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1 | INTRODUCTION
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Abstract

Nanotechnology is a rising technology dealing with nanoparticle-based (1-100 nm)
organic and inorganic materials. Such technology has a vital role in various industrial
sectors, including pharmaceuticals, nuclear energy, fuel and energy, electronics, and
bioengineering, while having potential applications to human, animal, plant, and envi-
ronmental health. Even though nanomaterial applications can cover multi-areas of
biological and natural fields, limited information are available in the aquaculture sec-
tor. Nowadays, the aquaculture sector is the most imperative field to meet animal
protein requirements for human nutrition, and aquaculture disease outbreaks as well
as the aquatic environment pollutants are significant hindrances in producing healthy
aquatic products. The current review aims to enlighten the direction of nanotechnol-
ogy in the aquaculture industry while providing more specific information about inor-
ganic forms of nanoparticles used to develop several types of applications such as
antimicrobial, antibiofilm and photocatalytic agents, as well as aquatic animal nutri-
tion in the domain of aquaculture. A large number of inorganic nanoparticles and
their use as animal feed and for water treatment are extensively described. Their
potential risks in aquaculture are also presented and discussed. The aquaculture
nanotechnology applications are expected to contribute to fish health improvement,
harmful microbes control, and aquatic products nano-delivery in the forthcoming

years.

KEYWORDS
antibiofilm, antimicrobial, aquatic animal nutrition, nanotechnology applications, photocatalytic

awareness in agriculture-related fields, particularly in the discipline of

aquaculture and fishery sector. According to the literature, nanotech-

Nanotechnology has materialized as favourable key access to innova-
tive prospects. It is the discipline of advancing and controlling ele-
ments at nanoscale dimensions (1-100 nm) through distinct resources
surface.»? Nowadays, nanotechnology helps to improve and develop
several technologies and industry sectors such as information technol-
ogy, energy, environmental science, medicine, homeland security,
food safety and transportation.>

In aquaculture, nanotechnology progress has a major role in
micronutrient delivery, feed production, and growth support of

aquatic animals.* Recently, nanotechnology has received great

nology has proven beneficial for the preparation of nutrient supple-
ments, gene delivery, therapeutic factors, water treatment, and
preservation among others.”> The application of nanotechnology
advances supports disease detection and prevention against patho-
gens, as well as improving the quality of aquaculture. Therefore, it is
expected to enhance fish health, effectively control harmful microbes
in water, and nano-deliver aquatic products.® Moreover, its develop-
ment is useful for fish packaging techniques, while it is additionally
applied to improve the flavour, odour, texture, and taste quality as

well as to enhance the nutrients intake in fish.” The advances in
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nanotechnology are also advocated for improving bioavailability
(functional factors), microencapsulating antimicrobials in packaging,
reducing the decomposition process, and increasing the stability and
shelf-life of fine ingredients. In addition, nanoparticles (NPs) are char-
acterized by bacteriostatic properties, able to form microbial-resistant
surfaces. For instance, silver (Ag) NPs have been utilized to suppress
the growth of pathogens and increase the shelf life of meat products
in various sectors of agri-food industries.>® Furthermore, nanotech-
nology is one of the most effective and efficient tools to deal with
water pollution in aquaculture, and such a technology is a less toxic,
cost-effective, eco-friendly method for the water purification process.
For example, the green synthesis method to develop magnetic konjac
glucomannan aerogels is used to eliminate arsenic contamination from
groundwater.” However, the most important function of NPs involved
in drug delivery and feed additives is their ability as biological sub-
stances to pass through the cell membrane in the biological process.
NPs are primarily attached to target a specific antigen of patho-
gen and suppress the replication process at the cellular level. This
function has led to different kinds of responses through the cell and
reduced the mortality rate of fish. Also, several NPs types are capable
of entering the antigen-presenting cell through different pathways

1011 \while various

and stimulating immune responses to the antigen,
types of nanomaterials are utilized for a fish vaccine, such as carbon
nanotubes, biodegradable polymers, nanoliposomes and immune-
stimulating complexes.*?

Dietary administration is the most recognized method in fish farm-
ing techniques. In fact, various kinds of supplements have been demon-
strated able to improve the fish immune system or control the severity
of diseases.’®* All trace elements have a specific role in the immune
system of culture animals. However, some essential minerals like zinc
(Zn), manganese (Mn), copper (Cu) and selenium (Se) are associated
with and improve or regulate the immune system, which helps to
detoxify foreign factors.'® Dietary supplements of different nanomater-
ials like Se, Zn and Mn are usually utilized for stress resistance improve-
ment and bone mineralization of gilthead sea bream (Sparus aurata).*

However, the increasing applications of NPs in various sectors
lead to new challenges concerning their fate in the environment and
impact on living organisms.l” Moreover, NPs caused more toxic
effects on living microorganisms compared with their bulk forms.*®

This review provides information on inorganic forms of different
NPs used to develop different kinds of applications such as antimicro-
bial and photocatalytic activities, anti-biofouling, water treatment, and
aquatic animal nutrition in the specialization of aquaculture while dis-

cussing the benefits and potential risks of their use.

2 | NANOPARTICLES AND THEIR
FUNDAMENTAL ASPECTS

21 |

Definitions and principles

Nanomaterials are defined based on their size characteristics,

between 1 and 100 nm, and are composed of carbon, metal, metal

oxides or organic matter.? The definition given by the European
Commission states that ‘50% or more of the particles of a material in
the number size distribution have one or more external dimensions in
the size range between 1 and 100 nm’.2° NPs have all three external
dimensions in the nanoscale (between 1 and 100 nm) and possess
unique physical, chemical, and biological properties that are not found
in their bulk samples.?* These particular properties are related to a high
surface area to volume ratio and/or quantum effects.>?> Focusing on
inorganic NPs, such nanomaterials have no carbon in their structure
(metal and metal oxide NPs) and are highly stable compared with the
organic ones. Metal-based NPs are synthesized from metals to nano-
metric sizes either by destructive or constructive methods. The com-
monly used metals are aluminium (Al), cadmium (Cd), cobalt (Co),
copper (Cu), gold (Au), iron (Fe), lead (Pb), silver (Ag) and zinc (Zn). The
metal oxide-based NPs are produced by modifying the properties of
their metal-based NPs in order to increase their reactivity. Aluminium
oxide (Al,O3), Iron oxides (Fe,O3 & Fez04), Silicon dioxide (SiO,), Tita-
nium dioxide (TiO,), Cerium dioxide (CeO,) and Zinc oxide (ZnO) are

common metal oxide NPs.1?23

2.2 | Synthesis and production

NPs are synthesized according to two strategies. The top-down
methods produce NPs from bulk materials by using distribution tech-
nigues such as crushing, mechanical milling, chemical etching, e-beam
evaporation, etc. The bottom-up approach requires molecular/ionic
species as starting materials, which involve chemical reactions, nucle-
ation, or biological synthesis via bacteria and fungi and the growth
process to promote the formation of more complex clusters.?”?%
Sol-gel, spinning, chemical vapour deposition (CVD), pyrolysis and
biosynthesis are the most commonly used bottom-up methods for NPs

production.}??* Table 1 lists some inorganic NPs synthesis methods.

2.3 | Analyses and characterization

NPs possess unique physical and chemical properties explained by a
relatively larger surface area in relation to the volume, increased reac-
tivity or enhanced mechanical strength,'® while they are generally
characterized by their size, charges, and morphology. Several tech-
niques such as electron and optical microscopy, light scattering, mass
spectrometry, and bio-imaging have been used to characterize
NPs.2% In Table 2, the quantitative and qualitative parameters of NPs

are summarized, accompanied by the respective analytical tools.

3 | APPLICATIONS OF INORGANIC NPS IN
AQUACULTURE

Nanotechnology is a broad and multidisciplinary research sector that
has been rising explosively over the globe in recent years. In the fish-

eries and aquaculture industry, these techniques promote the
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TABLE 1 Methods of synthesis of inorganic nanoparticles

Approach  Classification ~ Synthesis method References

Bottoms- Chemical Chemical vapour 192425

up deposition
Sol-gel
Hot solution
decomposition
Pyrolysis

Physical Spinning
Physical vapour

condensation

Biosynthesis (Bacteria/
algae/fungi/plant
extracts)

Biological

Top- Physical Mechanical milling 172

down Thermal decomposition
Nanolithography
Laser ablation

enhancement of the cultivable species quality and the rapid confron-
tation of diseases, nutrients intake, drugs, hormones, and vaccines.%°
Inorganic NPs such as Ag-NPs, ZnO-NPs, Fe-NPs, FeO-NPs, Se-NPs
and AI-NPs play the most important role in aquaculture and are
involved in various direct and indirect applications, as summarized in
Figure 1.

3.1 | Feed supplements and nutraceuticals

Among the direct applications, the dietary administration of NPs as
feed supplements is helpful in terms of survival improvement, antioxi-
dant status, growth performance, and immune response in aquatic
organisms. However, the excess level of NPs diet supplements may
also be toxic to aquatic species.>3? Controlling fish infection disease
caused by microbial pathogens is another application of the NPs,
which act as antibacterial, diagnosis tools, and vaccine delivery agents
in aquaculture.®® Figure 2 illustrates the main categories of inorganic
NPs functionalities for improving nutritional and disease control

aspects in aquaculture.

3.1.1 | Nutritional aspects
Inorganic NPs supplementation impacts nutritional values of aquatic
feed that have been proved helpful in improving the growth perfor-
mance, immunity, survival, and infection resistance in fish species like
Red Sea bream (Pagrus major) and juvenile grass carp (Ctenopharyngo-
don idella).3*3>

NPs processing is beneficial for solubilizing vitamins and carotenoids
and enhancing the bioavailability of dietary supplements in aquacul-
ture24¥ In fact, micronutrients incorporated in aquaculture feeds at a

nanoscale size can penetrate cells more efficiently, and enhance
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TABLE 2 Principal NPs properties and characterization methods

Characteristics Methods References

Size Transmission Electron Microscopy 25

(TEM), Atomic Force Microscopy
(AFM)

Shape TEM, AFM, 3D-Electron 2529
Tomography, Field Emission Gun
Transmission Electron
Microscope (FEG-TEM), Field
Emission Scanning Electron
Microscopy (FE-SEM)

Breuneur-Emmet-Teller surface 19.26

analysis (BET), liquid Nuclear
Magnetic Resonance (NMR),
Differential Mobility Analyser
(DMA), Scanning mobility particle
sizer (SMPS)

Surface area

19

Surface charge Zeta potential measuring

technique, DMA

Size Dynamic Light Scattering (DLS), 26,2829
distribution Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

Condensation Particle Counter &

(CPC)

X-Ray powder diffraction (XRD), 19,27
Neutron diffraction, Selected
area electron diffraction (SAED),
Energy-dispersive detector (EDS)

Concentration

Crystallography

Optical Ultraviolet (UV-vis), Fourier 28

properties transform infrared (FTIR),
Infrared (IR) Spectroscopy,
Scanning Transmission Electron
Microscope-Electron Energy Loss
Spectroscopy (STEM-EELS),
Energy-dispersive X-ray
spectroscopy (EDAX)

Structural High-Resolution Transmission 26

defects Electron Microscopy (HRTEM),
Electron backscatter diffraction
(EBSD)

consequently their assimilation process into the fish.X® Some NPs with
nutritional functions are consecutively presented in the following

subsections.

Zn-NPs

Zn is an essential element implied in many metabolic pathways, pro-
tein synthesis, and energy consumption of fish.'® Dietary supplemen-
tation of Zn is known to be helpful, regarding the increase of body
weight, growth rate, antioxidant status, antibacterial activity, and
immune system of different fish species such as coho salmon (Oncor-
hynchus kisutch), African catfish (Clarias gariepinus) and Mrigal (Cirrhi-
nus mrigala).*8~%° However, the effect is dose-dependent so that high
supplementation in Zn may be harmful in fish, requiring optimal dose

determination.** 44
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Nanotechnology applications
in Aquaculture

Nutraceuticals

Direct
methods

FIGURE 1
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FIGURE 2 Direct applications of NPs in aguaculture.

The dietary administration of Zn in nanoform has been shown to
induce positive effects on growth performance. For instance, ZnO-NPs
feed supplementation was helpful for the improvement of growth, sur-
vival, and body composition of larval rainbow trout (Oncorhynchus
mykiss) at 50 mg/kg for 70 days.** The same supplementation at a con-
centration of 20 mg/kg diet benefitted the growth, feeding efficiency,
metabolic enzymes, serum profile and non-specific immune functions in
rohu (L. rohita) fingerlings.*® However, supplementing 10-15 mg/kg
ZnO-NPs in common carp (Cyprinus carpio) feeding caused cytotoxicity
and some alteration of oxidative biomarkers, whereas 5 mg/kg diet
incorporation exhibited no negative response and was proved suitable

for fish health improvement.*”

Using 30 mg/kg for a 90-day trial period,
ZnO-NPs exhibited positive effects on growth performance, immune
response, and haematological parameters of grass carp (Ctepharyngodon
idella).®> At the same concentration, ZnO-NPs enhanced the survival
rate, total protein and antioxidant capacity, as well as the regulation in
interleukins genes (IL 8, IL 1). By contrast, a higher dose of 60 mg/kg
caused impairment in the immune and antioxidant systems and

increased the inflammatory response.*®

Q Barcoding
Biofilm & & tagging
funking control g Sl

Indirect
methods

Pond &

Direct and indirect applications of nanotechnology in aquaculture.

Fe-NPs

In aquatic animals, Fe plays an essential role in many physiological
processes and takes part in redox reactions and electron transport
associated with cellular respiration, growth rate, and fatty acid metab-
olism.*’ Fe deficiency was found to cause hypochromic microcytic
anaemia in brook trout (Salvelinus fontinalis) and common carp (Cypri-
nus carpio).>®>? It has been proved in aquatic feeding that dietary sup-
plementations of Fe in nanoforms induced nutritional beneficial
effects in aquatic species.>?~>” For example, enhanced growth perfor-
mance and alkaline phosphatase activity were observed
within goldfish (C. auratus), which received a Fe-NPs-containing diet
(0.5 g/kg) for 60 days.>? In addition, dietary Fe-NPs supplement
(20 mg/kg) for a 90-day experimental trial showed an improvement in
growth response, digestive enzyme function, food intake, better sur-
vival, and growth of M. rosenbergii post larvae. However, higher doses
(30-50 mg/kg diet) provoked a negative response in freshwater
prawns.>® Another study revealed that a dose of 30 mg/100 g for
21 days was beneficial while a higher dose (50 mg/100 g) enhanced
haematological and biochemical parameters for the Koi carp growth.>*
Moreover, Anisomeles malabarica leaf extracts Fe-NPs diet supple-
ment proved beneficial, not only for the growth performance, but also
for the enzymatic activity (protease, amylase and lipase) and the bio-
chemical and haematological parameters of zebrafish, with the optimal
dose being 40 mg/kg.>® In Nile tilapia fish, the optimal dose was
63.75 mg/kg.>® Similarly, dietary inclusion of Fe-NPs and ascorbic acid
at 4 and 6 g/kg, respectively, in C. gariepinus improved its growth and
survival and reduced mortality while contributing to the nutrients utili-
zation, the biochemical parameters, the haematological profile, and
the stress-reducing factor during hyperthermia stress.”” Additionally,
Fe-NPs feed supplementation at 40 mg/kg for a 60-day was helpful in
order to achieve better growth and feed utilization in Clarias batra-
chus. Such a diet supplement is an inexpensive and environmentally
friendly approach of high importance for catfish species.’® The same
amount of Fe-NPs (40 mg/kg) was also utilized in Labeo rohita, pre-

senting enhanced growth, survival rate, immune system, bactericidal
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activity, and antioxidant activity, with no negative effects being
observed for the 30-day experimental period.>® Likewise, the dietary
supplement of Fe-NPs (30 mg/kg) was used as the optimal nutritional
level of juvenile channel catfish. However, even if Fe-NPs feed addi-
tives were essential for the physiological and haematological response
of fish species, higher doses of Fe-NPs can affect negatively the
growth and increase mortality and toxic phenomena like diarrhoea

and histopathological damage to liver cells.°-¢3

Se-NPs

Se plays a vital role in the physiology of aquatic animals through pro-
tein biosynthesis, antioxidant activities, and immunity functions,
enhancing growth, feed efficiency, fertility, and minimizing cell
damage.®*

Se-NPs have been proven as beneficial diet supplements for
many fish species in enhancing the animal final weight and relative
gain rate, antioxidant status as for glutathione peroxidase (GSH-Px)
activities and muscle mass.®®> Se nanoforms are also suggested as an
efficient source in aquafeed, due to their high bioavailability.®> How-
ever, their effects are dose- and delivery form-dependent because
excessive doses of Se-NPs may cause toxic effects on aquatic
animals.®®

Specifically, Se-NPs diet supplements had significant effects on
the growth and biochemical parameters of yellow-tail seabream at 0.5
mg/kg for a duration of 8 weeks,®” Nile tilapia at 0.7 mg/kg diet for a
period of 10 weeks,® and African catfish (Clarias gariepinus) at the
concentration 0.3 mg/kg diet for 12 weeks.%? Further studies showed
that Se-NPs supplementation (1-2 mg/kg diet) for 45 days improved
the immune response, total protein content, and antioxidant activities

),”° while the optimal dose applied in

in red sea bream (Pagrus major,
Nile tilapia fingerlings with beneficial effects on physiological parame-
ters, immune response, and antioxidant activity was determined at 1
mg/kg diet for 90 days.”? Similarly, Se-NPs dietary incorporation for
90 days in striped catfish improved growth behaviour, antioxidative
capacity and liver wellbeing at 1.02-1.11 mg/kg diet without negative
effects or accumulated Se levels within the liver, intestine, and gills.”?
Furthermore, dietary supplementation of Se-NPs encapsulated
form (diphenyl diselenide-loaded nanocapsules) improved the growth
and antioxidant status of silver catfish (Schilbe mystus).73 When com-
bined with vitamin C (300 mg/kg), dietary Se-NPs supplementation
(0.68 mg/kg) showed synergistic interactions that positively enhanced
weight gain, specific growth rate and feed conversion efficiency in

mahseer fish (Tor putitora).”*

Mg-NPs

Magnesium (Mg) plays an important role in the activation of enzymes
involved in the metabolism of lipids, proteins, and carbohydrates for
the maintenance of intra- and extracellular homeostasis, transferring
phosphate groups, and controlling ATP-dependent ion pumps. It has a
key role in the immune mechanism while being a main component of
bone in fish.”®> Beneficial effects of dietary MgO-NPs incorporation
on growth performance, immunity, and general health were reported

in Macrobrachium rosenbergii post larvae at the optimal concentration

of 500 mg/kg during 90 days.”® Furthermore, supplementing MgO-
NPs at 0.02 mg/kg diet for 60 days in Clarias gariepinus showed
improvement in fish blood lipid profile (triglycerides and cholesterol),
kidney (Creatinine and Urea) and liver functions, antioxidant capacity,

body weight, and body gain performance.””

Ag-NPs
Ag-NPs in adequate dose exerted beneficial effects on the immune
system, growth performance and health status of aquatic animals.”®
Ag-NPs supplementation in sodium caseinate encapsulated form
for 30 days enhanced the growth, immune system, and disease
resistance in Macrobrachium rosenbergii.”? Administrating Ag-NPs at
sub-lethal concentrations (13.6 and 21.6 pg/L) during a 6-day
experimental period in zebrafish (Danio rerio) showed the increase of
Oct4 antibody levels, while such antibody enlightened their key role
in the growth stimulation of developing embryos. However, higher
doses of Ag-NPs at 64 and 128 ug/L may be toxic to the fish
metabolic system.®°

Au-NPs

Au-NPs have been reported to improve the level of oxidative stress
and hepatotoxic markers as well as to stimulate immune response in
aquatic species. Oral administration of Au-NPs in shrimp (Litopenaeus
vannamei) at an optimal concentration (2 ug/g) had beneficial effects
on the immune system by up-regulating immune gene expression,
while increasing survival rate and decreasing the resistance against V.
parahaemolyticus.®* Furthermore, Au-NPs coated with citrate or poly-
vinyl pyrrolidone exposed for 96 h at different concentrations of
4, 80 and 1600 pg/L induced different gene expressions like mRNA
levels of antioxidant and inflammatory genes (gst3, prdx6 and il1p),
despite the repression of other antioxidant enzyme genes (gr and cat)
in the gills of Sparus aurata.®? Dietary additives of Au-NPs for 36 days
showed up-regulation of cox2 genes in the brain and skeletal muscles
of zebrafish.83 On the other hand, Azolla microphylla Au-NPs (2.5
mg/kg) showed protective effects on the liver against oxidative dam-
age, tissue-damaging enzyme activities, and acetaminophen-induced

hepatic damage in freshwater common carp fish.2*

Cu-NPs

Cu microelement is involved in various biological, physiological, and
metabolic functions of aquatic animals, and plays a vital role in growth
performance. Cu is also a cofactor for several enzymes involved in the
antioxidation capacity and metalloenzyme formation.8> The dietary
incorporation of Cu-NPs at different concentrations, with the basal
diets at 20 mg/kg for 90 days in freshwater prawn Macrobrachium
rosenbergii post larvae, enhanced the growth, survival and immune
response, whereas higher doses of 40-80 mg/kg may lead to toxic
effects.®® Cu-NPs administrated at the optimal concentration of 8
mg/kg in a common carp diet for 8 weeks trial enhanced the growth,
antioxidant activity, and immune response in Russian sturgeon Acipen-
ser gueldenstaedtii.®” Combined with vitamin C supplements (250-
500 mg/kg diet), Cu-NPs (2 mg/kg diet) showed an enhancement of
specific growth rate, weight gain, protein efficiency ratio, feed
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conversion ratio, lysozyme, alternative complement activity, catalase,
glutathione peroxidase, haematocrit, and mean corpuscular within

15 days experimental trial.®8

3.1.2 | Disease control aspects

Antimicrobial and antifungal activity

Inorganic NPs have exhibited antimicrobial activity against selective
pathogenic bacteria (E. coli, Enterococcus faecalis, Staphylococcus
aureus, Vibrio spp.) and fungi (Penicilium and Mucor species).>¢>” Even
though the NPs' advancement in aquaculture and farm animals is
innovative, tests and experimental results are only available in labora-
tory-scale conditions.®’

The possible action modes of metal-based NPs antimicrobial
activities include alteration of membrane and cell structure by
producing ROS and free radicals, which disrupt vital enzymes in the
respiratory chain, inhibit microbial proteins/enzymes by increasing
production of H,O,, and alter the metabolism process of microbes.”®

Ag-NPs are among the most studied antimicrobial NPs in differ-
ent aquatic species. Biogenic Ag-NPs appear as effective antibacterial
agents against aquatic pathogens while being more stable, cost-effec-
tive, less toxic, and environmentally friendly compared with chemically
synthetized NPs.”1"?* Among the panel of strains tested, Ag-NPs had
bactericidal response against Vibrio parahaemolyticus, V. harveyii,
Staphylococcus aureus and Pseudomonas aeruginosa. Several green bio-
genic Ag-NPs have been reported to exhibit antimicrobial activity. As
examples, red algae Portieria hornemannii-based synthetized Ag-NPs
exhibited antibacterial activities against Vibrio parahaemolyticus and
Vibrio harveyii, suggesting sufficient antibiotic properties against fish
diseases.”® Azadirachta indica-based synthesized NPs were used to
enhance the immune system of mrigal (Cirrhinus mrigala) fingerlings
and antibacterial challenges with A. hydrophila infections in aquatic
animals.”® The tea plants-based synthetized Ag-NPs (10 pg/ml) exhib-
ited sufficient bactericidal activity against Vibrio harveyi infections in
Indian white prawns (Feneropenaeus indicus) by in vitro methods.””
Litopenaeus vannamei gut Bacillus subtilis Ag-NPs showed potential
antibacterial activity against Vibrio parahaemolyticus and Vibrio harveyi
on white-leg shrimp.® It was reported that Ag-NPs green synthesized
by using plant extract of Rumex hymenosepalus had strong antibacter-
ial activity against V. parahaemolyticus, increasing the survival rate of
shrimp.?® Additionally, Ag-NPs from Spirulina extract were efficient
antibacterial agents against V. parahemolyticus at different concentra-
tions, and also increased the survival rate of Artemia nauplii.loo

Ag-NPs were used for their antifungal activity to treat white-spot
disease Ichthyophthirius multifiliis and red-spot disease Aphanomyces inva-
dans fungal infections in goldfish and other ornamental fish species.'°*

Similarly, ZnO-NPs exhibited potent antimicrobial effects against
harmful bacteria (Listeria monocytogenes, Bacillus cereus, Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa and Aeromonas hydro-
phila) in water and fish tissues.’®? ZnO-NPs also inhibited the growth
of Aeromonas salmonicida, Yersinia ruckeri and Aphanomyces invadans at
concentrations of 15.75, 31.5 and 3.15 pg/ml, respectively. However,
Ag-NPs were less cytotoxic compared with ZnO-N ps.t?

Au-NPs were pointed out for their successful anti-parasite effects
against Heterosporis saurida in lizard fish (Saurida undosquamis). Thus,
they are considered as a new route to produce antimicrobial drugs in

aquaculture.*%®

Nanodrug and vaccine delivery

Nanotechnology contributes significantly to pollutant-free cultured
pond's prevalence, rapid identification of diseases, vaccines and deliv-
ery of drugs.’®* The use of NPs in drug-delivery is assigned to their
particular properties such as controlled particle size, shape, surface
charge, sustained release, regulation, target-specific, multi-route deliv-
ery pathways and degradation of nano-carriers.*°> Vaccination, a
major concern in the last 20 years, plays an important role in aquacul-
ture, since it is not only efficient but also cost-effective, while pre-
venting only certain pathogenic diseases.’®®%%7 Nanovaccines are
formulated with an antigen or a group of antigens containing appro-
priate NPs.” Most of the applied vaccines are kept and preserved in a
liquid form at low temperatures. Regarding their applications, they are
injected through blood networks due to their short life span, while
especially the nano-vaccines exhibit the most imperative role in the
aquaculture sector.2°® Organic NPs such as nano-chitosan and poly-
(lactic-co-glycolic acid) (PLGA) are the most used NPs in fish vaccine
delivery.’®? In literature, there is still a lack of studies reporting the
use of inorganic metal-based NPs as vaccines.

Pathogen diagnosis
The diagnosis and treatment of bacterial diseases are crucial for the
disease control of aquaculture species. Metal-based NPs have been
used in pathogen detection, due to their unique optical and electrical
properties, and can be detected by optic absorption fluorescence and
electric conductivity.1*%111

Au-NPs are important for the identification of fish pathogens in
aquaculture.?*? For example, the polyclonal antibody-coated Au-NPs
were effective in the recognition of A. salmonicida in fish tissues and
were recognized as a promising approach regarding specific and rapid

identification of A. salmonicida in fish tissues.'*®

3.2 | Remediation of contaminants

Biofouling and water pollution are among the main barriers regarding
efficient production in aquaculture. Indirect applications of inorganic
NPs in aquaculture concern the wastewater treatment, removal of
chemical and biological contaminants, and control of biofouling.
Metal-based NPs are able to deal with these problems, owing to their

antibiofilm, antibacterial and photocatalytic activity.}**

3.2.1 | Antibacterial and antibiofilm activity

NPs are successful antimicrobial agents from water sources, and
have an imperative role in the water-treatment process.'*® Inor-
ganic NPs were used to inhibit and eliminate water-borne

pathogens.11¢117
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FIGURE 3 NPs as photocatalysers in the aquatic environment.

Ag-NPs

Ag-NPs (Nanocid) have been tested for inhibiting Gram-positive and
Gram-negative fish pathogens like Streptococcus iniae, Lactococcus
garvieae, Yersinia ruckeri and Aeromonas hydrophila, concluding that
90 min of exposure were enough for potent activity against Yersinia
ruckeri and Aeromonas hydrophila.t'® Focusing specifically on aquacul-
ture, Ag-NPs have shown an effective antimicrobial activity against
aquatic pathogens without negative impact on aquatic animals.*” Green
synthetized Ag-NPs using Moringa oleifera extracts as reducing agents at
the concentration of 0.8 mg/L were used to treat water pollutants, or to
reduce bacterial diseases such as Aeromonas hydrophila that cause septi-
cemia in Nile tilapia. The optimal level of green synthesized Ag-NPs had
no negative response on fish health.}*® Moreover, Emericella nidulans
synthetized Ag-NPs of 4 pg/ml strongly reduced the biofilm formation in

Pseudomonas aeruginosa and Staphylococcus aureus.**?

Au-NPs

Au-NPs were potent antibacterial agents against common water-
borne pathogens like Escherichia coli and Salmonella typhi. The smallest
form of Au-NPs (5 nm) dispersed on zeolites was efficient to eliminate
90%-95% of Escherichia coli and Salmonella typhi colony's pathogens
in short time (90 min).*2°

Zn-NPs

ZnO nanorod coatings helped inhibit the growth of the marine bacte-
ria Acinetobacter sp. AZ4C and algae Tetraselmis sp., as well as to pre-
vent precursor of biofilm formation. This approach had also a
significant effect on micro and macro fouling in the marine environ-
ment.*?! The same NPs type presented also bactericidal properties
against common implant pathogens, namely Pseudomonas aeruginosa,
Staphylococcus epidermidis, Escherichia coli, Bacillus spp., Salmonella
spp., Listeria monocytogenes and Staphylococcus aureus.*?212* Addi-
tionally, ZnO-NPs showed sufficient stabilizing effects, low toxicity,
and reduced loss of NPs.}2%126 Such nanomaterials were also benefi-

cial for the growth suppression of wastewater pathogens such as

with nanoparticles

Staphylococcus epidermidis, Proteus mirabilis, E. coli and K. pneumoniae
under UV irradiation, showing the highest activity on Gram-positive

bacteria Staphylococcus epidermidis.*?”

Cu-NPs

The antibiofilm properties of Cu-NPs synthesized by one-pot methods
against Vibrio alginolyticus (ATCC 17749), Vibrio parahaemolyticus
(ATCC 17802), and Aeromonas hydrophila (ATCC 7966) were evalu-
ated in Artemia salina. Cu-NPs at 100 ng/ml showed 60% inhibition of
biofilm formation without toxic effect, and increased the survival rate
of the species, indicating that such NPs can be used as a novel anti-
biofilm agent in aquaculture.’?® Likewise, green synthetized Manilkara
zapota leaf extract Cu-NPs showed antimicrobial effects against
Sclerotium oryzae (MTCC 12230), Staphylococcus aureus (ATCC 25923),
Rhizoctonia solani (MTCC 12232), Escherichia coli (ATCC 25922),
Vibrio harveyi (ATCC 35084), Vibrio parahaemolyticus (ATCC 33845), and
Bacillus subtilis (ATCC 23857).*%

Se-NPs

Se-NPs are known as antibiofilm and antimicrobial agents. For
instance, biogenic Bacillus licheniformis cell-free extract Se-NPs were
utilized as antimicrobial (25 mg/mL) and antibiofilm (20 mg/ml)
agents against foodborne pathogens like Bacillus cereus, Enterococcus
faecalis, Staphylococcus aureus, Escherichia coli O157:H7, Salmonella
Typhimurium and Salmonella enteritidis.*>° Another study reported that
at 75 mg/ml, Se-NPs were able to partially remove biofilm formation
while showing no toxic effects on Artemia larvae.*>! The same partial
activities of Se-NPs were shown against clinical pathogens like Staph-
ylococcus aureus (42%), Pseudomonas aeruginosa (34.3%), and Proteus
mirabilis (53.4%).

Mg-NPs
MgO-NPs have been proven as effective antibacterial agents against
gram-positive (Staphylococcus aureus) and gram-negative bacteria

(Escherichia coli).**? Biogenic Aspergillus terreus S1 MgO-NPs showed
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TABLE 3
NPs  Applications
Ag Antibacterial

Au

Growth promotion

Antioxidant and
immunostimulant

Antibiofilm

Photocatalytic degradation

Antioxidant and catalytic
activity

Antibacterial

Antibacterial, antioxidant,
and immune response

Antibacterial activity

Antimicrobial and
antioxidant activity

Antibiofilm

Photocatalytic degradation

Antibacterial activity

Antibacterial and
Photocatalytic activity

VIJAYARAM ET AL.

Sources, size, shape and
administration mode

Ag-NPs coated with
polyvinylpyrrolidone (PVP)
28.6 £ 3.1 nm
100-250-500-750 pg/L
10 days in Aeromona
veronii infected fish

Biogenic Ag-Nps (Persea
americana)

20-50 nm

Feeding 10 days

Aspergillus flavus Amylase-
Ag-NPs
22.88-26.35 nm/spherical

Aspergillus flavus Amylase-
Ag-NPs

22.88-26.35 nm/spherical

1.5, 10, 20%—8 weeks

Ag-NPs coated with PVP

Spirulina platensis—Ag-NPs
29 nm/spherical

Chloroxylon swietenia-Ag-
NPs 6.9 nm/spherical and
rod-shaped

Acmella oleracea Ag-NPs
45-60 nm

Marine polysaccharide
laminarin-Au-NPs
10-80 nm/spherical

Turnera diffusa-Au-NPs
24 nm/spherical

Pyrenacantha grandiflora-Au-
NPs

11 nm/star-shaped

Well diffusion assay

Thraustochytrium kinnei-Au-
NPs
10-85 nm/cubical in nature

Marine polysaccharide
laminarin-Au-NPs
10-80 nm/spherical
Marine polysaccharide
laminarin-Au-NPs
10-80 nm/spherical
Fenugreek-Cu-NPs 15 nm/
spherical shape
Cardiospermum halicacabum-
Cu-NPs
10 = 2 nm/spherical

Some applications and data of inorganic NPs in aquaculture

Aquatic organisms

Nile tilapia (Oreochromis
niloticus)

Rohu (Labeo rohita)

Sea bass
(Dicentrarchuslabrax)
larvae

Sea bass
(Dicentrarchuslabrax)
larvae

Rohu (Labeo rohita)

Crustaceans (Daphnia similis
and shrimp (Artemia salina)

Longfin yellowtail (Seriola
rivoliana)

Recommended dose/results

750 pg/L

5 pg/g encapsulated fish
feed

1.6 pg/ml against A.
hydrophila

2.5 pg/ml against St.
agalactiae

3.2 pg/ml against Listeria sp

3.6 pg/ml against St. faecium

5% (0.2 mg/ml) of
encapsulated Amy-AgNPs

10-15 pg/kg

100 pg/ml

85.63% inhibition against
Pseudomonas aeruginosa
PA14

>90% degradation
Coomassie blue and
crystal violet

>95% degradation congo red

ICs0: 298.69 pg/ml
Reduction of 4-nitrophenol

up to 400 pg/ml against A.
hydrophila

800 pg/ml against A.
hydrophila

MIC: 0.063 mg/ml against
beta-lactamase producing
K. pneumonia

Maximum inhibition against
Klebsiella pneumonia

100 pg/ml

Decoloration of Methylene
blue in the presence of
Au-NPs 50 mg/50 ml

0.5,115,2,and 2.5 mM

1 mg/ml

>90% killing Gram+ bacteria
such as Bacillus subtilis

93% degradation Methylene
blue dye
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TABLE 3

NPs

Fe

Mg

Se

(Continued)

Applications
Antifungal activity

Wastewater treatment

Antibacterial activity

Growth performance,
biochemical constituents,
haematological
parameters, and
antioxidant activity

Growth performance,
biochemical constituents,
haematological
parameters

Antioxidant and immune
response

Photocatalytic activity

Antibacterial activity

Antifungal and antibiofilm
activity

Growth, immune response,
and disease resistance in
fish

Photocatalytic activity

Antibacterial activity

Antibacterial and antioxidant
activity

Sources, size, shape and
administration mode

Chemical reduction process-
Cu-NPs 11-34 nm/
spherical

10, 20 mg/L—14 days

Chlamydomonas reinhardtii-
Cu-NPs
10 nm/spherical

Fe-NPs (Super paramagnetic
iron oxide NPs)
8-12 nm

Co-precipitation Fe-NPs
16 + 3 nm/Spherical

Camellia sinensis Fe-NPs
114 nm/hexagonal and
spherical

Co-precipitation-Fe-NPs
50-90 nm/irregular cluster
appearance

Commercial-Fe-NPs
20-40 nm/spherical

Sodium borohydride-Fe-NPs
12.5 nm/spherical bead-like
structures

Pomegranate peels &
cauliflower-Mg-NPs

11 nm/spherical

Well diffusion method

Burkholde riarinojensis-Mg-
NPs

26.70 nm/spherical granular
structures

Commercial-Mg-NPs 20 nm/
spherical

Commercial-Mg-NPs
30-90 nm/spherical
Ultrasonic radiation

Blumea axillaris-Se-NPs
40 nm/spherical
Disc diffusion technique

Kappaphycus alvareerzii and
Halimeda opuntia-Se-NPs
30-80 nm/spherical

Aquatic organisms

Common carp (Cyprinus
carpio)

Blue Gourami (Trichogaster
trichopterus) Fingerlings

Koi carp (Cyprinus carpio var.
koi)

Common carp (Cyprinus
carpio)

Asian sea bass (Lates
calcarifer)

Recommended dose/results

20 mg/L against Saprolegnia
spp.

10 mg/L

3.21 to 6.42 uM (low
bacterial load —15-
60 min)

267.81 uM (high load—
15 min)

104.09 uM (high load—
60 min)

6-48 mg/L and 1.5-6 mg/L

40 mg/kg

30 mg/kg

25%, 50%, and 75% of IFe-
NPs LCs0 96 h

1.0 g of Fe-NPs

100 pl loaded against
Bacillus cereus (MTCC
430), Staphylococcus
aureus (MTCC 3160), E.coli
(MTCC 1698) and
Klebsiella pneumoniae
(MTCC10309)

15.36 pg/ml

500 mg
42 days

Adsorption capacity of
487.60 mg/g

90% removal of Malachite
green—15 min

40 pg/20 pl against
Aeromonas species

100 ul
ICs0: 19.4 pg/ml and
18.7 pg/ml
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TABLE 3 (Continued)
Sources, size, shape and
NPs  Applications administration mode

Antibacterial activity

Growth performance in fish

Se- NPs coated with extract
Sargassum angustifolium
40 nm/spherical

Commercial-Se-NPs
30-50 nm/spherical

Chemical precipitation-Zn-
NPs 50 nm/hexagonal

Zn Antibacterial activity

Aloe vera gel-Zn-NPs

37.5-63.75 nm/spherical

Halimeda opuntia-Zn-NPs

33 nm/hexagonal

Ulva fasciata-Zn-NPs

50 nm/spherical

Feeding 40 or 60 mg/kg—
8 weeks

Emblica officinalis-Zn-NPs

3-11 nm/quasi spherical

Antifungal activity

Antibiofilm activity

Photocatalytic activity ZnO-NPs Quince seed

mucilage
25 nm

not only antibacterial activity against Staphylococcus aureus, Bacillus
subtilis, Pseudomonas aeruginosa, Escherichia coli and Candida albicans,
but also the capacity to remove 97.5% of chromium ions from tanning
effluent.?®® Likewise, MgO-NPs with 20 nm average size exhibited
strong antibacterial effects against pathogens like Campylobacter jejuni
(2 mg/ml), Escherichia coli O157:H7, and Salmonella Enteritidis (8
mg/ml).*** MgO-NPs produced from co-precipitation synthesis were
also able to inhibit Escherichia coli and Staphylococcus aureus.*®®
Another remediation example MgO-NPs synthesized from Dalbergia
sissoo leaf extract presented efficiency, not only in the photocatalytic
degradation of methylene blue dye (81%), but also against Escherichia

coli and Ralstonia solanacearum.*3¢

3.2.2 | Photocatalytic degradation activity
Photocatalytic degradation is a light-induced catalytic reaction that
reduces or oxidizes organic molecules like dyes through redox reac-
tions. The reactions take place on a semiconductor surface such as
metal oxide, which is able to form charge carriers when exposed to
light and activated by the generated electron-hole pairs.**”

Metal nanocomposites are helpful regarding the degradation of dif-
ferent kinds of pollutants, including alcohols, aldehydes, acids, phenolic

compounds, and dyes under UV irradiation, while novel metal

Adquatic organisms Recommended dose/results References
White leg shrimp MIC: 200 pg/ml against 180
(Litopenaeus vannamei, Vibrio harveyi
synonym Penaeus MIC: 400 pg/ml
vannamei)
Nile Tilapia (Oreochromis 1 mg/kg 181
niloticus) 30 days
30 pg/ml and 40 pg/ml 182

50, 100, 200, 300, 400, and 183

500 pg/disc
1,25,5,7.5,and 10 pg/ml 184
Nile tilapia (Oreochromis 40 mg/kg 185

niloticus)

Antibiofilm against 186

Streptococcus pyogenes
MTCC 442, Bacillus cereus
MTCC 1272, Escherichia
coli MTCC 1687, and
Pseudomonas aeruginosa
MTCC

80% degradation of 187
methylene blue—2 h

composites combined with the ultrasonic method are able to
completely degrade pollutant molecules.**8%? Figure 3 illustrates the
application of inorganic NPs in photocatalysis for pollutant's treatment.

Metal-based NPs (Ag-NPs, Au-NPs, Fe-NPs and Cu-NPs) have
been tested for their photocatalytic degradation activity of organic
dyes in wastewater treatment.}40-143

For example, various green synthetized Ag-NPs using Konjac glu-
comannan extract, Coscinium fenestratum stem extract, and Ulva Lac-
tuca as reducing agents, have been proved to degrade under visible
light conditions mono- and di-azo dyes contaminants like methylene
blue, methyl orange, acid orange 74, naphtol blue-black and naphtol
green B acidic in wastewater.1%-144145 Moreover, green synthetized
Saccharomyces cerevisiae yeast extract Ag-NPs and Parkia speciosa
leaf extract Ag-NPs presented efficient photocatalytic activity,
regarding the degradation of methylene blue under solar irradiation
conditions. 144147

Biogenic and green synthetized Cu-NPs have shown excellent
photocatalytic degradation of dyes under sunlight irradiation. The
degradation efficiency using biogenic Escherichia sp. SINT7 Cu-NPs
reached, for example, 97.1% for congo-red, 90.6% for Malachite
green, 88.4% for direct blue 1, and 83.6% for reactive black-5 within
5 h.18 Whereas green synthesized Cu-NPs using Manilkara zapota
leaf extract exhibited photocatalytic degradation activity of methyl
violet, malachite green, and coomassie brilliant blue by 92.2%, 94.9%
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TABLE 4
NPs Fish species
Ag Atlantic salmon (Salmo

Cu

Fe

TiO,

ZnO

and 78.8% within 50, 40 and 60 min under solar light irradiation,

respectively.'?? Moreover, Au-NPs degraded efficiently methylene

salar)

African catfish (Clarias
gariepinus)

African catfish (Clarias
gariepinus)

Rohu (Labeo rohita)

Nile tilapia
(Oreochromis
niloticus)

Common carp
(Cyprinus carpio)

Zebra fish (Danio rerio)
embryos

L. rohita

Mozambique tilapia
(Oreochromis
mossambicus)

Common carp
(Cyprinus carpio)

Nile Tilapia
(Oreochromis
niloticus)

Oreochromis niloticus

Common carp
(Cyprinus carpio)

Some negative effects of NPs in aquaculture fishes

Concentration, size, contact
time and route(s) of
administration

Commercial Ag-NPs
(3-220 nm)

1, 20, and 100 pg/L (48 h,
static renewal)

Ag-NPs (<100 nm) 0, 25, 50,
and 75 mg/L (2 weeks)

Co-precipitation Ag-NPs
(13 nm)

0, 6.25,12.5, 25, 50 and
100 mg/L (96 h)

Ag-NPs (50-100 nm)
5, 10, 25, 50 and 100 mg/kg
(7 days)

Commercial-CuO-NPs (55 nm
spherical and oval shapes)
0.05 mL/L (4 and 21 days)

CuO-NPs (20-40 nm)

10, 50, 100, 200, 300, 500
and 1000 mg/L (4 days-
30 days)

Cu-NPs (69 + 18 nm)
0.01, 0.05, 0.1, 0.5, and
1 mg/L (96 h)

Fe,0O3-NPs (100 nm)
500 mg/L (25 days)

Fe,03-NPs (29-40 nm)
0.5, 5, and 50 pg/L (96 h)

TiO2-NPs (21 nm) 10 mg/L
(25 days)

Commercial-TiO,-NPs
(13-31 nm/spherical)
1 mg/ml (4 weeks)

TiO2-NPs (21 nm)
1-5-25 mg/L (14 days)

ZnO-NPs (30 nm)
50 mg/L (30 days)

blue at a yield of 75% while Fe-NPs at 92%.14%:150

Observation

Bioaccumulation of Ag in gills
Inhibition of Na+/K+ ATPase

DNA damage with all
concentrations in gill,
kidney, liver and muscle

Dose dependent

Alterations in behaviour, blood
profile, neurological, and
branchial antioxidant
parameters

Reduction in haematology
parameters

Increase in antioxidant
enzymes

Histological changes in muscle,
gill and liver

Haematological changes and
oxidative stress

Inhibition of growth after
30 days exposition at
100 mg/L

Retarded hatching embryos
Morphological malformation,
mortality in gastrula stage

Alteration in haematological,
ionoregulatory and
enzymological parameters

Change in haematological and
biochemical parameters
Hepatic tissue damage

Bioaccumulation of Cd in
presence of TiO,; Cd
concentration increased by
146%

Alteration of intestinal
microbiota
Strong inflammatory response

Decrease of ATPase activity in
kidney

Severe histopathological
alteration, Zn
bioaccumulation in
liver > gill > intestine > brain
and muscle, decrease of
SOD activity

Recommended doses

<1pg/L
<20 pg/L

Negative effects in all
concentrations

Dose dependent-negative
effects
LCs0 21.38 mg/L

Negative effects in all
concentrations

<0.05 mL/L

<100 mg/L

<0.1 mg/L

<500 mg/L

Less toxic up 50 pg/ml but
cause hepatic tissue
damage with an acute
period exposure (48 h)

<1 mg/ml

All concentrations decrease
ATPase activity
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Regarding semiconductor metal oxide NPs, ZnO-NPs, TiO-NPs
and MgO-NPs were proven to have photocatalytic degradation

ability.*>1"1>% Green synthetized Kalopanax septemlobus ZnO-NPs and
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Amomum longiligulare ZnO-NPs were indicated as suitable photocata-
lysts for the degradation of methylene blue dye under UV light irradia-
tion.2>#1%5  Additionally, magnesium aluminate (MgAl,O4) NPs
synthesized by the sol-gel method showed successful photocatalytic
degradation of 50% for methyl orange within 80 min under UV light
irradiation.1%®

Other applications of inorganic NPs in aquaculture can be found
in the literature. Table 3 lists recent and relevant potential applica-
tions of inorganic NPs, as well as related data, including sources, char-
acteristics, administration mode, targeted aquatic organisms, as well
as recommended doses as a function of the chemical nature of the NP

metal element.

4 | POTENTIAL RISKS OF INORGANIC
NANOPARTICLES IN AQUACULTURE

The use of inorganic NPs in aquaculture presents evident benefits,
either directly in animal diet or as supplements, or indirectly as
degrading agents of pollutants in water and wastewater. Such func-
tions provide aquatic health protection through disease control,
anti-biofouling, water treatment and aquatic nutrition due to the
inorganic NPs unique properties, efficacy related to the higher sur-
face area, higher solubility, induction of systemic activity, higher
mobility and high bioavailability among others.?118 Nevertheless,
their applications present potential risks associated with dose-
dependent toxicity and low biodegradability.*? Inorganic NPs may
generate adverse biological concerns, cytotoxicity and genotoxicity
by potential translocation to various aquatic animals tissues and
organs, releasing toxic ions, causing oxidative stress, inflammation,
lysosomal impairment and subsequent damage to proteins and
enzymes, cell membranes and DNA.*?° Green NPs appear as conve-
nient route to the production of eco-friendly and cost effective NPs.
However, their toxicity toward aquatic biota has to be evaluated.'?*
Moreover, metal-based NPs have been reported to cause more toxic
effects on living organisms compared with their bulk forms.*®
Table 4 summarizes some in vivo and in vitro toxicity evaluations of

NPs in different fish species.

5 | CONCLUSION

Nanotechnology appears to be a modern tool for the progress of
aquaculture and seafood industries by controlling various types of
bacterial and viral diseases in aquatic animals. In the aquaculture sec-
tor, NPs are used for different application areas such as wastewater
treatment, biofouling control, fishpond sterilization, harvest packaging,
animal feeding, and animal health care. This review provides informa-
tion about a variety of inorganic NPs, including their techniques of
synthesis and characterization, as well as the doses used to develop
optimal aguaculture applications. NPs are efficient in the photocataly-
tic degradation of pollutants in water and wastewater, such as metals

and antibiotics, while their antimicrobial properties were also

beneficial regarding disease control in aquaculture. Supplementation
of inorganic NPs in animal diets at low levels enhanced growth, dis-
ease control, enzymatic reaction, and immune system response of
aquatic animals without negative responses. Further studies may be
focused in the future on the development of different kinds (nanosen-
sors, nanomembranes, nanorods, bimetallic, colloidal, polymers) of
nanoparticles using cost-effective green synthesis methods for reduc-

ing toxicity.
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