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Abstract

Nanotechnology has emerged as a promising approach to improve nutrition, health management, disease
control and pathogen detection in shrimp aquaculture. This review evaluates nano-enabled applications in
penaeid shrimp, with particular emphasis on nutrition and feed utilisation, immunomodulation and
antioxidant responses, disease management, biosafety and rapid diagnostics. A critical narrative search of
Google Scholar, PubMed, Scopus and Wiley Online Library was conducted up to 31 July 2026, with emphasis on
direct in vivo evidence from penaeid shrimp. Nano-minerals, polymeric carriers, nanoencapsulated phytogenic
compounds and mechanically reduced nano-enabled biological materials have shown potential to enhance
growth, feed utilisation and physiological responses. Metallic and bimetallic nanoparticles have demonstrated
antibacterial and antiviral activity, while nanocarriers have facilitated the oral delivery of bioactive compounds,
antiviral proteins and nucleic acids. Gold nanoparticle-based platforms have also enabled rapid detection of
important shrimp pathogens, particularly white spot syndrome virus. However, the biological performance of
nano-enabled formulations varies depending on formulation characteristics, active dose, route of
administration and exposure regime, while excessive exposure to certain metallic nanoparticles may result in
oxidative disturbance and tissue injury. Most of the available evidence has been generated under controlled
experimental conditions, with limited information on long-term residues, environmental fate and farm-scale
performance. Nano-enabled technologies represent promising application-specific tools for shrimp
aquaculture, but their commercial adoption will depend on reproducible efficacy, reliable delivery, acceptable
animal and environmental safety and validation under realistic farming conditions.
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1 | INTRODUCTION

Shrimp aquaculture represents an important part of glob-
al aquatic food production, with Penaeus vannamei and
Penaeus monodon being the major penaeid species cul-
tured worldwide. The intensification of shrimp farming
has contributed substantially to increased production.
However, it has also intensified challenges related to en-
vironmental stress, organic loading and infectious diseas-
es. Among these, viral infections such as white spot syn-
drome virus (WSSV) infection and Vibrio associated dis-
eases, including acute hepatopancreatic necrosis disease
(AHPND), continue to be major constraints affecting
shrimp health and production (Camacho-Jiménez et al.
2020; Seethalakshmi et al. 2021).

Current shrimp health-management practices in-
clude biosecurity measures, the use of specific-pathogen-
free stocks, proper water-quality management, functional
nutrition and appropriate therapeutic interventions. At
the same time, excessive or inappropriate use of antimi-
crobials may contribute to the development of antimicro-
bial resistance, alteration of microbial communities and
the accumulation of residues in cultured animals and the
surrounding environment (Camacho-Jiménez et al. 2020;
Seethalakshmi et al. 2021). As a result, increasing atten-
tion has been given to alternative approaches that can
improve host health and disease resistance while reduc-
ing dependence on conventional antimicrobials. Such
approaches are particularly important in penaeid shrimp,
where defence mechanisms are primarily based on innate
cellular and humoral responses, including haemocyte-
mediated reactions, phagocytosis, the prophenoloxidase
system, antimicrobial effectors and antioxidant pathways
(Campa-Cordova et al. 2002; Dechamma et al. 2015).

Nanotechnology has emerged as one of these prom-
ising approaches because nanoscale materials and engi-
neered particulate carriers can improve or modify the
stability, dispersion and delivery of biologically active
compounds. A commonly used size-based definition de-
scribes nanomaterials as materials having at least one
dimension approximately within the 1-100 nm range;
however, the shrimp aquaculture literature also includes
broader nano-enabled systems such as nanoemulsions,
nanocapsules, nanocomposites and mechanically reduced
submicron materials. The biological behaviour of these
materials is influenced by several factors, including parti-
cle composition, size, surface properties, aggregation,
dissolution and payload characteristics (Shah and Mraz
2020; Fajardo et al. 2022). Nano-enabled applications
investigated in shrimp aquaculture include nano-mineral
supplementation, encapsulated vitamins and phytogenic
compounds, nanosized biological feed ingredients, anti-
microbial and antiviral nanoparticles, delivery systems for
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proteins and double-stranded RNA and nanoparticle-
assisted diagnostic approaches (Camacho-Jiménez et al.
2020; Seethalakshmi et al. 2021; Jonjaroen et al. 2024).

The biological performance of nano-enabled formu-
lations is influenced by formulation characteristics, the
dose of the active compound and the conditions of expo-
sure. At the same time, variations in particle characterisa-
tion, experimental design and dose reporting among stud-
ies can make direct comparisons difficult (Fajardo et al.
2022). Accordingly, this review critically evaluates nano-
enabled applications in shrimp aquaculture, with particu-
lar focus on nutrition and feed utilisation, immunomodu-
lation and antioxidant regulation, disease management,
nanotoxicity and biosafety and rapid diagnostics. Particu-
lar emphasis is placed on direct evidence obtained from
penaeid shrimp and on evaluating the efficacy, safety and
translational relevance of nano-enabled technologies for
their practical application in shrimp production.

2 | REVIEW METHODOLOGY
This critical review was based on peer-reviewed literature
identified through Google Scholar, PubMed, Scopus and
Wiley Online Library, with the final literature search con-
ducted on 31 July 2026. Publications relevant to the scope
of the review and published between 2002 and 2026
were considered. Search terms were used individually and
in different combinations using the Boolean operators
“AND” and “OR” and included “shrimp”, “Penaeus van-
namei”, “Litopenaeus vannamei”, “Penaeus monodon”,
“nanotechnology”, “nanoparticles”, “nanomaterials”,
“nano-formulation”, “nanoencapsulation”, “nanoemul-
sion”, “nanocomposite”, “nanocarrier”, “nano-minerals”,
“functional feed”, “growth performance”, “feed utilisa-
tion”, “immunomodulation”, “immune response”, “anti-
oxidant response”, “disease resistance”, “Vibrio”,
“AHPND”, “WSSV”, “RNA interference”, “dsRNA delivery”,
“nanotoxicity”, “biosafety” and “pathogen diagnostics”.

Peer-reviewed original research articles and short
communications were considered the principal evidence
base, while review articles were used mainly for back-
ground information and identification of relevant primary
studies. Particular emphasis was placed on direct in vivo
studies conducted in penaeid shrimp, especially feeding,
toxicity and pathogen-challenge studies reporting biologi-
cally relevant outcomes. In vitro, formulation and charac-
terisation studies and evidence from other aquaculture
species were used mainly for mechanistic, methodological
or comparative support.

The available evidence was critically interpreted
with consideration of dose, nanomaterial characteristics,
experimental replication, control treatments, administra-
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tion route and biological outcomes. Greater interpretive
weight was given to direct shrimp evidence with clearly
reported experimental conditions. Owing to differences
among nanoparticle types, formulations, exposure condi-
tions and experimental endpoints, the evidence was syn-
thesised narratively rather than quantitatively.
Nano-enabled systems investigated in shrimp aqua-
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culture include polymeric and lipid-based carriers, nano-
minerals, metallic and bimetallic nanoparticles, mechani-
cally reduced biological materials, and specialised protein
or nucleic-acid delivery systems. Their principal applica-
tions in shrimp nutrition, health management and diag-
nostics are summarised in Figure 1 and Table 1.
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FIGURE 1 Major nano-enabled platforms and their applications in shrimp aquaculture. The graphical illustration was pre-
pared with the assistance of generative Al and subsequently reviewed and modified by the authors.

3 | NANO-ENABLED NUTRITION, GROWTH AND FEED
UTILISATION IN SHRIMP

Nano-enabled dietary strategies in shrimp have primarily
been investigated as a means of improving the delivery
and utilisation of minerals, vitamins, phytogenic com-
pounds and biological feed ingredients. Most of the direct
in vivo nutritional evidence has been generated in P. van-
namei, with several studies reporting improvements in
growth, feed conversion, digestive activity and nutrient
utilisation.

3.1 Nano-minerals

Selenium nanoparticles (SeNPs) are among the most ex-
tensively studied nano-minerals in shrimp nutrition. Ghaf-
farizadeh et al. (2022) supplemented diets with 0-1.2 mg
Se-N kg_1 diet; because the basal diet contained selenium,
the measured total dietary selenium concentrations
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ranged from approximately 0.38 to 1.55 mg kg_l. Moder-
ate Se-N supplementation improved growth and feed-
conversion performance, indicating a dose-dependent
nutritional response. In contrast, Yu et al. (2022) com-
pared sodium selenite, L-selenomethionine, selenium
yeast and SeNPs at an equivalent concentration of 0.4 mg
elemental Se kg_1 diet and found that SeNPs did not con-
sistently outperform the conventional selenium sources.
Mustafa et al. (2025) evaluated 25-45 mg kg_1 of a chi-
tosan-stabilised selenium nanoparticle formulation
(CSSeNPs); these values represent the amount of the
complete nanoparticle formulation rather than elemental
selenium. Overall, nano-selenium has nutritional poten-
tial in shrimp diets, but comparisons among studies re-
quire clear distinction between elemental selenium dose
and the mass of the nanoparticle formulation.
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TABLE 1 Classification, representative systems and principal applications of nano-enabled platforms investigated in

shrimp aquaculture.

Nano-enabled plat-

Representative systems
form P ¥

Principal application in shrimp References

Chitosan and chitosan—
tripolyphosphate particles

Polymeric carriers

Lipid-based systems
carriers
Nano-minerals
bilised selenium formulations

Metallic and bimetal- AgNPs, AuUNPs and Au—Ag sys-
lic nanoparticles tems

Mechanically reduced Ball-milled Arthrospira and sea- Functional nutrition and im-
proved feed utilisation

nano-enabled biologi- weed biomass
cal materials

Protein and nucleic- Chitosan—-TPP-VP28 and nano-

assisted LAMP and AuNP-
modified electrodes

forms

Antibacterial, antiviral and
host-modulatory applications

Oral delivery of antiviral pro-
acid delivery systems particle-assisted dsRNA carriers teins and RNA molecules
Nanodiagnostic plat- AuNP lateral-flow assays, AUNP- Rapid pathogen detection

Delivery of vitamins, phytogen- Bhoopathy et al. (2021);
ic compounds, proteins and
dsRNA

Nanoemulsions and related lipid Delivery of poorly water-
soluble bioactive compounds
Selenium nanoparticles and sta- Nutritional supplementation
and antioxidant support

Asaikkutti et al. (2023); Taju et
al. (2018); Abdi et al. (2026)
Fath El-Bab et al. (2024)

Ghaffarizadeh et al. (2022); Yu
et al. (2022); Mustafa et al.
(2025)

Tello-Olea et al. (2019); Romo-
Quinonez et al. (2020); Kamble
et al. (2024)

Sharawy et al. (2022); Ashour et
al. (2025)

Taju et al. (2018); Jonjaroen et
al. (2024)

Sithigorngul et al. (2006, 2011);
Seetang-Nun et al. (2013);
Nordin et al. (2017)

3.2 Nanoencapsulated vitamins and phytogenic com-
pounds

Polymeric and lipid-based carriers have been investigated
as delivery systems to improve the stability and availabil-
ity of functional dietary compounds. Vitamin C-loaded
chitosan nanoparticles enhanced growth and feed effi-
ciency while also improving vitamin stability during stor-
age (Asaikkutti et al. 2023).

At the formulation level, curcumin-loaded chitosan
nanoparticles were successfully incorporated into shrimp
feed pellets (Bhoopathy et al. 2020), whereas direct in
vivo dietary supplementation with the formulation im-
proved growth and survival in P. vannamei (Bhoopathy et
al. 2021). Similarly, a curcumin-loaded olive-oil
nanoemulsion improved final weight, feed conversion and
digestive-enzyme activity (Fath El-Bab et al. 2024).

Comparable responses have also been reported with
other phytogenic formulations. Pumpkin-seed-oil-loaded
chitosan nanoparticles improved growth and feed utilisa-
tion (Eissa et al. 2025b), whereas Cyperus rotundus ex-
tract-loaded chitosan nanoparticles enhanced growth,
survival, moulting and digestive activity in an inclusion-
dependent manner (Hassona et al. 2026). However, these
studies did not include corresponding unencapsulated
phytogenic compounds supplied at equivalent active dos-
es. Similarly, the vitamin C, curcumin and curcumin-
nanoemulsion studies primarily compared nanoformula-
tions with basal diets and/or unloaded carriers rather
than dose-matched free compounds (Bhoopathy et al.
2021; Asaikkutti et al. 2023; Fath El-Bab et al. 2024).
Therefore, while these studies demonstrate biological
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activity of the nanoformulations, they do not by them-
selves establish that nanoencapsulation provides superior
efficacy over the corresponding free compounds. Direct
dose-matched comparisons are required to demonstrate
a specific nanoencapsulation advantage.

3.3 Nano-enabled mechanically reduced algal and sea-
weed ingredients

Mechanical reduction of particle size represents a distinct
nano-enabled approach and may improve the accessibil-
ity of nutrients and intracellular constituents within bio-
logical feed materials. Ball-milled Arthrospira platensis
improved the growth and feed utilisation of P. vannamei
compared with conventional biomass, although the mean
particle size was approximately 184 nm and therefore
predominantly within the submicron range (Sharawy et
al. 2022). Similarly, ball-milled Pterocladia capillacea im-
proved growth, feed conversion, protein utilisation and
digestive-enzyme activity compared with conventional
seaweed powder (Ashour et al. 2025). Because the pro-
cessed material exhibited a broad nanoscale-to-
submicron particle-size distribution, these improvements
may be associated with greater matrix disruption and
nutrient accessibility rather than with a uniquely na-
noscale effect.

Overall, nano-enabled dietary approaches have the
potential to improve shrimp growth and feed utilisation
through improved mineral supplementation, protection
and delivery of functional compounds and greater acces-
sibility of nutrients from biological feed ingredients. How-
ever, their practical value should be established through
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direct comparison with conventional formulations sup-
plied at equivalent active doses.

4 | IMMUNOMODULATORY AND ANTIOXIDANT EFFECTS
OF NANO-ENABLED FORMULATIONS

Penaeid shrimp depend largely on innate defence mecha-
nisms, including haemocyte-mediated responses, phago-
cytosis, respiratory burst activity, the prophenoloxidase
system, antimicrobial effectors and antioxidant enzymes.
Consequently, nano-enabled formulations have been in-
vestigated for their ability to modulate these defence
responses and improve the physiological resilience of
shrimp (Campa-Cérdova et al. 2002; Chiu et al. 2007).

4.1 Polymeric delivery of immunostimulatory com-
pounds

Direct in vivo studies in P. vannamei have shown that
chitosan-based nanoparticles can influence immune and
antioxidant responses. Vitamin C-loaded chitosan nano-
particles increased total haemocyte count, respiratory
burst and phenoloxidase activity in P. vannamei and also
altered the expression of lectin, lysozyme and manganese
superoxide dismutase (Asaikkutti et al. 2023). Similarly,
curcumin-loaded chitosan nanoparticles enhanced hae-
mocyte-associated responses, phenoloxidase and super-
oxide dismutase activity, while also modulating immune
and antioxidant-related genes (Bhoopathy et al. 2021).

Similar effects have been observed with other phy-
togenic payloads. Bee-venom-loaded chitosan nanoparti-
cles enhanced haemocyte responses, phenoloxidase, ly-
sozyme and phagocytic activity, together with increased
superoxide dismutase and catalase activity. Pumpkin-
seed-oil loaded formulations also influenced both cellular
and humoral immune indices (Eissa et al. 2025a, 2025b).
Likewise, Cyperus rotundus extract-loaded chitosan nano-
particles affected phenoloxidase, lysozyme and antioxi-
dant responses in an inclusion-dependent manner (Has-
sona et al. 2026).

More informative comparative evidence was pro-
vided by Abdi et al. (2026), who included free quercetin,
unloaded chitosan nanoparticles and quercetin-loaded
nanoparticles. However, the treatments were not
matched for active quercetin dose: 0.5 g kg™' of the load-
ed formulation delivered approximately 83.75 mg querce-
tin kg™ feed, compared with 500 mg kg™ in the free-
quercetin treatment. The loaded formulation neverthe-
less produced favourable immune and antioxidant re-
sponses under silver nanoparticle-induced oxidative
stress, although this comparison should not be interpret-
ed as a strictly dose-equivalent demonstration of nanoen-
capsulation superiority.

4.2 Nano-minerals and antioxidant regulation
Selenium nanoparticles have also been studied for their
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effects on immune and antioxidant regulation. Dietary
supplementation with SeNPs increased hepatopancreatic
superoxide dismutase, catalase and glutathione peroxi-
dase activities and enhanced phenoloxidase activity and
immune-related gene expression in P. vannamei (Ghaf-
farizadeh et al. 2022). Stabilised selenium nanoparticle
formulations produced comparable effects on genes as-
sociated with innate immunity and antioxidant defence
(Mustafa et al. 2025). Together, these findings indicate
that selenium-based nanoformulations can influence both
redox balance and immune pathways, although differ-
ences in formulation and dose expression make direct
comparisons among studies difficult.

4.3 Interpretation of immune and antioxidant responses
Immune and antioxidant biomarkers should not be inter-
preted independently, as changes in enzyme activity or
gene expression may reflect beneficial immune stimula-
tion, compensatory responses to stress or changes in
physiological demand. This is illustrated by nanoencapsu-
lated carvacrol and thymol, where an intermediate die-
tary inclusion level produced favourable physiological and
hepatopancreatic responses despite reduced transcrip-
tion of some antioxidant enzymes in stressed shrimp (Ri-
os-Ortiz et al. 2026).

Accordingly, nano-enabled immunomodulatory ef-
fects should be assessed using an integrated set of indica-
tors, including haemocyte function, humoral immunity,
antioxidant activity and oxidative damage. Greater ex-
pression of an individual biomarker should therefore not
automatically be interpreted as evidence of improved
health.

5 | NANO-ENABLED DISEASE MANAGEMENT IN SHRIMP
AQUACULTURE

Nano-enabled disease management in shrimp includes
nanoparticles with direct antimicrobial or antiviral activity
and particulate carriers used to deliver bioactive com-
pounds, proteins or nucleic acids. Current evidence is
concentrated mainly on Vibrio-associated diseases and
white spot syndrome virus (WSSV), with comparatively
limited work on other pathogens.

5.1 Bacterial diseases and AHPND

Chitosan-based carriers have shown promising activity
against Vibrio-associated infections in P. vannamei. Die-
tary curcumin-loaded chitosan nanoparticles improved
survival following Vibrio harveyi challenge, while vitamin
C, bee-venom and pumpkin-seed-oil-loaded formulations
also enhanced resistance to Vibrio infection (Bhoopathy
et al. 2021; Asaikkutti et al. 2023; Eissa et al. 20253,
2025b). These responses, however, reflect the activity of
the complete carrier payload formulation rather than the
nanocarrier alone.
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Metallic nanoparticles have been investigated pri-
marily for direct antibacterial effects. Supporting in vitro
evidence showed that silver nanoparticles inhibited
shrimp-associated Vibrio isolates (Bahabadi et al. 2017),
whereas direct in vivo evidence showed that gold nano-
particles reduced pathological damage and improved pro-
tection against V. parahaemolyticus (Tello-Olea et al.
2019). Biosynthesised AgNPs also reduced mortality and
hepatopancreatic lesions during necrotising hepatopan-
creatitis, although surviving shrimp remained PCR-
positive, indicating disease mitigation rather than con-
firmed pathogen clearance (Acedo-Valdez et al. 2017).

Against AHPND-associated V. parahaemolyticus,
plant-mediated AgNPs and dietary Ag/AgCl nanoparticles
improved survival under experimental challenge (Ledn-
Valdez et al. 2024; Maldonado-Muiiiz et al. 2025). Sulfat-
ed-galactan-coated Au—Ag nanoparticles additionally
showed antibacterial, antibiofilm and antivirulence activi-
ty against V. parahaemolyticus and V. harveyi and re-
duced hepatopancreatic damage (Kamble et al. 2024).
Such coated systems should be interpreted as composite
antimicrobial formulations because both the metallic core
and biological coating may contribute to activity.

5.2 Antiviral applications against WSSV

Silver nanoparticles are the most extensively investigated
metallic nanomaterials for WSSV control. Experimental
studies have evaluated direct virus nanoparticle interac-
tions and administration through injection or diet (Ochoa-
Meza et al. 2019; Romo-Quifionez et al. 2020; Romo Qui-
fonez et al. 2022).

Pre-incubation of WSSV with AgNPs reduced viral in-
fectivity, while dietary administration lowered WSSV-
associated mortality, supporting both direct antiviral ac-
tivity and the feasibility of feed-based delivery (Romo-
Quifionez et al. 2020). Protection was also strongly influ-
enced by administration frequency, with intermittent
exposure producing more favourable outcomes than fre-
quent feeding (Romo Quifionez et al. 2022). Injection
studies provide supporting mechanistic evidence but are
less applicable to commercial shrimp production (Ochoa-
Meza et al. 2019).

5.3 Nanocarrier mediated delivery of antiviral proteins
and dsRNA
Nanoparticles have also been used to protect and deliver
antiviral biomolecules. Chitosan tripolyphosphate nano-
particles carrying recombinant WSSV VP28 provided
greater oral protection than non-encapsulated VP28
preparations, demonstrating an encapsulation-related
delivery advantage (Taju et al. 2018).
Nanoparticle-assisted double-stranded RNA (dsRNA)
delivery is another promising antiviral strategy. Chitosan-
based, modified polymeric and lipid carriers have been
investigated to protect dsRNA from degradation and im-
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prove uptake in shrimp (Jonjaroen et al. 2024). However,
effective oral delivery remains constrained by stability
during feed manufacture and storage, leaching into cul-
ture water and degradation within the digestive tract.

5.4 Emerging disease targets
Evidence for other pathogens remains limited. Dietary
curcumin nanoparticles reduced mortality following
Fusarium solani challenge in P. vannamei, indicating po-
tential application against fungal infection (Eissa et al.
2024). In contrast, direct evidence for nanoparticle-based
treatment of Enterocytozoon hepatopenaei remains insuf-
ficient, making EHP a potential future therapeutic target.
Overall, nano-enabled disease management re-
search has progressed furthest against Vibrio-associated
infections and WSSV. Polymeric carriers facilitate delivery
of functional compounds and antiviral biomolecules,
whereas metallic and bimetallic nanoparticles provide
more direct pathogen-targeting activity. Disease-control
efficacy should nevertheless be judged primarily from
live-shrimp challenge studies, and improved survival
should not be equated automatically with pathogen
clearance. Representative in vivo evidence for nano-
enabled disease management in P. vannamei is summa-
rised in Table 2.

6 | NANOTOXICITY, BIOSAFETY AND THERAPEUTIC WIN-
DOWS

The benefits of nano-enabled formulations must be con-
sidered alongside potential adverse effects. Nanoparticle
toxicity depends on composition, particle characteristics,
concentration, administration route and exposure dura-
tion. Therefore, safety cannot be inferred solely from
chemical composition or absence of acute mortality
(Camacho-Jiménez et al. 2020; Fajardo et al. 2022).

6.1 Acute and sublethal toxicity

Silver nanoparticles provide the strongest direct evidence
of nanoparticle-associated toxicity in shrimp. Waterborne
AgNP exposure produced concentration and time-
dependent effects on survival and altered metabolic and
haematological variables in P. vannamei (Juarez-Moreno
et al. 2017; Lam et al. 2020). Histopathological lesions
have also been reported in the gills, muscle, antennal
gland and lymphoid organ, demonstrating that sublethal
effects may occur even when mortality remains limited
(Chavez-Sanchez et al. 2021).

Other nanomaterials show similar concerns. Fe304
nanoparticle exposure increased whole-body iron accu-
mulation and produced hepatopancreatic alterations de-
spite relatively low mortality (Suharyadi et al. 2025).
Changes in antioxidant enzymes may reflect either adap-
tive responses or oxidative stress; therefore, oxidative
damage markers, histopathology and functional out-
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comes should be interpreted together (Chavez-Sanchez et
al. 2021; Suharyadi et al. 2025).

Nanoparticle toxicity may also be modified by co-
occurring contaminants. Combined exposure to titanium
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dioxide nanoparticles and inorganic arsenic altered bio-
chemical and oxidative responses in shrimp, highlighting
the potential importance of contaminant interactions
under culture conditions (Cordeiro et al. 2016).

TABLE 2 Representative in vivo evidence for nano-enabled disease management in Penaeus vannamei.

Study Nanoformulation Target

Principal outcome

Bhoopathy et al. Curcumin-loaded chitosan V. harveyi

(2021) nanoparticles; dietary

Asaikkutti et al.  Vitamin C-loaded chitosan V. harveyi

(2023) nanoparticles; dietary

Tello-Olea et al. AuNPs V. parahaemolyticus
(2019)

Acedo-Valdez et Biosynthesised AgNPs
al. (2017)

Ledn-Valdez et  Plant-mediated AgNPs

al. (2024) parahaemolyticus
Maldonado- Dietary Ag/AgCl nanopar- AHPND

Mufiiz et al. ticles

(2025)

Romo-Quifionez Dietary AgNPs WSSV

et al. (2020)

Romo Quifionez Dietary AgNPs at different WSSV
et al. (2022) frequencies

Taju et al. (2018) Chitosan—TPP-
encapsulated VP28; oral

WSSV

AHPND-associated V.

73.3% survival versus 46.7% in challenged con-
trols

88.9% survival in challenged VC-CSNP-fed shrimp
versus 70.2% in challenged controls

80% survival at 2 ug AuNP g™' feed versus 10% in
infected controls; reduced hepatopancreatic
damage

Necrotising hepatopan- 0% mortality with 35 ug AgNP treatment versus
creatitis bacterium

41% in infected untreated shrimp; survivors re-
mained PCR-positive
Improved post-challenge survival

~78% survival at 100 mg Ag kg™ diet versus ~27%
in infected controls

3% cumulative mortality at 1,000 ug Ag g™ feed at
192 h; infected untreated shrimp reached 43%
mortality at 84 hpi.

53% survival with weekly AgNP feeding versus
30% with feeding every four days, 10% with daily
feeding and 7% in the infected control.

~80% protection versus ~65—-70% with non-
encapsulated VP28

6.2 Therapeutic windows

Nano-enabled interventions frequently show a nonlinear
exposure-response relationship, in which insufficient ex-
posure produces limited benefit, an intermediate range
provides the desired response and excessive or prolonged
exposure increases adverse effects.

This pattern has been observed with both selenium
and silver-based formulations. Moderate SeNP supple-
mentation improved growth and antioxidant responses,
whereas higher supplementation reduced the beneficial
effect (Ghaffarizadeh et al. 2022). Similarly, Ag/AgCl na-
noparticles provided disease-control benefits at selected
dietary concentrations but caused greater hepatopancre-
atic damage at higher exposure (Maldonado-Muiiiz et al.
2025). Administration frequency is also important, as in-
termittent dietary AgNP exposure provided a more fa-
vourable balance between WSSV protection and host
condition than frequent administration (Romo Quifionez
et al. 2022).

Nonlinear responses also occur with non-metallic
formulations; carvacrol-thymol chitosan nanocapsules
produced the most favourable physiological response at
an intermediate dietary inclusion under thermal stress
(Rios-Ortiz et al. 2026). Thus, therapeutic windows are
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formulation-specific and depend collectively on dose,
frequency, duration and administration route. The con-
ceptual relationship between nanoparticle exposure, bio-
logical efficacy and toxicity is illustrated in Figure 2. Rep-
resentative evidence for exposure-dependent benefits
and toxicity of nano-enabled formulations in shrimp is
summarised in Table 3.

6.3 Bioaccumulation and food-safety considerations
Food safety assessment must extend beyond acute toxici-
ty to tissue retention and elimination. Exposure to Fes04
nanoparticles increased whole-body iron concentrations
in shrimp, while oral AuNP administration resulted in tis-
sue-associated gold signals in the hepatopancreas (Tello-
Olea et al. 2019; Suharyadi et al. 2025). Such measure-
ments indicate tissue association or elemental retention
but do not necessarily establish that the detected materi-
al persists as intact nanoparticles, because dissolved ions
or transformed products may also contribute to the
measured signal.

Evidence on edible muscle residues and depuration re-
mains limited, as most studies terminate shortly after
exposure or pathogen challenge (Romo Quifionez et al.
2022; Maldonado-Muiiiz et al. 2025). Consequently,
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available data are insufficient to establish nanoformula-
tion-specific withdrawal periods or consumer safety lim-
its. Future studies should therefore evaluate tissue distri-
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bution, edible-muscle residues, transformation and depu-
ration before routine use in food producing shrimp.
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FIGURE 2 Conceptual schematic illustrating the relationship between nanoparticle exposure, biological efficacy and tox-
icity in shrimp aquaculture. Low exposure may provide insufficient biological activity, whereas an intermediate exposure
range may produce favourable nutritional, physiological or disease-management responses. Excessive or prolonged expo-
sure may increase oxidative disturbance and tissue injury. This schematic illustrates a general formulation-dependent
concept and should not be interpreted as a universal empirically derived dose—response curve. The potential therapeutic
window varies with nanoparticle characteristics, dose, exposure duration, frequency and administration route.

6.4 Environmental biosafety

Unconsumed or excreted nano-enabled materials may
enter culture water, biofloc and sediment, where aggre-
gation, sedimentation, dissolution and interactions with
organic matter can alter their behaviour (Camacho-
Jiménez et al. 2020; Fajardo et al. 2022).

This is particularly relevant for metallic nanoparti-
cles because antimicrobial activity may also affect non-
target microbial communities involved in culture system
function. Biological or “green” synthesis should likewise
not be assumed to ensure environmental safety. Because
information on nanoparticle persistence and distribution
among shrimp, water, biofloc, sediment and microbial
communities remain limited, environmental fate and non-
target effects should be evaluated alongside efficacy.

7 | NANO-ENABLED RAPID DIAGNOSTICS AND BIOSEN-
SORS FOR SHRIMP DISEASES

Rapid pathogen detection is essential in shrimp health
management because infections may spread before obvi-
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ous clinical signs develop. Conventional PCR-based meth-
ods are highly sensitive but require nucleic-acid extrac-
tion, specialised equipment and trained personnel. Na-
nomaterials, particularly gold nanoparticles (AuNPs), have
therefore been incorporated into immunochromato-
graphic, colorimetric and electrochemical platforms to
improve speed and portability.

7.1 AuNP-based detection of viral pathogens

White spot syndrome virus (WSSV) is the principal target
of nano-enabled shrimp diagnostics. Colloidal gold immu-
nochromatographic strips enabled rapid visual detection
of WSSV directly from infected shrimp tissues, demon-
strating the potential for field screening without special-
ised equipment (Sithigorngul et al. 2006).

Subsequent lateral flow systems used either anti-
body or peptide-based recognition and were evaluated
using suspected field samples (Kulabhusan et al. 20173,
2017b). A dual immunochromatographic strip also ena-
bled simultaneous detection of WSSV and yellow head
virus (YHV), although such rapid tests generally remain
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less sensitive than PCR-based methods (Sithigorngul et al.
2011). AuNP-assisted immunodot blotting further im-
proved WSSV signal detection, but its multiple processing
steps limit true pondside application (Thiruppathiraja et
al. 2011).

7.2 AuNP-assisted molecular detection
AuNPs have also been coupled with nucleic-acid amplifi-
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cation. Seetang-Nun et al. (2013) combined loop-
mediated isothermal amplification (LAMP) with DNA
functionalised AuNPs and detected approximately 2 x 10°
copies of WSSV plasmid DNA using a visible colour re-
sponse. Although this approach avoids conventional
thermal cycling and provides sensitive endpoint detec-
tion, nucleic acid extraction and amplification are still
required.

TABLE 3 Representative evidence for exposure-dependent benefits and toxicity of nano-enabled formulations in shrimp.

Nanomaterial/ formu-

. Exposure evaluated
lation

Key exposure-response finding

Reference

Selenium nanoparti-  0-1.2 mg Se-N supple-

cles ment kg™ diet (total die-
tary Se = 0.38-1.55 mg
kg™") for 56 d

Dietary AgNPs

Moderate supplementation produced the
greatest growth and antioxidant responses; es-
timated optimum =0.38 mg kg™, while higher
levels reduced benefits

Different feeding frequen- Weekly exposure provided a more favourable
cies protection—host response balance than fre-

Ghaffarizadeh et al.
(2022)

Romo Quifionez et
al. (2022)

quent, particularly daily, exposure

Ag/AgCl nanoparticles 0-1000 mg Ag kg™ diet

Graded experimental ex-
posure

Silver nanoparticles

Waterborne AgNPs
dependent exposure

Fes04 nanoparticles
h

Carvacrol-thymol chi- Graded dietary supple-

Concentration- and time-

50-125 mg L™ for up to 96

Intermediate exposure improved disease-
related outcomes; the highest exposure caused
marked hepatopancreatic damage

Lower concentrations were better tolerated;
histopathological lesions occurred despite rela-
tively high survival

Toxicity increased with concentration and expo-
sure duration

Limited mortality but increased body iron and

Maldonado-Muiiz et
al. (2025)

Chavez-Sanchez et
al. (2021)

Lam et al. (2020)

Suharyadi et al.

tosan nanocapsules  mentation

hepatopancreatic injury (2025)
Intermediate inclusion produced the most fa- Rios-Ortiz et al.
vourable physiological response (2026)

7.3 Nanobiosensors for bacterial pathogens
Nanoenabled bacterial diagnostics remain less developed
than WSSV detection. An AuNP-modified electrochemical
DNA biosensor enabled sensitive detection of Vibrio
parahaemolyticus and demonstrated the potential of
portable nanoparticle-based electrodes (Nordin et al.
2017). However, the platform was evaluated mainly using
bacterial DNA and shellfish samples and targeted V. para-
haemolyticus at the species level rather than the pi-
rA/pirB virulence genes associated with AHPND. It should
therefore be regarded as proof-of-concept rather than a
validated AHPND diagnostic.

Evidence for nano-enabled detection of AHPND and
Enterocytozoon hepatopenaei remains limited. Among
the nano-enabled diagnostic studies identified in this re-
view, WSSV has received the most extensive development
and evaluation. Lateral-flow assays provide rapid and
portable screening, whereas nanoparticle-assisted mo-
lecular platforms offer greater sensitivity but retain sam-
ple-preparation and amplification requirements. Future
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development should emphasise pathogen-specific targets
and validation using naturally infected shrimp. Repre-
sentative nano-enabled diagnostic platforms investigated
for shrimp pathogens are summarised in Table 4.

8 | CRITICAL APPRAISAL AND COMMERCIAL TRANSLA-
TION OF NANO-ENABLED TECHNOLOGIES

Although nano-enabled interventions have produced en-
couraging results in shrimp, their practical relevance de-
pends on experimental robustness and the ability to de-
liver formulations safely, consistently and economically
under production conditions.

8.1 Experimental robustness and interpretation

Experimental design strongly influences the reliability of
nano-enabled shrimp studies. In feeding and challenge
trials, adequate independent tank replication is particu-
larly important because shrimp within the same tank
share diet, water quality and environmental conditions
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(Cordeiro et al. 2016; Rios-Ortiz et al. 2026).

Appropriate comparators are equally important.
Nanoformulations should ideally be evaluated against
untreated controls, unloaded carriers and equivalent dos-
es of the conventional or free active compound. Direct
comparison of nano-selenium with conventional selenium
sources, for example, showed that nanoformulation does
not necessarily provide superior performance (Yu et al.
2022).

Interpretation is further complicated by inconsistent
dose expression and physicochemical characterisation.
Mineral and metallic formulations may be reported as
elemental dose or total formulation mass, whereas en-
capsulated compounds may not clearly specify the deliv-
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ered payload (Ghaffarizadeh et al. 2022; Mustafa et al.
2025). Because particle size, aggregation, dissolution and
payload loading influence biological behaviour, character-
isation should reflect the formulation actually adminis-
tered to shrimp, including after incorporation into feed or
exposure to saline water (Fajardo et al. 2022).

Biological endpoints also require careful interpretation.
Changes in immune-gene expression or antioxidant en-
zymes indicate physiological modulation but do not alone
demonstrate improved health, while increased survival
after challenge does not necessarily indicate pathogen
clearance. Stronger evidence combines molecular and
biochemical responses with functional outcomes such as
growth, pathogen burden, histopathology and survival.

TABLE 4 Nano-enabled diagnostic platforms for shrimp pathogens.

Target Nano-enabled platform Performance/application Reference

WSSV Monoclonal-antibody colloi-  Visible result in ~15 min; infected gill detectable to Sithigorngul et al.
dal-Au lateral-flow strip ~1:50 dilution; lower sensitivity than PCR (2006)

WSSV AuNP-enhanced immunodot ~1 ng mL™ purified WSSV; improved signal detec- Thiruppathiraja et
blot tion but multistep al. (2011)

WSSV + YHV Dual colloidal-Au lateral-flow ~15 min; rapid multiplex screening; lower sensitivi- Sithigorngul et al.
strip ty than PCR/RT-PCR (2011)

WSSV LAMP with DNA- ~2 x 102 plasmid copies; sensitive visual molecular Seetang-Nun et al.
functionalised AuNPs detection (2013)

WSSV Antibody-based AuNP lateral- ~20 min; detection limit ~103 viral copies; evaluat- Kulabhusan et al.
flow assay ed with 75 suspected field samples (2017a)

WSSV Peptide—AuNP lateral-flow ~20 min; evaluated with 118 suspected field sam- Kulabhusan et al.
assay ples (2017b)

V. parahaemolyt- AuNP-modified electrochemi- Detection limit 2.16 pM; portable proof-of-
concept, not pirA/pirB-specific

icus cal DNA biosensor

Nordin et al. (2017)

Across the reviewed studies, methodological report-
ing was variable. Several direct in vivo studies used repli-
cated experimental designs and clearly defined controls;
for example, Asaikkutti et al. (2023) used triplicate groups
and characterised particle size, zeta potential and encap-
sulation efficiency. However, comparator design was not
consistently complete. Some nanoencapsulation studies
included unloaded-carrier controls but lacked equivalent-
dose free-active treatments, limiting attribution of any
advantage specifically to nanoencapsulation. Abdi et al.
(2026), for example, included free quercetin and unload-
ed chitosan nanoparticles, but the free and encapsulated
treatments were not matched for actual quercetin dose.
Physicochemical characterisation was also generally per-
formed on the prepared formulation, whereas infor-
mation on particle behaviour after incorporation into
feed or exposure to saline culture conditions was com-
paratively limited. These differences in replication, com-
parator structure, dose reporting and formulation charac-
terisation were considered when interpreting the
strength of individual findings.
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8.2 Feed delivery, scalability and commercial validation
Dietary delivery is the most practical administration route
for large-scale shrimp production and has been used for
nano-minerals, phytogenic compounds, recombinant pro-
teins, dsRNA carriers and metallic nanoparticles (Taju et
al. 2018; Ghaffarizadeh et al. 2022; Jonjaroen et al. 2024;
Maldonado-Muiiiz et al. 2025).

However, feed-based application requires adequate
stability during manufacture and storage, retention after
immersion and consistent delivery of the active compo-
nent. Experimental studies have incorporated nanofor-
mulations into shrimp diets either by surface spraying or
coating of finished pellets, or by direct mixing with feed
ingredients followed by laboratory pelleting (Bhoopathy
et al. 2020, 2021; Ghaffarizadeh et al. 2022; Fath El-Bab
et al. 2024). Commercial evaluation should therefore as-
sess particle characteristics and active-compound reten-
tion in the finished feed rather than only in freshly pre-
pared formulations.

A major translational limitation is the scarcity of
farm-scale validation. Most studies have been conducted
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under controlled tank conditions, whereas commercial
ponds introduce greater variation in environmental con-
ditions, microbial communities, feeding and pathogen
pressure (Fajardo et al. 2022). Promising formulations
therefore require replicated pilot and pond-scale trials
before commercial adoption.

Economic feasibility is equally important. Biological
benefits must offset the additional costs of nanoparticle
synthesis, encapsulation, feed incorporation and quality
control. Although dietary curcumin nanoemulsion has
shown experimental economic benefits, these estimates
do not fully represent commercial production costs (Fath
El-Bab et al. 2024), while dsRNA-based systems may face
additional manufacturing and scalability constraints (Jon-
jaroen et al. 2024).

Overall, commercial adoption will depend on
demonstrating a reproducible advantage over conven-
tional alternatives, reliable feed delivery, acceptable safe-
ty and favourable economics under realistic farming con-
ditions. At present, most nano-enabled formulations re-
main experimental rather than established components
of routine shrimp production.

9 | CONCLUSIONS

Current evidence demonstrates that nano-enabled ap-
proaches can improve selected nutritional, physiological
and disease-related outcomes in shrimp and can support
targeted delivery and rapid pathogen detection. Howev-
er, their performance is formulation and exposure-
dependent and the available evidence does not establish
that nanoformulations are inherently superior to conven-
tional approaches.

Major research gaps remain before nano-enabled
technologies can be translated into routine shrimp aqua-
culture. Many studies lack dose-matched conventional or
free-active comparators, making it difficult to determine
whether observed benefits arise specifically from
nanoformulation. Inconsistent reporting of active dose
and physicochemical characteristics further limits com-
parison among studies. Long-term information on edible-
tissue residues, depuration, environmental fate and non-
target effects is also scarce, while most efficacy studies
remain restricted to controlled laboratory conditions with
limited farm-scale validation. In diagnostics, further de-
velopment and validation are particularly needed for
AHPND and EHP-specific nano-enabled platforms.

Future research should therefore prioritise stand-
ardised formulation characterisation and dose reporting,
appropriate comparator groups and independent replica-
tion, long-term animal and environmental safety assess-
ment, pathogen-specific diagnostic validation and repli-
cated commercial-pond trials that include economic fea-
sibility. Until these requirements are addressed, nano-
enabled formulations should be considered application-
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specific experimental tools rather than established com-
ponents of routine shrimp production.
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