2022.156807
https://doi.org/10.1016/j.scitotenv.2022.156807
https://doi.org/10.1016/j.envpol.2023.121181
https://doi.org/10.1016/j.envpol.2023.121181
https://doi.org/10.1016/j.aquatox.2021.105865
https://doi.org/10.3390/nano11123178
https://doi.org/10.3390/nano11123178
https://doi.org/10.1038/s41598-025-97731-8
https://doi.org/10.1038/s41598-025-97731-8
https://doi.org/10.3390/toxics11030283
https://doi.org/10.3390/toxics11030283
https://doi.org/10.3390/ijerph17249547
https://doi.org/10.1186/s12302-021-00453-7
https://doi.org/10.1186/s12302-021-00453-7
https://doi.org/10.1007/s44347-025-00023-7
https://doi.org/10.1007/s44347-025-00023-7

Food and Drug Safety | Volume 02 | Issue 02 | July 2025

[97]

[98]

[99]

[100]

[101]

Microplastics and Nanoplastics. 5(1), 28. DOI:
https://doi.org/10.1186/543591-025-00134-9

Lamas, B., Martins Breyner, N., Houdeau, E., 2020.
Impacts of Foodborne Inorganic Nanoparticles
on the Gut Microbiota-Immune Axis: Potential
Consequences for Host Health. Particle and Fibre
Toxicology. 17(1), 19. DOI: https://doi.org/10.1186/
$12989-020-00349-z

Campos, D., Goméz-Garcia, R., Oliveira, D., et al,,
2022. Intake of Nanoparticles and Impact on Gut
Microbiota: In Vitro and Animal Models Available
for Testing. Gut Microbiome. 3, el. DOI: https://doi.
org/10.1017/gmb.2021.5

Zhang, L., Wu, C., Wang, Q., 2025. Toxicity
of Engineered Nanoparticles in Food: Sources,
Mechanisms, Contributing Factors, and Assessment
Techniques. Journal of Agricultural and Food
Chemistry. 73(22), 13142-13158. DOI: https://doi.
org/10.1021/acs.jafc.5c01550

Utembe, W., Tlotleng, N., Kamng’ona, A., 2022. A
Systematic Review on the Effects of Nanomaterials
on Gut Microbiota. Current Research in Microbial
Sciences. 3, 100118. DOI: https://doi.org/10.1016/
j.crmicr.2022.100118

Ma, Y., Zhang, J., Yu, N, et al., 2023. Effect of
Nanomaterials on Gut Microbiota. Toxics. 11(4),
384. DOI: https://doi.org/10.3390/toxics11040384
Chen, Z., Han, S., Zhou, D., et al., 2019. Effects of

93

Oral Exposure to Titanium Dioxide Nanoparticles
on Gut Microbiota and Gut-Associated Metabolism
in Vivo. Nanoscale. 11(46), 22398-22412. DOI:
https://doi.org/10.1039/CONRO7580A

[102] Gangadoo, S., Nguyen, H., Rajapaksha, P., et al.,

2021. Inorganic Nanoparticles as Food Additives
and Their Influence on the Human Gut Microbiota.
Environmental Science: Nano. 8(6), 1500—1518.
DOI: https://doi.org/10.1039/D1EN00025J

[103] Organisation for Economic Co-operation and

Development (OECD), 2023. Test No.125:
Nanomaterial Particle Size and Size Distribution
of Nanomaterials. OECD: Paris, France. Available
from: https://www.oecd.org/en/publications/
test-no-125-nanomaterial-particle-size-and-size-
distribution-of-nanomaterials_af5f9bda-en.html

[104] Food and Drug Administration (FDA), 2015.

CVM GFI #220 Use of Nanomaterials in Food for
Animals. FDA: Silver Spring, MD, USA. Available
from: https://www.fda.gov/regulatory-information/
search-fda-guidance-documents/cvm-gfi-220-use-
nanomaterials-food-animals

[105] Parsai, T., Kumar, A., 2024. Incorporating Size-

Dependent Reference Dose (RfD) and Gastric
System Effect in Estimation of Nanoparticles Risks
to Human. Environmental Processes. 11(3), 42.
DOI: https://doi.org/10.1007/s40710-024-00717-3


https://doi.org/10.1186/s43591-025-00134-9
https://doi.org/10.1186/s12989-020-00349-z
https://doi.org/10.1186/s12989-020-00349-z
https://doi.org/10.1017/gmb.2021.5
https://doi.org/10.1017/gmb.2021.5
https://doi.org/10.1021/acs.jafc.5c01550
https://doi.org/10.1021/acs.jafc.5c01550
https://doi.org/10.1016/j.crmicr.2022.100118
https://doi.org/10.1016/j.crmicr.2022.100118
https://doi.org/10.3390/toxics11040384
https://doi.org/10.1039/C9NR07580A
https://doi.org/10.1039/D1EN00025J
https://www.oecd.org/en/publications/test-no-125-nanomaterial-particle-size-and-size-distribution-of-nanomaterials_af5f9bda-en.html
https://www.oecd.org/en/publications/test-no-125-nanomaterial-particle-size-and-size-distribution-of-nanomaterials_af5f9bda-en.html
https://www.oecd.org/en/publications/test-no-125-nanomaterial-particle-size-and-size-distribution-of-nanomaterials_af5f9bda-en.html
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm-gfi-220-use-nanomaterials-food-animals
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm-gfi-220-use-nanomaterials-food-animals
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cvm-gfi-220-use-nanomaterials-food-animals
https://doi.org/10.1007/s40710-024-00717-3

