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Abstract

Applications of nanotechnology in fish cultures have participated in getting over various difficulties that hinder fish productivity.
They can achieve growth performance after adding some important minerals and vitamins in the form of nano-feed supplements
like selenium, zinc, iron, and vitamin C. Also, they have an important role in reproduction, and fish medicine as antimicrobial,
drug delivery, nano-vaccination, and rapid disease diagnosis. Moreover, their roles in water remediation and purification, and fish
packaging are documented. On the other hand, some nanoparticles exhibit toxic effects on living organisms, which return to their
tiny size, high reactivity, and permeability. They can alter many physiological functions and cause cytotoxicity, DNA damage,
and histopathological changes. Also, nanotechnology applications cause new secondary pollutants to be introduced into the
environment that can negatively affect fish health and the surrounding living organisms. So, in spite of the promising applications
of nanotechnology to fulfill high growth performance and pathogen-free fish, there are a lot of debates about the potential toxicity
of nanomaterials, their reactivity with the surrounding environment, and bioaccumulation. The present review aims to elucidate
and discuss various advantages and challenges of nanotechnology applications in fish cultures. Also, it points to green nano-

technology as a promising alternative to chemical ones.
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Introduction

One of the great challenges facing humanity is the increase in
food production to meet the ever-growing human population.
Undoubtedly, fish production can lend a helping hand as a
source of cheap, valuable, and easily digestible protein. In
2015, fish accounted for about 17% of the total world’s con-
sumption of animal protein, and this percent continuous to
grow annually (FAO 2018). Actually, catching fish either
from natural freshwater or marine resources does not meet
the tremendous and continuous increase in population, that
is why there is a necessity to focus on fish cultures and to do
the best effort to achieve the self-sufficiency of fish produc-
tivity. Good nutrition, control of fish pathogens, and maintain-
ing good water quality are the most important ways to sustain
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aquaculture development and achieve high fish production
(Assefa and Abunna 2018).

Nanotechnology has become one of the most important
interdisciplinary sciences, and it integrates physics, chemistry,
and biology (Subramani et al. 2019). Also, it gains public
interest worldwide due to its rapidly evolving and expanding
in many applications in engineering, electronics, agriculture,
medicine, food industry, and environment (He et al. 2018).
According to the nano-size of nano-materials, they have new
unique physicochemical properties, overcome high pressure
and temperature, and participate in many applications (Aruoja
et al. 2009). The nanotechnology revolution is extended to
include fish cultures, to participate in their growth, and to
overcome their challenges (Khosravi-Katuli et al. 2017; Luis
et al. 2019). Applications of nanotechnology in fish cultures
include direct and indirect applications.

Direct applications of nanotechnology are dealing mainly
with fish: growth, reproduction, and health. Nano-materials
have a role in the efficient delivery of nutrients, trace ele-
ments, and vitamins as feed supplements like selenium (Se)
(Ashouri et al. 2015; Khan et al. 2017; Xia et al. 2019), iron
(Fe) (Akbary and Jahanbakhshi 2019; Srinivasan et al. 2016),
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zinc (Zn) (Awad et al. 2019; Faiz et al. 2015; Tawfik et al.
2017), and vitamin C (Alishahi et al. 2011; Jiménez-
Fernandez et al. 2014). Feeding of fish on nanoforms of these
ingredients facilitates their absorption and passing through the
intestinal wall, to enhance the growth performance, reproduc-
tion, and innate immunity of fish (Bhattacharyya et al. 2015;
Chris et al. 2018). Also, using different nano-materials to con-
trol fish diseases is more effective than traditional antibiotics
and chemicals that perform many side effects such as resistant
bacteria strains, water pollution, and the accumulation of un-
desired chemical residues. Nano-materials are acting as anti-
viral (Ochoa-Meza et al. 2019), antibacterial (Nikapitiya et al.
2018; Raissy and Ansari 2011; Swain et al. 2014; Tello-Olea
et al. 2019), antifungal (Kalatehjari et al. 2015; Shaalan et al.
2017), and anti-parasitic agents (Barakat et al. 2016; Saleh
et al. 2017). Moreover, chitosan and poly lactic-glycolic acid
(PLGA) nanoparticles play an important role in drug and hor-
mone delivery, and vaccination (Bhat et al. 2019; Fenaroli
et al. 2014; Rather et al. 2013). Undoubtedly, nano-
vaccination has many advantages over the conventional
methods, it assures sustain release, and increases stability,
bioavailability, and residence time (Kitiyodom et al. 2019;
Kumar et al. 2008; Rivas-Aravena et al. 2015). Furthermore,
the most pronounced application of nanotechnology in fish
culture is its use in rapid and effective diagnosis of different
fish pathogens (Elsheshtawy et al. 2019; Saleh et al. 2011).

Indirect applications of nanotechnology in fish cultures are
concerned mainly with water quality: sterilization of ponds,
reducing the rate of water exchange, reducing nitrogenous
compounds concentration, water treatment, and remediation
of either chemical or biological contaminants (Huang et al.
2015; Khosravi-Katuli et al. 2017; Tayel et al. 2019).
Several nano-materials have been applied to remove chemical
pollutants from the water as metal oxide nanoparticles (Cai
etal. 2019; Luo et al. 2018), carbon nanotubes (Li et al. 2003),
and natural nano-adsorbents (Johari et al. 2016). Also, purifi-
cation of water from various pathogens represents another
desired effect of nanotechnology applications to restrict the
progress of infectious diseases (Jimmy et al. 2002; Tayel
et al. 2019). Furthermore, the anti-fouling effect of some
nano-materials, through decreasing phosphate concentration
and reduce the growth of algae and other microorganisms, is
a good application of nanotechnology, to achieve good water
quality in fish ponds (Ashraf and Edwin 2016).

Despite the abovementioned advantages of nanotechnolo-
gy applications in fish cultures, some challenges raise several
questions about their complete safety on fish health, human
health, and the surrounding environment. Toxicity of nano-
particles especially metal nanoparticles can affect various fish
physiological functions, antioxidant and enzyme activities,
reproductive hormones, survivability of early developmental
stages, and histopathological pictures (Aruoja et al. 2009;
Jovanovi¢ et al. 2015; Klingelfus et al. 2019; Kumar et al.
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2017; Rajkumar et al. 2016; Ren et al. 2018; Sumi and
Chitra 2019; Zhu et al. 2012). Moreover, the environmental
transformation of nanoparticles that is affected by many phys-
ical, chemical, or biological factors produces secondary pol-
lutants in the environment that affect the untargeted living
organisms, affect the biological diversity, and bio-
accumulate within the food chain to finally affect human
health (Cai et al. 2019; Gehrke et al. 2015; Mueller and
Nowack 2008; Wang et al. 2016; Zhang et al. 2018).

Green nanotechnology or biosynthesis of nanoparticles
represents an ecofriendly, low-cost, and effective solution to
most challenges of metal nanomaterials. This includes using
natural plants (Abdel-Tawwab et al. 2018), plant extracts
(Kumar et al. 2014), microorganisms (Dawood et al. 2019b;
Roy et al. 2019), or others like cellulose, chitosan, or tree
gums (Iravani 2011). Furthermore, chitosan is a versatile nat-
ural polymer that represents a good alternative to metal nano-
particles (Abdel-Tawwab et al. 2019; Abdel-Wahhab et al.
2016; Ahmed et al. 2019; El-Naby et al. 2020; El-Naby
et al. 2019).

Accordingly, there are many implications of nanotechnol-
ogy applications in fish farms, and they need more efforts and
studies to increase the knowledge about the possible toxicity
on fish and untargeted organisms. Also, further investigations
about the lowest effective dose, duration, lethal and sublethal
concentrations, bioaccumulation, residues concentration, and
environmental fate are required. Moreover, legislation and
rules of nanomaterials synthesis and field applications should
be triggered to ensure environmental safety.

The present review highlights the numerous direct and in-
direct applications of nanotechnology in fish cultures and dis-
cusses their possible benefits and challenges. Also, it points to
the possible environmental hazard of metal nanoparticles and
provides an update on the promising uses of natural alterna-
tives for further advanced nano-applications in fish cultures.

Nanoparticles, preparation, and different
forms

The prefix “nano” is a Greek word meaning dwarf and it is used
to refer to the materials that have one (1-100) nm dimension
and/or more in its structure. Nano-materials are adopted by the
US FDA that they have new unique properties different from
their bulk materials. These properties include small size, large
surface area to volume ratio, and high surface activity
(Martinez-Castanon et al. 2008; Moghimi et al. 2012). Two
main strategies are used to prepare nanoparticles: top-down
and bottom-up. The top-down strategy involves the breakdown
of bulk material into the required nano-size, as in mechanical
grinding, crushing, milling, and homogenization. After that, a
stabilizing agent is added to ensure the persistence stability of
the produced nanoparticle. The bottom-up strategy involves
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building up nanoparticles from atoms and molecules through
crystallization, deposition, or microbial synthesis. Both strate-
gies are used chemical, physical, or biological methods to be
achieved (Mohanty et al. 2017; Shaalan et al. 2016).

There are many forms of nanoparticles: nano-spheres,
which are nano-sized spherical particles used in tissue regen-
eration and drug delivery (Donbrow 1991; Ramalingam et al.
2013). Nano-capsules, which are composed of an outer nano-
scale cover, protect an inner core that contains the drug dis-
solved in water or oil matrix (Torchilin 2006). Carbon nano-
tubes, which are tubes made of carbon with a nanometer-scale
diameter, like microneedles, have a huge surface area and
highly penetrate the cell membranes, so they are used in drug
delivery, while some studies have reported their possible risk
on blood vessels and causing of blood clotting (Gaffney et al.
2015; Reilly 2007). Dendrimers, which are three-dimensional
highly branched nanostructures, are used in a gene, drug, and
vaccine delivery, tissue regeneration, and antimicrobial
(Gillies and Frechet 2005; Wu et al. 2015). Polymeric nano-
particles, which are polymers like chitosan, are used in deliv-
ery systems and tissue regeneration (Alishahi et al. 2014).

Application of nanotechnology in fish
cultures

There are three main obstacles faced by fish cultures; poor
nutrition, fish infectious diseases, and water pollution.
Nanotechnology has many applications in fish cultures and
can actually contribute to their development. Applications of
nanotechnology in the fish cultures may be direct or indirect.
Direct applications are mainly concerned with the fish: its
feed, growth, reproduction, health, and disease control, while
indirect applications are concerned with the water quality,
wastewater treatment, remediation of chemical and biological
contaminants, bio-fouling, and fish packaging (Khosravi-
Katuli et al. 2017).

Direct applications of nanotechnology in fish cultures
Feed supplements

Fish in the natural environment can find their food from phy-
toplankton, zooplankton, and smaller animals, while in fish
cultures, there is a need to choose complementary food ingre-
dients to maintain fast and healthy growth. Fish food should
mainly contain protein (32%), carbohydrate (20-35%), fat (4—
6%), fiber (< 4%), and dietary energy (8.5-9.5%). However,
these main requirements vary according to the species and age
of fish (Robinson and Menghe 2006). Adding of minute con-
centrates of organic and/or inorganic materials have been used
as fish feed supplements to stimulate growth and immunity.
Feed supplement is one of the most important applications of

nanotechnology in fish cultures. Nano-materials can be easily
absorbed in low doses and passed across the gastrointestinal
tract and small intestine to reach the blood and distributed into
the different vital organs to do their function more efficiently
than bulk materials (Bhattacharyya et al. 2015). Incorporation
of some nano-metals like Se, Zn, and Fe as feed supplements
may have many advantages on survivability, growth, and
health of fish (Chris et al. 2018). Moreover, an organic poly-
mer like chitosan has an important role in micronutrient deliv-
ery (Khosravi-Katuli et al. 2017).

Nano-selenium

Selenium is an essential trace element, and it is naturally found
in the marine environment, and so marine fish have more Se
level than fresh ones. Consequently, Se is an essential supple-
ment that should be added to fish food especially in the case of
replacement of fish meal by other plant ingredients (Sele et al.
2018). Selenium plays an important role in many physiologi-
cal functions in fish like protein biosynthesis, and antioxidants
and stimulates the growth and production of hormones. Nano-
Se has been gained great attention in aquaculture due to its
high bioavailability, strong reactivity, and lower toxicity, and
it also has antioxidant defense properties, immuno-modulato-
ry, and growth promoter effects (Sonkusre et al. 2014; Xia
et al. 2019). Dietary supplementation with 0.5 and 2.5
mg/kg doses of nano-Se showed a significant increase in
Nile tilapia (Oreochromis niloticus) growth rate (Deng and
Chen 2003). Also, feeding the crucian carp (Carassius
auratus) with nano-Se increased growth, muscle protein, and
some antioxidant enzymes (Wang et al. 2013; Zhou et al.
2009). Dietary supplementation of common carp (Cyprinus
carpio) with different concentrations of nano-Se showed an
increase in growth performance parameters. Moreover, it
caused higher Se contents in the muscle and liver, increase
total protein, globulin, and antioxidant activities (Ashouri
et al. 2015). Also, dietary supplementation of mahseer fish
(Tor putitora) with nano-Se revealed improvement in weight
gain, the specific growth rate, and feed conversion efficiency
at a concentration up to 0.68 mg nano-Se/kg fish feed, com-
pared to fish feed on a basal diet (Khan et al. 2017). Recently,
dietary supplementation with nano-Se (1-2 mg/Kg diet) for 45
days revealed enhancement of immune response, and in-
creased total protein and antioxidant activities in sea bream
(Pagrus major) (Dawood et al. 2019a).

Nano-zinc

Zinc is another important essential element, and it is necessary
for many metabolic pathways, protein synthesis, energy con-
sumption, and animal growth. Also, Zn was used as an anti-
microbial agent and improves both immune and reproductive
systems, and its deficiency leads to many function disorders
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(Muralisankar et al. 2014). Dietary supplementation of grass
carp (Ctepharyngodon idella) with nano-ZnO (optimal con-
centration was 30 mg/Kg fish feed) revealed an improvement
in growth, immune response, and hematological parameters
when compared with bulk ZnO and ZnSQO, (Faiz et al. 2015).
Also, there was a significant increase in the final weight, pro-
tein content, and antioxidant activities of prawn:
Macrobrachium rosenbergii (M. rosenbergii) after fed a diet
supplemented with nano-ZnO for 3 months (Muralisankar
et al. 2014). Recently, dietary supplementation of
O. niloticus with nanoparticles of ZnO revealed the highest
survival rate, increase in total protein, lysozyme, and total
antioxidant capacity as well as upregulation in interleukins
genes (IL 8, IL 1) at 30 mg/kg diet, while the higher dose of
60 mg/Kg diet caused impairment in immune and antioxidant
systems and increased the inflammatory response. Therefore,
using low concentrations of nano ZnO in fish farms was rec-
ommended to improve fish health (Awad et al. 2019).

Nano-iron

Iron compensates in many physiological processes, especially
oxygen transport, respiration, and lipid oxidation, and en-
hances the immune system against any infection. Dietary re-
quirements of Fe are naturally difficult to be achieved through
bulk Fe sources according to the lower solubility and bioavail-
ability of Fe. Dietary supplementation of freshwater prawn
(M. rosenbergii) with nano-Fe,O5 at a concentration of 10—
20 mg nano-Fe,05/Kg diet revealed significant improvement
in survivability, growth, activities of the digestive enzymes,
and biochemical and hematological parameters of fish com-
pared to the basal diet (Srinivasan et al. 2016). Also, feeding
of juvenile goldfish (C. auratus) on nano-Fe,O5 for 2 months
positively affected the physiology of fish at a concentration of
0.5 g/kg diet. It caused an increase in the specific growth rate,
alkaline phosphatase activity, and upregulated the growth fac-
tor genes (Akbary and Jahanbakhshi 2019). On the other
hand, higher doses of nano-Fe,05 (30—50 mg/kg diet) caused
various negative stress responses in freshwater prawns
(Srinivasan et al. 2016). Also, O. mossambicus showed nega-
tive hematological and physiological changes, and oxidative
stress after exposure to 0.5, 5, and 10 pg/ml of biologically
synthesized «-nano-Fe,O; (Karthikeyeni et al. 2013).
Similarly, negative changes were noticed in the major carp;
Labeo rohita (L. rohita) after 25 days of exposure to 500 mg
nano-Fe,05/1 (Remya et al. 2015).

Nano-chitosan
Chitosan is a polysaccharide, which can be obtained from the
chitin of shrimp or other crustacean shells after treatment with

an alkaline substance. Many researchers have studied chitosan
as a carrier for many vitamins or essential elements and for
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growth, and immunity stimulation in fish. Feeding of rainbow
trout (Oncorhynchus mykiss) with nano-chitosan for 20 days
showed an increase in vitamin C absorption (Alishahi et al.
2014). Also, Jiménez-Fernandez et al. (2014) used nano-
chitosan to deliver ascorbic acid to zebrafish. This may be
returned to the high ability of nano-chitosan to penetrate the
intestinal wall of the digestive system, which consequently
increases the ascorbic acid level in fish. Also, nano-chitosan
can be used in encapsulation of the fine nutrient ingredients, to
prevent their loss in the water (Ji et al. 2015). Moreover, its
role in modulating the effect of some mycotoxins in catfish
was estimated by Abdel-Wahhab et al. (2016), since oral ex-
posure to nano-chitosan activated various fish antioxidants
when accompanied by gallic acid. Recently, enhancement of
growth and immune response of O. niloticus after exposure to
chitosan as a natural and safe nanomaterial were ensured
(Abdel-Tawwab et al. 2019; El-Naby et al. 2020; El-Naby
et al. 2019). However, the optimum dose that increased the
O. niloticus growth performance was a 1.0 g/kg diet for 45
days as estimated by Abdel-Tawwab et al. (2019).

Fish reproduction

Production of monosex tilapia is a popular aim in
Oreochromis sp. fish cultures to avoid the un-controlled
spawning, pond overcrowding, and production of tiny fish.
Controlling of fish reproduction can be achieved through the
application of steroid hormones, which has an undesired effect
in-between fish consumers (El-Greisy and El-Gamal 2012).
Nanotechnology has participated, like a good drug carrier in
the delivery of fadrozole (inhibitor of estrogen synthesis) to
O. niloticus. Feeding with fadrozole overloaded on PLGA
nanoparticles at 50-500 ppm for 1 month caused 100% male
at both 350 and 500 ppm (Joshi et al. 2019). Nanotechnology
has an important role in enhancement reproduction in other
fish species. Particularly, nano-chitosan has been used to carry
and release reproductive hormones. A composite of chitosan-
nano-gold prolonged the presence of reproductive hormones
in salmon blood and increased the fertilization rate of eggs
(Rather et al. 2013). Furthermore, nanoparticles of
eurycomanone (extracted from Eurycoma longifolia plant,
and had formerly achieved desired sexual prowess and fertility
in animals) were combined with chitosan nanoparticles and
injected into Clarias magur fish. After 7 days, there was an
increase in the gonado-somatic index, concentrations of Ca
and Se, reproductive capacity, and gene expression levels of
endocrine hormones (Bhat et al. 2019).

Fish medicine
Fish cultures are subjected to many pathogens (virus, bacteria,

fungi, and parasites) that lead to huge economic losses. The
conventional strategies for fish treatment include using
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antibiotics and chemicals that caused many side effects as the
production of antibiotic-resistant bacteria, water pollution, and
chemical residues in fish tissues.

Antibiotic-resistant bacteria in fish cultures Antibiotics are
used all over the time to control microbial infections. The
excessive and unregulated use of antibiotics can lead to the
production of new bacteria-resistant strain that is not sensitive
to antibiotics. Some previous studies have reported that the
tetracycline antibiotic is the most used in fish farms to control
different microbial infections (Tusevljak et al. 2013). For ex-
ample, Aeromonas hydrophila (A. hydrophila) isolated from
tilapia fish were found to be resistant to many antibiotics:
tetracycline, erythromycin, and streptomycin. Also, other spe-
cies of Pseudomonas, Vibrio, Edwardsiella, and Listeria have
shown antibiotic resistance (Atyah et al. 2010; Serum 2008;
Tusevljak et al. 2013). With the progress of nanotechnology in
many fields, it inevitably spilled to intensive aquaculture to
overcome the bacterial antibiotic resistance and participate in
rapid detection and control of fish microbial diseases (Julio
et al. 2018). Nano-medicine is the science that using nanopar-
ticles and/or nano-devices for biomedical applications
(Cavalieri et al. 2014). Nanoparticles have different roles in
fish medicine, and they act as antimicrobial agents, drug and
vaccine carriers, and in the diagnosis of fish pathogens.

Antimicrobial

Some nanomaterials have been reported to have high antimi-
crobial activity against viral, fungal, bacterial, and protozoa
infections in aquatic animals (Swain et al. 2014). The most
used antimicrobial nano-materials are the metal and metal
oxides: silver (Ag), gold (Au), zinc oxide (ZnO), copper
(Cu), and titanium oxide (TiO,).

Silver nanoparticles Nano-Ag is the most reported nano-
antibacterial agent. Treatment of juvenile shrimp
Feneropenaeus indicus infected by Vibrio harveyi
(V. harveyi) with 10 pg/kg diet nano-Ag for 5 days revealed
a decrease in mortality by 71% (Vaseeharan et al. 2010). Also,
nano-Ag proved to have in vitro antimicrobial effect in 24 h,
against Lactococcus garvieae and Streptococcus iniae isolat-
ed from diseased rainbow trout, the minimum inhibitory nano-
Ag concentrations were 1.12-5.0 and 1.12-2.5 pg/ml for
L. garvieae and S. iniae, respectively (Raissy and Ansari
2011). Moreover, 10 ng/ml of nano-Ag showed in vitro and
in vivo anti-parasitic effect against Ichthyophthirius multifiliis
infection in rainbow trout (Oncoryhnchus mykiss). It caused
50% mortality of 1. multifiliis theronts in half an hour, and
100% mortality in 2 h (Saleh et al. 2017). Furthermore,
Ochoa-Meza et al. (2019) reported that only one dose of
nano-Ag (12 ng/ml for 4 days) was capable to enhance the
immunity of shrimp (Penaeus vannamei) against the white

spot syndrome virus disease without the appearance of any
toxic effects within healthy shrimps.

Although the application of nano-Ag may have some toxic
effects, the biological synthetized nano-Ag showed better re-
sults in fish medicine and without physiological changes or
toxic effects. For example, nano-Ag synthesized by the natural
extract of the tea plant Camellia sinensis (Vaseeharan et al.
2010) or by Bacillus subtilis (B. subtilis) bacteria
(Sivaramasamy et al. 2016). Also, the immersion of goldfish
(C. auratus) in a bath contained 10 ng of nano-Ag encapsu-
lated with starch for 20 min revealed anti-parasitic and anti-
fungal effects against white spot and red spot diseases, respec-
tively, without side effects (Daniel et al. 2016).
Nanocomposites of chitosan and Ag are another cheap and
effective nano-materials that prevent diseases in fish, the pos-
itively charged chitosan can adhere the negatively charged
bacterial cells, while Ag nanoparticles make pores on their
wall, causing rapid alteration of membranes and cell death.
Also, composite of nano-Ag and chitosan had no toxic effects
on both zebrafish and rock bream fish (Dananjaya et al. 2016;
Lopez-Carballo et al. 2012). Recently, Fatima et al. (2019)
reported that nano-Ag particles that biologically synthesized
by using Red algae (Portieria hornemannii) have a high anti-
bacterial effect against four strains of fish pathogens
(V. harveyi, V. anguillarum, V. vulnificus, and
V. parahaemolyticus).

Gold nanoparticles Nano-Au may alter the biological func-
tions of the microbial cells after interact with proteins and
lipopolysaccharides (Sumbayev et al. 2013). Biological prep-
aration of nano-Au by using cashew nut shell liquid showed
an antibacterial effect against A. bestiarum, and P. fluorescens
in vitro (Velmurugan et al. 2014). Also, oral administration
with 0.2, 2, and 20 pg nano Au/g diet in shrimp (Litopenaeus
vannamei) for 6 days revealed upregulation in immune genes,
the high survival rate after bacterial challenged with
V. parahaemolyticus, and no hepato-pancreas toxicity was
recorded at a dose of 2 pg/g (Tello-Olea et al. 2019).

Zinc oxide nanoparticles Nano-ZnO has both antibacterial and
antifungal effects. Previous studies have reported the antibac-
terial role of nano-ZnO in fish culture against many bacterial
species; V. harveyi, A. hydrophila, F. branchiophilum,
E. tarda, S. aureus, and P. aeruginosa (Gunalan et al. 2012;
Ramamoorthy et al. 2013; Swain et al. 2014). Also, nano-ZnO
had an antifungal effect against Aphanomyces invadans, the
main cause of red spot disease in fish at 3.15 pg/ml for 24 h
(Shaalan et al. 2017).

Titanium dioxide nanoparticles Nano-TiO, are effective
photo-catalyst nanoparticles that have the ability to kill many
microorganisms. They have an antibacterial effect against
E. tarda, S. iniae, and Photobacterium damselae infections
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in fish after activation by light (Cheng et al. 2009; Cheng et al.
2011). Also, fish pathogens can actively bind to a composite
composed of nano-TiO, and magnetic nano-Fe3O,, then ex-
tracted from water by using a regular magnet (Cheng et al.
2009). Moreover, they have an antibacterial role against
E. coli (Alhadrami and Al-Hazmi 2017).

Copper nanoparticles Nano-Cu has been proved to have
in vitro antifungal effect against Saprolegnia sp., isolated
from eggs of the Caspian white fish (Rutilus kutum), as an
alternative to the toxic and carcinogenic malachite green.
This antifungal effect depended on nano-Cu concentration
and duration of exposure, and the minimum effective concen-
tration was 10 ppm for 3 days (Kalatehjari et al. 2015).

Mechanism of action Metal nanoparticles have multiple mech-
anisms to do their antimicrobial role and to avoid the possible
bacterial resistance (Knetsch and Koole 2011; Lara et al.
2010; Prakash et al. 2013). Most of these mechanisms are
achieved after releasing metal ions (Fig. 1), such as the pro-
duction of reactive oxygen species that stimulate the activity
of antioxidant enzymes (Matsumura et al. 2003). Interaction
with DNA (phosphorus-containing structures), which pre-
vents its replication and inhibits bacterial cell division (Rai
et al. 2009). Interaction with the thiol group (an
organosulphur compound R-SH) that is included in many

enzymes and the protein of the cell wall, causing inactivation
of them (Lara et al. 2010). Destabilize and disrupt the protein
of the bacterial outer cell membrane, breakdown its potential,
and minimize the intracellular ATP concentration (Lok et al.
2006). Also, the membrane damage causes leaking of cyto-
plasmic contents (Liu et al. 2009b). Penetrate the thick wall of
bacterial cells, aggregate inside it, and disrupt the cell function
(Mohamed et al. 2017).

Furthermore, other non-metallic nanoparticles can be used
as antibacterial in fish, for example, chitosan nanoparticles (5
pg/ml) had effective immune-modulatory characteristics, and
caused a strong antibacterial effect against A. hydrophila in-
fection in zebrafish larvae (Nikapitiya et al. 2018). Also, feed-
ing O. niloticus with chitosan nanoparticles (1.0 g/kg fish diet)
for 21 days before bacterial challenge with A. sobria,
A. hydrophila, and S. agalactiae, increased survivability of
the infected fish (Abdel-Razek 2019).

Nanoparticles as drug and hormone delivery vehicles

Nanoparticles can easily pass through biological barriers like
the blood-brain barrier due to their small sizes. They also
possess high reactivity due to their high surface area (De
Jong and Borm 2008; Lockman et al. 2002; Wang et al.
2011). Nanoparticles of chitosan and PLGA are the most used
nanoparticles for drug delivery in fish medicine.
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Fig. 1 Mechanisms of action of silver nanoparticles for antimicrobial effect (Roy et al. 2019)
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Chitosan nanoparticles Chitosan is a non-toxic, easily ex-
creted, and biodegradable polymer (De Jong &Borm
2008). It achieves slow and sustainable drug release because
of'its muco-adhesive properties (Costa et al. 2015). Vitamin
C was conjugated with nano-chitosan to ensure its delivery
to rainbow trout (O. mykiss), and the results indicated its
continuous release up for 2 days after oral administration,
also an immune system stimulation was reported (Alishahi
et al. 2011). Moreover, there was an increase in the egg
fertilization rates after injection of C. carpio fish with lu-
teinizing hormone (only one dose) conjugated with nano-
chitosan, and this was explained by the sustained release of
a hormone (Rather et al. 2013).

PLGA (poly lactic-glycolic acid) nanoparticles PLGA is a co-
polymer composed of poly lactic acid and poly glycolic acid.
It was approved as biodegradable and non-toxic material by
the Food and Drug Administration (Li et al. 2009; Makadia
and Siegel 2011). Injection of zebrafish embryos with PLGA
nanoparticles loaded with an anti-mycobacterial agent
(rifampicin) showed an increase in the therapeutic effect
against Mycobacterium marinum infection. Also, there was
an increase in the embryo survival rate compared to injection
with rifampicin alone (Fenaroli et al. 2014).

Vaccination

Production of effective vaccines and delivery systems to con-
trol infectious diseases is an important goal to sustain fish
culture. Generally, there are three routes of vaccination in fish:
injection, immersion, and oral. The oral encapsulation vaccine
is the most recommended because it prevents the escaping of
antigens from the food pellets and protecting the antigen
against the acidic stomach; also it reduces fish stress and is
suitable for mass immunization (Vinay et al. 2018).
Application of polymeric nanoparticles in fish cultures as ad-
juvants or vaccine releasing vehicles have many advantages
(Myhr and Myskja 2011; Soliman et al. 2019; Vinay et al.
2018; Zhao et al. 2014): act as efficient adjuvants instead of
carcinogenic chemical ones, grasped by endocytosis that en-
sures its cellular uptake, perform vaccine stability against en-
zyme degradation, increase bioavailability and residence time,
maintaining the immunogenicity and sustainable release of
vaccine. Many degradable and safe polymeric nanoparticles
are used in fish vaccine delivery, chitosan and PLGA are again
the most appropriate of them, and they either carry dead vac-
cine (inactivated antigen or recombinant DNA) or live vaccine
(attenuated, gene or DNA). An inactivated nano-vaccine
against Flavobacterium columnare, that infected red tilapia,
was prepared from formalin-killed bacteria by sonication and
homogenization before coated with muco-adhesive chitosan
to ensure the delivery and binding of nano-vaccine to fish
mucosal membrane. Vaccination was carried by immersion

in 1 ml/l of nano-vaccine emulsion for 30 min before bacterial
challenged. The vaccinated fish showed more than 60% sur-
vivability compared to 100% mortality in non-vaccinated ones
(Kitiyodom et al. 2019). Also, oral administration of Atlantic
salmon (Salmo salar) with nano-chitosan overloaded with
inactivated infectious salmon anemia virus (ISAV) showed a
77% protection rate against the virus infection (Rivas-Aravena
et al. 2015). Moreover, oral administration of nano-chitosan
encapsulated DNA or overloaded with either DNA or recom-
binant DNA vaccine positively stimulated the immune re-
sponse against some fish pathogens, for example, the
European sea bass (Dicentrarchus labrax) against nodavirus
(Valero et al. 2016), Asian sea bass (Lates calcarifer) against
V. anguillarum (Kumar et al. 2008), black seabream
(Acanthopagrus schlegelii) against V. parahemolyticus (Li
et al. 2013), and Shrimp (P. monodon) against the white spot
syndrome virus (Rajeshkumar et al. 2009). In the same man-
ner, nano-PLGA was used in oral DNA vaccines of Japanese
flounder (Paralichthys olivaceus) against lymphocytic disease
virus (Tian et al. 2008) and of rainbow trout (O. mykiss)
against infectious hematopoietic necrosis virus (Adomako
et al. 2012). Accordingly, the application of nanotechnology
in the vaccination of fish plays an important role in limiting
and/or stopping the use of toxic and carcinogenic chemical
adjuvants, besides using oral vaccination or immersion ones
are more preferable than injection to avoid stress (Rivas-
Aravena et al. 2015).

Diagnosis and nano-sensors

Rapid diagnosis and control of different pathogens are very
important in fish cultures to avoid economic losses and to
sustain high fish productivity. Nanotechnology can be applied
in the rapid, specific, and sensitive diagnosis of low concen-
trations of pathogens including viruses, bacteria, and different
parasites. Nano-Au is the most widely used nano-material in
pathogen diagnosis. Saleh et al. (2011) coated nano-Au with
specific antibodies of A. salmonicida and could detect the
presence of bacterial infection in fish tissues in about 45
min. It is worth to mention that, the antibodies that coated
nano-Au were stable at 4 °C for about 60 days. Also, Saleh
et al. (2012) developed a highly specific and rapid
colorimetric assay, by using the virus probe and Au
nanoparticles, to detect the spring viremia virus of carp
without amplification of the viral nucleic acids. In the same
way, Elsheshtawy et al. (2019) developed a rapid and sensi-
tive assay to detect A. hydrophila infection in fish, and this
assay can detect the bacterial DNA without prior PCR ampli-
fication. They conjugated a specific oligonucleotide probe,
which is based on a certainly known gene of A. hydrophila,
with Au nanoparticles. This assay was visually detected
A. hydrophila in only half an hour and gave negative results
with other bacterial strains.

@ Springer



7676

Environ Sci Pollut Res (2021) 28:7669-7690

Nano-sensors are nano-devices, based in their structures on
different nano-materials, such as carbon nanotubes, nano-Ag,
and nano-Au, and they have been applied as labels in the
biological assays. Nano-biosensors are portable, highly sensi-
tive, and specific on-site tools for fish pathogens diagnosis
(Amaro et al. 2012; Chunglok et al. 2011). Gold nanoparticles
are the most used because of their numerous characteristics
like high surface area, high surface immobilization, and easy
detection through various analytical techniques and so im-
prove the signal response and the DNA biosensors sensitivity
(Cui et al. 2012; Jain 2003; Lima et al. 2013). Kuan et al.
(2013) investigated the fungal (A. invadans) infection of fish
by using nano-Au-based DNA biosensors, in which the
electro-chemical genosensor was coated by nano-Au.
Similarly, yellow head virus in shrimp (Jaroenram et al.
2012) and white spot syndrome virus in shrimp (Seetang-
Nun et al. 2013) were detected.

Indirect applications of nanotechnology in fish cultures
Actually poor water quality in fish cultures leads to many
fish disorders that finally negatively affect the fish culture
productivity. Fish cultures are suffering from several types
of pollutants including the ordinary pollutants found in the
natural water and wastewater (heavy metals, pesticides, am-
monia, and phosphate), the specific pollutants of the culture
(food residues, excretory products, and feces), the chemical
disinfectants (hydrogen peroxide and malachite green), an-
tibiotics residues (tetracycline and sulfonamides), and an-
thelmintic (Julio et al. 2018; Khosravi-Katuli et al. 2017).
The ordinary and conventional used way to improve the
water quality was to renew the water and continuously
changed it, which is hardly achieved in respect to the present
water shortage. Nanotechnology can be applied in fish cul-
tures to detect and remove various toxic pollutants and re-
fine the water to sustain the imperative good water quality
for healthy fish (Gehrke et al. 2015). Various nanoparticles
can be applied to remediate chemical and biological pollut-
ants, whether inside the fish cultures or in the treatment of
its effluents to sustain the safe environment around it.
Nanoparticles may be used individually or incorporated in
filter membranes (Pradeep 2009).

Remediation of chemical contaminants

Due to the unique properties of nano-materials, their large
surface area, and the presence of more sorption sites, they
have an excellent capacity of immobilizing and adsorbing
metals, which allowed to use in the remediation of contami-
nated water and sediments. Many nanomaterials have been
applied to remediate heavy metals such as metal oxide nano-
particles, nano zero-valent iron, carbon nanotubes, and natural
adsorbents (Cai et al. 2019).
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Metal oxide nanoparticles (MON) They include nanoparticles
of Fe,03, Al,O5, MnO, MgO, and TiO,, which have high
adsorption affinity for different heavy metals from an aqueous
environment. Also, MON is used as a catalyst for degrading
various non-degradable pesticides as polychlorinated biphe-
nyls (PCBs) and organochlorine pesticides (Zhang et al.
1998). Nano-TiO, is the most used photo-catalyst
nanomaterial in water and wastewater treatments, and it has
low toxicity, low cost, high chemical stability, and raw mate-
rial abundance. A previous study which compared the toxic
effects of TiO,, Cu, Al, Co, Ni, and Ag on some aquatic
organisms revealed that TiO, was the only one that had no
toxic effects (Griffitt et al. 2008), while photo-catalysis is an
oxidation process that enhanced the bio-degradability of most
persistent toxic pollutants (Tayel et al. 2019). Moreover, TiO,
has high adsorption capacity and precipitates in the sediment
causing changes in the mobility, accumulation as well as de-
crease the toxicity of many pollutants (Li et al. 2018b; Luo
et al. 2018).

Nano zero-valent iron (n ZVI) It is consisting of metallic iron
(electron donor core) and iron oxide layer (electron acceptor
shell) that permits the metal adsorption (Yirsaw et al. 2016).
Nano-ZVI actively decreased the availability and mobility of
various heavy metals and so decreased their toxic effects in the
surrounding environment as in the case of Pb and Zn (Fajardo
etal. 2012), Cr (Su et al. 2016) and Cu, Pb, Cd, and Cr (Chen
et al. 2016).

Carbon nano-tubes They are composed of nano-graphene
sheets that are rolled up like a tube, and they represent prom-
ising materials for removing and adsorption different organic
and inorganic contaminants (especially heavy metals) (Dai
2002; Gong et al. 2009). The adsorption mechanism depends
on the surface area, functional groups, adsorption sites, poros-
ity, and purity of the carbon nano-tubes (Ren et al. 2011). The
mechanisms of metal absorption include many chemical and
physical operations such as electrostatic attraction, precipita-
tion, physical adsorption, and chemical interaction between
the metal and the functional groups of carbon nano-tubes (Li
et al. 2003; Ren et al. 2011).

Magnetic engineered NPs Application of nano-materials to
purify water and wastewater may have dangerous effects on
the living organisms. Accordingly, removing nano-materials
from the ponds after doing its remediation effect represents an
imperative goal, and this can be achieved by producing mag-
netic engineered nanoparticles that are composed of magnetic
core covered by actively adsorbent materiel like alumina and
TiO, (Chiavola et al. 2017). A nano-compound of Fe and
manganese oxide represented an effective sorbent material
for the removal of some metals like arsenic from the water
of fish cultures (Bhattacharyya et al. 2015).
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Natural adsorbents Clays such as bentonite, kaolinite, and
montmorillonite have a high ability to remove heavy metals,
some studies combined clays and chitosan nanoparticles in a
composite to increase its affinity for adsorption of heavy
metals (Futalan et al. 2011; Pandey and Mishra 2011). Also,
chitosan-magnetite nano-composites were used for heavy
metal removal from an aqueous solution (Fan et al. 2017;
Namdeo and Bajpai 2008). Zeolite is another natural micro-
porous crystalline hydrated aluminosilicate stone, which has
unique adsorption—desorption properties. It has various appli-
cations in fish culture, the most important of them is its ability
to remove ammonia and heavy metal contaminants from the
water (Ghasemi et al. 2018). Some nano metals, like nano-Ag,
can be attracted to zeolite pores and reacted in a synergetic
effect on reducing ammonia and nitrate concentrations in fish
farms (Johari et al. 2016). Also, some nano-materials of acti-
vated carbon or alumina can be combined with zeolite and Fe
to be used in aquaculture for removing ammonia, nitrates, and
nitrites. Moreover, the nano-Fe powder was used as an effec-
tive nanoparticle in converting some chemical pollutants like
carbon tetrachloride, polychlorinated biphenyls, and dioxins
to simpler and less toxic carbon compounds (Rather et al.
2011). Apatite is a phosphate mineral, nano-composites that
contain apatite mineral—whether natural or synthetic—and
can decrease the mobility and bioavailability of various metals
in water and sediment (Mohammad et al. 2017; Qian et al.
2009). Recently, Abdou et al. (2018) have proved that adding
nano-Ag to some agriculture by-products (rice husk and saw-
dust) improved their absorbance efficiency. The study was
performed on private fish culture and the results revealed that
the use of nano-Ag composites with natural adsorbents im-
proved water quality parameters (pH, alkalinity, electrical
conductivity, nitrite, nitrate, ammonia, and total hardness)
and removed heavy metal (Pb and Cd) from pond's water.

Remediation of biological contaminants

Sterilization and disinfection of water The proliferation of
water pathogens in fish cultures is one of the known problems
due to the accumulation of food residues and the presence of a
huge number of organisms. These pathogens include viruses,
fungi, bacteria, and protozoa, and propagate to cause many
fish infectious diseases. Ordinary conventional chemicals that
are used as anti-pathogens may result in many risks on the
pathogen resistance, users’ health, aquatic animals, and the
environment (Twiddy et al. 1995). Applications of nanotech-
nology in water sterilization and disinfection can be consid-
ered as a promising solution to those problems (Tayel et al.
2019). Application of 0.1 g/l nano-TiO, for 2 h could achieve
about 98% sterilization on A. hydrophila, V. anguillarum, and
E. coli in UV or sunlight (Huang et al. 2010). Other nano-
materials such as Ag, ZnO, and a composite of nano-
montmorillonite and Cu showed bactericidal effects (Liu

et al. 2009a; Miihling et al. 2009; Pati et al. 2014). Using
nano-Ag coated zeolite, as a water filter, reduced
Saprolegnia infection in the fertilized eggs of rainbow trout,
while adding of activated carbon increase the egg survival rate
more than nano-Ag coated filters (Johari et al. 2016). The
sterilization efficiency is depended on the pollutant type and
its concentration, nano-material concentration, temperature,
dissolved oxygen, pH, and light intensity (Chong et al.
2010). Recently, Hamad (2019) used chitosan-Ag nanoparti-
cles (2 g/l) for 3 h to improve water quality collected from El-
Gharbia drain to be suitable for fish farming or irrigation. He
showed that the total count of P. aeruginosa, coliform, fecal
streptococci, fecal coliform, and S. aureus was decreased from
5% 10°, 198 x 10°, 4 x 10°, 84 x 10°, and 16 x 10’ to zero
CFU/ml, respectively.

Bio-fouling control Bio-fouling is another challenge faced by
fish cultures. It is the accumulation of microorganisms, algae,
and plants on wet surfaces. Bio-fouling resulted in a reduction
in water flow, oxygen level, and food availability, while it
causes weight increase, corrosion, and distortion of maricul-
ture cages (Champ 2003). Application of some nanomaterials
(nano-ZnO and nano-CuO) in fish cultures can participate in
getting rid of fouling organisms. Antifouling nanoparticles
serve as barriers to fouling constituents due to their unique
high surface area (Rather et al. 2011). A significant reduction
in bio-fouling after application of nano-CuO for 3 months was
reported by Ashraf and Edwin (2016). Lanthanides (La) ox-
ides nanoparticles are another anti-fouling, and they can ab-
sorb phosphate from the surrounding water and hence reduce
algal and other microorganisms growth (Ashraf et al. 2011;
Gerber et al. 2012). NanoCheck is one of the commercial
products that deal with the management of fish cultures; it is
based on 40 nm nano La in its structure that can absorb phos-
phate from the water and consequently reduce algal formation
(Ashraf et al. 2011). Also, nano-Ag has the ability to control
bio-fouling through its antibacterial effect (Hassan and El-latif
2018; Vijayan et al. 2014).

Fish packaging

Finally, nanotechnology can also have a role in fish pack-
aging and marketing by delaying microbial and enzymatic
spoilage to extend the product shelf-life. Several studies
have reported that the incorporation of nano-materials in
the packaging of biodegradable food has many advantages:
they act as antimicrobial and antifungal agents, eliminate
oxygen, prevent biological degradation, and immobilize en-
zymes to increase the stability of the final products (Jiang
et al. 2015; Kuswandi 2017; Rhim et al. 2013). Also, some
nano-composites that are obtained from natural biopoly-
mers like proteins, lipids, or polysaccharides are accepted
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as healthy packaging materials instead of toxic petro-
chemical based plastics (Can et al. 2011).

Challenges of nanotechnology applications
in fish culture

Many advantages can be achieved, as mentioned before, by
introducing nano-materials in fish cultures, whether as a feed
supplement, antimicrobial, drug, vaccine, or in water treat-
ment and remediation of different pollutants. The most com-
mon nanoparticles used in fish cultures and their advantages
were tabulated in Table 1. However, the application of nano-
technology in fish cultures is faced with many challenges
(Gregory et al. 2013; Mishra et al. 2019), that can be summa-
rized in the following aspects:

Toxicity

Nano-material toxicity is returned to its high reactivity and
new physical and chemical properties which increased the
production of reactive oxygen species. Nanoparticles easily
penetrate cell membranes due to their unique small size and
react with the intracellular organelles causing many dysfunc-
tions (Kumar et al. 2017). Generally, comparing the physio-
logical effects of metals and nano metals proved that nano
metals caused more toxic effects (Shaw and Handy 2011).
Some toxic doses of both nano metals and bulk forms and
their effects on various aquatic organisms are tabulated in
Table 2. It is worth to mention that metal nanoparticles are
the most toxic particles to living organisms than other nano-
particles. For example, exposure of Medaka fish (Oryzias
latipes) to nano-Se (3.2 mg/l) for only 2 days caused 100%
mortality, while exposure to sodium selenite caused only 10%
mortality at 2.0 mg/l and 80% mortality at 8.0 mg/l. Also,
Nano-Se revealed a 6-fold increase of accumulation in fish
liver than selenite (Li et al. 2008). Some nano-materials that
are used in water remediation, like nZVI, were reported to
cause toxicity to microorganisms, crustaceans, fish larvae,
and other aquatic and soil living organisms (Stefaniuk et al.
2016). Also, Li et al. (2018b) have reported that the co-
exposure of zebrafish to nanoparticles of TiO, and
cypermethrin insecticide caused an increase in the accumula-
tion of cypermethrin, and consequently its neurotoxic effects
on fish and decreased the locomotion of fish larvae. Similarly,
nano-TiO, increased the up-take, adsorption, and bio-
concentration of an organophosphate compound inside tissues
of adults of zebrafish that causing reduction in reproductive
hormones as testosterone, estradiol, follicle-stimulating hor-
mone, and luteinizing hormone, and so inhibited the reproduc-
tion process (Ren et al. 2018). This may point to the possible
risk of interaction between newly introduced nano-materials
and the presence of organic toxicants in the external
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environment. Furthermore, some literature reported the toxic
effect of nano TiO,-NPs injection (2 ng/g and 10 pg/g fish) of
fathead minnow fish (Pimephales promelas), and it inhibited
the fish immune system and increased its mortality rate during
the bacterial challenge by A. hydrophila and Edwardsiella
ictaluri (Jovanovi¢ et al. 2011; Jovanovic et al. 2015). Other
toxic effects of different nanoparticles on various fish species
are tabulated in Table 3.

Mechanisms of nano-metal uptake and cytotoxicity The up-
take of nano-metals is affected mainly by the specific proper-
ties of each nano-metal. Diffusion, phagocytosis, and endocy-
tosis are the main known strategies to enter the cell. Inside the
cell, metal ions are aggregated, induce antioxidants and cyto-
kines, bind to DNA causing its damage, mitochondria dys-
function, impair cell proliferative, and finally cause cell death
(Aruoja et al. 2009).

Green nanotechnology

The recent fast-growing research dealing with the green syn-
thesis of metal nanoparticles (green nanotechnology) may act
as a solution to toxicity problems of metal nanoparticles and
can minimize their adverse effects on living organisms. It
involves using natural sources, which are not toxic, biode-
gradable, and biocompatible materials such as plant extracts,
bacteria, fungi, cellulose, dextran, chitosan, or tree gums
(Akter et al. 2018; Cinelli et al. 2015; Iravani 2011; Vinod
et al. 2011). Green synthesis of metal nanoparticles is a very
cost-effective approach since it can be used as an ecofriendly,
economic, and valuable alternative for the traditional chemical
and physical synthesis. It was the first time in 2002 when Ag
and Au-nanoparticles were biologically synthesized inside al-
falfa plants. Actually, the alfalfa plant was grown in soil
enriched with AuCl, and the complete follow up of the metal
uptake and nanoparticle formation was shown by the X-ray
absorption spectroscopy and transmission electron microsco-
py (Gardea-Torresdey et al. 2002; Gardea-Torresdey et al.
2003). Later on, Kumar et al. (2014) biosynthesized Ag nano-
particles by using the plant extract of Boerhaavia diffusa, as a
reducing agent, and they reported its antibacterial effect
against some fish bacterial strains: P. fluorescens, A.
hydrophila, and F. branchiophilum. Furthermore, Ishwarya
et al. (2018) biosynthesized nanoparticles of ZnO by using
the marine seaweed Sargassum wightii and studied its effect
on the green tiger shrimp (P. semisulcatus); they reported a
high anti-biofilm activity against both Gram-positive
(B. subtilis, S. aureus) and Gram-negative bacteria (Shigella
sonnei, P. aeruginosa). Recently, a fermentation technology
to produce nano-Se from lactic acid bacteria was achieved and
evaluated as a fish feed supplement. Dietary supplementation
of O. niloticus on bio-synthesized nano-Se at a concentration
of 1-2 mg/Kg diet for 8 weeks, caused an increase in growth,
antioxidant activities, total protein, lysozyme, phagocytic
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Table 1 Main uses of the most

common nano-materials in fish Nano-material

Main uses

References

cultures
Ag

Chitosan

CuO
Fe

La

PLGA

Se

TiO,

Zn

Antibacterial activity, water
treatment.

Anti-parasitic.
Antifungal.

Anti-fouling.
Diagnosis and nano-sensors.

Anti-microsporidia.

Antibacterial.

Carrier of vitamins and nutrient
ingredients.

Vaccine delivery.

Immuno-stimulant.

Antibacterial and antifouling.

Remediation of biological
pollutants.

Remediation of chemical
pollutants.

Improve growth and
physiological functions.
Anti-fouling.

Drug carrier.
Vaccine delivery.
Growth promoter.
Immuno-stimulant.

Increase antioxidant activity.

Antimicrobial, used in water
sterilization.

Improved growth, antioxidant
activities and fish immune
response.

Antibacterial.
Antifungal.

Miihling et al. (2009), Hamad (2019).

Saleh et al. (2017), Abu-Elala et al. (2018b).
Johari et al. (2016).

Vijayan et al. (2014).

Jain (2003), Saleh et al. (2011), Saleh et al. (2012), Cui
et al. (2012), Kuan et al. (2013), Elsheshtawy et al.
(2019).

Saleh et al. (2016).

Sumbayev et al. (2013), Velmurugan et al. (2014),
Tello-Olea et al. (2019)

Rather et al. (2013), Alishahi et al. (2014),
Jiménez-Fernandez et al. (2014), Ji et al. (2015),
Khosravi-Katuli et al. (2017).

Rivas-Aravena et al. (2015), Kitiyodom et al. (2019).
Alishahi et al. (2011), Abdel-Tawwab et al. (2019).
Buffet et al. (2011), Ashraf andEdwin (2016).

Chen et al. (2011).

Fajardo et al. (2012), Chen et al. (2016), Su et al.
(2016).

Srinivasan et al. (2016), Akbary andJahanbakhshi
(2019).

Ashraf et al. (2011), Rather et al. (2011), Gerber et al.
(2012).

Fenaroli et al. (2014), Joshi et al. (2019).
Tian et al. (2008), Adomako et al. (2012).

Deng andChen (2003), Wang et al. (2013), Khan et al.
(2016).

Dawood et al. (2019a).
Wang et al. (2013), Ashouri et al. (2015).

Zhao et al. (2000), Jimmy et al. (2002), Huang et al.
(2010)

Faiz et al. (2015), Khosravi-Katuli et al. (2017), Tawfik
et al. (2017), Awad et al. (2019).

Ramamoorthy et al. (2013), Swain et al. (2014).
Shaalan et al. (2017).

activities, and upregulated IL 1-beta gene expression
(Dawood et al. 2019b).

Although using plant extracts and microorganisms repre-
sent the most effective biosynthesis approach of nanoparticles
(Poguberovi¢ et al. 2016; Shaik et al. 2013), other natural
sources can be used to produce nanoparticles. Fish gelatin
nanoparticles can be produced from tilapia skin and act as a
drug carrier (Subara et al. 2018). Also, hemocyanin can be
extracted from shrimp hemolymph to produce ZnO nanopar-
ticles (Ishwarya et al. 2019). Moreover, some rare studies
were dealing with the nanoparticles of some raw natural
plants. Adding cinnamon nanoparticles to O. niloticus diet

(3.0 g/Kg) enhanced the growth through activation of diges-
tion enzymes and nutrient digestibility. Furthermore, nanopar-
ticles of cinnamon enhanced fish immunity against
A. hydrophila infection and activated some antioxidant en-
zymes: catalase, superoxide dismutase, and malondialdehyde
(Abdel-Tawwab et al. 2018). They also stated that the nano
form of cinnamon was more efficient than the bulk form stud-
ied formerly by Ahmad et al. (2011). In the same way, feeding
C. carpio on nanoparticles of ginger (1 g/kg fish diet) for 30
days increased growth, protein, albumin, and lysozyme activ-
ity (Korni and Khalil 2017). The more effectiveness of nano
cinnamon and ginger are returned to the unique properties of
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Table2 Comparison between toxic doses of some nano and bulk forms of metals on aquatic organisms
Metal Toxic dose Toxic dose of bulk form Organism Reference Remarks
of nano-form
ZnO 72 h EC50 =0.04 mg/l 72 h ECs( = 0.04 mg/l Micoalgea Aruoja et al. Nano forms of TiO, and CuO
TiO, 72hECso=583mgl 72hEC50=35.9 mg/l Pseudokirchneriella (2009) were more toxic than bulk forms.
CuO0 72hECs=071mgl 72hECS0=11.55mg) Subeapitaia
CuO 96 hLCso=150mg/l 96 h LCso = 2205 mg/l O. niloticus Abdel-Khalek Nano form of CuO is more toxic than bulk

Zn  96hLCso=180mgl 96 hLCs,= 1360 mg/l

et al. (2016a) CuO, caused more hematological

and histopathological alterations

Abdel-Khalek
ctal. (2016b)

Nano-Zn is more toxic, can penetrate inside
different organs more than
bulk form and caused more deformities and
hematological changes

Cu 96 h LCs9 =0.68 mg/l 96 h LC50 of Cu (NO3),  Rainbow trout Song et al. Cu(NOs), had higher toxicity than nano-Cu
=0.24 mg/l (2015)
96 h LCs9 =028 mg/l 96 h LC50 of Cu (NOs),  Fathead minnow
=0.07 mg/l
96 h LCso=0.22mg/l. 96 h LC50 of Cu (NOs),  Zebrafish
=0.04 mg/1
Cu 48 h LCso of Cu=0.71 48 h LCs Zebrafish Shaw andHandy =~ Nano-Cu was more toxic than soluble
mg/l of Cu=1.78 mg/l (2011) form of Cu
Se 48 h LCso0f Se=1.0 48 h LCsy of Na selenite ~ Medaka fish Li et al. (2008) Nano-Se was more toxic than Na selenite
mg/l =4.7 mg/l (O. latipes)

ECs = effective Concentration, i.e., the lowest conc. That produced —ve effects on growth and reproduction

LCso = concentration that caused 50% mortality of organisms in a certain time

the nanoparticles, they can remain in the blood for a long
period that facilitate their good bioavailability. Nanoparticles
of another natural product, clove oil, were evaluated as a
cheap, safe, and effective anesthetic, and it was reported that
nanoparticles of clove oil have an antibacterial effect against
S. agalactiae and F. columnare infection in fish farms
(Yostawonkul et al. 2019).

Environmental risk

Many environmental risks can be occurred due to the wide
application of nanoparticles in various fields. Unfortunately,
the aquatic environment is the main recipient of any intro-
duced materials, including nanoparticles. In water, many
chemical, physical, and/or biological transformations of NPs
can take place through aggregation, adsorption, dissolution,
and redox reactions. So, NPs are ultimately transformed to
produce more or less different materials with new features
and reactivity (Odzak et al. 2017; Yin et al. 2015). Such
new materials interact with the biological system, organic
and inorganic constituents in the surrounding environment,
and negatively affect the non-targeted living organisms.
They caused cytotoxicity, dysfunction of many cell organelles
(cell membrane, mitochondria, and ribosomes), DNA dam-
age, and hereditary toxicity that mean the possibility of trans-
fer of toxic effects during the different fetal developmental
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stages and magnifying their toxic effect (Fig. 2) (Zhang
et al. 2018). Many researchers have denoted the toxic effects
after application of nano-materials, on non-targeted organ-
isms. Wang et al. (2016) have stated that the application of
carbon nano-tubes caused secondary pollution and enhanced
the toxic effect of cadmium on Daphnia magna. Also, the
negative impacts of MON on various phytoplanktons, zoo-
planktons, and early developmental stages of fish have been
reported (Aruoja et al. 2009; Regier et al. 2015).
Bhuvaneshwari et al. (2015) revealed a decrease in cell via-
bility and increase in ROS production in algae (Scenedesmus
obliquus) after exposure to nano-ZnO under light conditions,
which may be attributed to the more release of Zn ion in the
presence of light than dark conditions. Recently, Borase et al.
(2019) have reported that exposure to sublethal doses (1.4 and
2.9 mg/l) of Au nanoparticles had some toxic effects on Moina
macrocopa crustacean as a non-target organism, they reduced
acetylcholinesterase, trypsin, and amylase activities, increased
oxidative activity and affect its swimming activity. Due to the
uniquely small size properties and high reactivity of nanopar-
ticles, they are agglomerated in the aquatic environment, los-
ing their nanoscale properties, and reacted with various organ-
ic and inorganic constituents (Gehrke et al. 2015; Zhang et al.
2018). Also, nano-materials may be coated and reacted with
some organic substances such as humic acid and fulvic acid
that changed their physicochemical properties, behavior, and
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Table 3  Some negative effects of nano-materials on different fish species

Nanomaterial (dose)

Fish species

Negative effect

Reference

Ag

Fe

TiO,

ZnO

0.01, 0.1, and 1 mg/mL

10, 100 pg/l
(15 days)

10, 100 pg/l
(15 days)

25, 50, 75 mg/l
(2 weeks)

(100 mg/kg)

(7 days)

(0.032-100 mg/l)

Chitosan-Ag and Cu
composites
Chitosan NPs (200 nm)

CuO (48 h)

Fullerene Cg
(5, 10 mg/l)
(4 days)

Fe,03 (4 days)

Fe,05 (= 10 mg/L)
(7 days)
ZVI (Fe) (14 days)

Fe 05 (500 mg/l)
(25 days)

TiO,
(0.1, 1, and 10 mg/mL)
TiO, (1-10 mg/l)
(4 days)
TiO, (0.1-1.0 mg/l)
(2 weeks)

500, 2000 pg/l
(24 h)

500 mg/Kg food
(6 weeks)

1-25 mg/1 (4 days)

300-1000 mg/Kg food
(10 days)
1-10 mg/1 (2 weeks)

50 mg/l (30 days)

In vitro

C. gariepinus

L. rohita

O. mykiss

O. niloticus

Zebrafish

Danio rerio juveniles

Anabas testudineus

O. mossambicus

Zebrafish embryos

Larvae of Medaka
fish (O. latipes)

L. rohita

In vitro

Juvenile of
P. olivaceus
O. mykiss

Tilapia niloticus, T.
zilli
C. carpio

Mugilogobius chulae

O. mykiss

O. niloticus

Juveniles of
C. carpio

DNA damage (genotoxicity)
Histopathological changes

Cytotoxicity
DNA damage

Reduction in hematological parameters.

Increased antioxidant enzymes in gills,
liver, and muscle and histopathological
lesions.

Reduce chloride and potassium
concentrations in blood plasma.

Increase cortisol and cholinesterase levels.

Oxidative stress, DNA fragmentation and
histopathological changes

Death and malformation of embryos.

Histological damages, Cu accumulation in
gill.

Decreased antioxidant activities, increased
hydrogen peroxide and lipid
peroxidation levels in gonads, increased
the mucous deposition and reduced the
weights of gonads and gonado-somatic
index.

Significant changes in hematological
(RBC, WBC, Hb, HCT) and
biochemical parameters (SGOT,
SGPT).

Embryos mortality, hatching delay, and
malformation.

Lowered the dissolved oxygen level,
increased the production of ROS and
had toxic effects on medaka larvae.

Decreased hematological indices, white
blood cells count, and concentration of
Na, K and Ca in blood.

Genotoxicity

Oxidative stress and histopathological
alterations.

Alter Na-K ATPase activity, total gluta-
thione and mild oxidative stress. Some
histopathological changes in the gut.

Neurotoxicity, behavior changes

Negatively affect immune system and
protein pathways

Inhibited the embryo hatching, skeletal
deformities and histopathological
changes

Increased bioaccumulation of Zn in gills
and intestine, and disturbed biochemical
and oxidative parameters

Induced oxidative stress and accumulation
in different organs

Severe histopathological alterations,
intracellular oxidative stress.

Klingelfus et al. (2019)
Mahmoud et al. (2019)

Mekkawy et al. (2019)
Sayed (2016)

Rajkumar et al. (2016)

Johari et al. (2013)

Abu-Elala et al. (2018a)

Hu etal. (2011)
Griffitt et al. (2007)

Sumi and Chitra (2019)

Karthikeyeni et al. (2013)

Zhu et al. (2012)

Chen ct al. (2011)

Remya et al. (2015)

Klingelfus et al. (2019)
Huang et al. (2018)

Federici et al. (2007)

Afifi et al. (2016)
Chupani et al. (2017)

Li et al. (2018a)

Connolly et al. (2016)

Kaya et al. (2015)

Hao et al. (2013)
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Fig. 2 Toxicity of the environmental transformed metal nanoparticles (Zhang et al. 2018)

toxic effects to living organisms (Cai et al. 2019; Tang et al.
2014). Besides that, some nano-materials like apatite and
biochar-supported by Fe-phosphate contribute to increasing
phosphorus level in the surrounding water that inevitably
leading to eutrophication, which represents a serious problem
in fish cultures (Qiao et al. 2017).

High cost

Until this moment, it is expensive to introduce some applica-
tions of nanotechnology such as nano-filters, nano-mem-
branes, or nano-sensors in the fish culture because of its high
cost. Nevertheless, its applications in egg and hatchery ponds
and in case of valuable broad-stocks (Bhattacharyya et al.
2015).

Technical producing difficulties

It is difficult in producing nanoparticles with stable properties
and sustains their properties without changing, since they re-
aggregate, transformed, and react with various environmental
factors (Zhang et al. 2018). Furthermore, a lot of high-cost
techniques must be used for the characterization of nanopar-
ticles, and to identify their size, shape, and morphology (Patil
and Kim 2017). Table 4 summarized the instruments that can
be used in the characterizations of nanoparticles.

@ Springer

Lack of information

Despite the rapid progress in nanotechnology applications all
over the world in the last decade, there is scarce data about
their assimilation, distribution, accumulation through the food
chain, and excretion from living organisms (Tripathi et al.
2017). Also, most of the studies that deal with nanoparticles
and their effects on fish are restricted to in vitro and lab stud-
ies. I think it will be a great challenge to take the step of field
application without more knowledge and more research.

Environmental fate and residue
determination

Data about the uptake, absorption, distribution, metabolism,
and excretion of nano-materials is limited. It was stated that
the biological uptake of nanoparticles is performed through
endocytosis, diffusion across the cell membrane, or phagocy-
tosis, not via ion transporters like metal bulk form (Akter et al.
2018; Shaw and Handy 2011). Regarding the metabolism and
excretion of nanoparticles, the liver is the main organ respon-
sible for the excretion of nanoparticles in fish, since these
particles cannot pass through the glomeruli filtration. Nano-
metals deposit in the liver, but if they will stay as inert deposits
or be excreted through the bile is still unknown (Handy et al.
2008; Shaw and Handy 2011).
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Table 4 The instruments used in

characterization of nanoparticles Name of the instrument

Uses

and their uses
UV-vis

DLS Dynamic light scattering

ultraviolet-visible spectrophotometer

UV range (190 to 380)
and visible range (380 to 800)

Applied for checking nanoparticle formation. Light
wavelengths in between 300 and 800 are normally
applied for nanoparticles
(size range 2 to 100 nm).

Absorption peaks of Ag NPs (400-450).

Absorption peaks of Au NPs (500-550).

Quantify surface charges and size distribution
of nanoparticles suspended in a liquid.

SEM Scanning electron microscopy Determine shape and morphology of nanoparticles

TEM Transmission electron microscopy Size and shape distribution

EDX Energy dispersive X-ray spectroscopy The elemental composition

XRD X-ray powder diffraction Diffraction pattern identification and crystal structure
of the nanoparticles

FT-IR Fourier transform infrared spectroscopy ~ Investigate the functional groups

zp Zeta potential measurement Provides information about the surface charges

of nanoparticles, which affects their colloidal stability.

After using nano-materials in an application, their residues
in fish tissue should be identified and quantified to determine
their hazardous effect. The routine methods cannot be used for
the direct measurement of nanoparticles in fish tissues, while
other possible approaches may involve: chromatography,
electron microscopy, Atomic fluorescence spectrophotometer,
light scattering, auto-fluorescence techniques, and use of
radiolabelled metal nanoparticles (Bandyopadhyay et al.
2013; Li et al. 2008). Also, using ICP-MS (Inductively
coupled plasma mass spectrometry) to detect nano-metals in
different fish tissues was recommended (Ramsden et al.
2009). However, nano-metals do not behave the same way
as their bulk forms and the ordinary standard protocols for
metal determination, such as digestion with concentrated ni-
tric acid before the analysis, may not work for nano-metals. So
there is a need to modify such protocols (Shaw and Handy
2011).

Conclusion

From the above scenario, we can conclude that nanotechnology,
like many new technologies, represents a double-edged weapon.
The special unique characteristics of nanoparticles are the same
that causing both positive and negative effects. Applications of
nanotechnology in fish cultures have the ability to revolutionize
them and solve many aquaculture problems more efficiently than
conventional methods. They can participate in enhancing the fish
growth performance and productivity, control and diagnosis of
fish diseases, water purification and remediation of the pollutants,
and finally extend the shelf life time in fish packaging. At the
same time, applications of nanotechnology in fish cultures have
some challenges; the most serious of them is the possible toxicity
of nanoparticles, their hazardous effects on fish and the non-

targeted organisms, besides their environmental transformation.
However, green nanotechnology may act as eco-friendly and
effective alternatives to toxic metal nanoparticles. Nevertheless,
the complete safety of nanoparticles application in fish cultures
should be assessed through the fulfillment of the present shortage
in data concerning the environmental fate of nanoparticles, and
their accumulation through the food chain to sustain safety for
the fish, environment, and human consumption.

Recommendations

Many toxicological studies should be performed on a case-by-
case basis to determine the potential hazards of nanoparticles,
determine the least effective concentration, duration, and pos-
sible recovery time before field applications.

Make of cost-benefit balance study, especially in case of
using new nano-devices in water purification, and use of high-
cost devices in only egg hatching ponds and for valuable
broad stocks.

Increase the knowledge about environmental fate; uptake,
bioaccumulation, transformation, excretion, and analysis.

Guidelines of nanoparticles type, size, form, and concen-
tration for fish health and human consumption should be
created.

Regulations and legislations are required to control its syn-
thesis, field application, and safely get rid of its residues.

In my point of view, I recommend the functional use of
nano-materials in fish cultures, i.e., only use the nanomaterial
to overcome a certain problem in your pond for a definite time
and under specific concentration. Whereas using nanotechnol-
ogy without the presence of an urgent problem may be a cause
of introducing new problems.

@ Springer
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The integration between nanotechnology and natural prod-
ucts like plants, and using biodegradable nano natural poly-
mers, like chitosan instead of metal nano-materials are also
highly encouraged to achieve progress in fish productivity.
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Abbreviation Abb, Full name; A. hydrophila, Aeromonas hydrophila;
A. bestiarum, Aeromonas bestiarum; A. invadans, Aphanomyces
invadans; Ag, silver; Al,Oj3, aluminum oxide; ATP, adenosine triphos-
phate; Au, gold; AuCl,, tetra chloro aurate; B. subtilis, Bacillus subtilis;
C. auratus, Carassius auratus; C. carpio, Cyprinus carpio; Ca, calcium;
Cd, cadmium; Cr, chromium; Cu, copper; DLS, dynamic light scattering;
DNA, deoxyribonucleic acid; E. coli, Escherichia coli; E. tarda,
Edwardsiella tarda; ECs,, effective concentration; EDX, energy-disper-
sive x-ray spectroscopy; F. branchiophilum, Flavobacterium
branchiophilum; F. columnare, Flavobacterium columnare; FDA, Food
and Drug Administration; Fe, iron; Fe,0;, ferric oxide; F7-IR, Fourier
transform infrared spectroscopy; 1. multifiliis, Ichthyophthirius multifiliis;
ICP-MS, inductively coupled plasma mass spectrometry; ISAV, infectious
Salmon Anemia Virus; L. garvieae, Lactococcus garvieae; L. rohita,
Labeo rohita; La, lanthanides; LC's, half lethal concentration that caused
50% mortality of organisms; M. rosenbergii, Macrobrachium
rosenbergii; MgO, magnesium oxide; MnO, manganese oxide; MON,
metal oxide nanoparticles; NPs, nanoparticles; nZVI, nano zero-valent
iron; O. latipes, Oryzias latipes; O. mykiss, Oncorhynchus mykiss;
O. niloticus, Oreochromis niloticus; P. monodon, Penaeus monodon;
P. semisulcatus, Penaeus semisulcatus; P. aeruginosa, Pseudomonas
aeruginosa; P. fluorescens, Pseudomonas fluorescens; P. olivaceus,
Paralichthys olivaceus; Pb, lead; PCBs, polychlorinated biphenyls;
PLGA, poly lactic-glycolic acid; ROS, reactive oxygen species;
S. aureus, Staphylococcus aureus; S. iniae, Streptococcus iniae; Se, sele-
nium; SEM, scanning electron microscopy; SiO,, silicon dioxide; 770,
titanium dioxide; UV-vis, ultraviolet-visible spectrophotometer;
V. anguillarum, Vibrio anguillarum; V. harveyi, Vibrio harveyi,
V. parahaemolyticus, Vibrio parahaemolyticus; V. vulnificus, Vibrio
vulnificus; XRD, X-ray powder diffraction; Zn, zinc; ZP, zeta potential
measurement
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