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This work aims to evaluate the antibacterial activity of biological zinc nanoparticles (BIO-ZnONPs)
against pathogenic fish bacteria and assess the effect of BIO-ZnONPs on the performance, behavior,
and immune response in Nile tilapia (Oreochromis niloticus) as compared to chemical zinc nanoparticles
(CH- ZnONPs). Aspergillus niger TS16 fabricated the BIO-ZnONPs were spherical shape with the average
size of 45 nm and net charge of �27.23 mV. Generally, the results indicate that BIO-ZnONPs were more
effective than CH- ZnONPs in enhancing the performance properties of Nile tilapia. Five experimental
groups of Nile tilapia (initial body weight of 20.2 g) were treated with two concentrations of 0.5 and
1 mg L�1 from biological and chemical ZnONPs, while the fifth group was served as a control. After ten
weeks of treated water with ZnONPs, the performance, feed efficiency parameters, feeding, and swim-
ming behaviors significantly improved in BIO-ZnONPs treated groups (P < 0.05). The liver function, LYZ
activity, and NBT values were significantly enhanced in the 0.5 mg L�1 BIO-ZnONPS group compared
to CH- ZnONPs group and control (P < 0.05). Furthermore, the lowest cortisol and the highest testosterone
and growth hormone levels were recorded in 1 mg L�1 BIO-ZnONPs group. Regarding the antibacterial
effects, BIO-ZnONPs displayed the lower total bacterial loads in water and fish tissues (intestine, gills,
skin, and muscle) and the maximum antibacterial properties against pathogenic bacteria (Listeria mono-
cytogenes, Bacillus cereus, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Aeromonas hydrophila). Our study exemplifies novel findings of BIO-ZnONPs in the promotion of fish
health and production and its antibacterial properties in Nile tilapia.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aquaculture is a fast-growing agricultural sector to cover the
increasing demand for worldwide animal protein, and it is linked
to the natural environment through diversified relationships
(FAO, 2020). Nile tilapia (Oreochromis niloticus) is an ideal model
for aquaculture since its high rate of reproduction and growth,
and tolerance to different environmental conditions and increasing
demand in the market (El-Sayed, 2006). One of the most important
environmental factors affecting fish production is the quantity,
quality, and water source. Water source must be containing a high
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level of dissolved oxygen and optimum temperature throughout
the culture period (Ngugi et al., 2007). Nanotechnology plays an
important role in aquaculture through a wide range of applications
such as water treatment, sterilization of culture ponds, effective
delivery of hormones and vaccines to enhance the ability of fish
to absorb these nutrients, moreover, controlling aquatic diseases
(Bhattacharyya et al., 2015). Also, nanotechnology provides core
applications for water treatment to provide a safe habitat for fish
breeding. The zinc oxide nanoparticles (ZnONPs) are the most com-
monly utilized nanomaterials (NMs). Globally, ZnONPs have gained
special attention because of their environmentally friendly charac-
ters with various excellent applications such as anticancer, antimi-
crobial, and photocatalysis, etc. (Jiang et al., 2018).

Moreover, it is classified as generally recognized as safe ‘‘GRAS”
substance by the US FDA (He et al., 2014). Commonly, several stud-
ies have been reported on the influences of ZnONPs on the growth
performance, behavior, blood biochemistry, oxidative stress,
immunity, hormones, and antioxidant enzymes of animals and fish
(Yusof et al., 2019; Taherian et al., 2019; Mohammady et al., 2021).
Besides good influences on the genetic properties of fish (Abdel-
Khalek et al., 2020). ZnONPs can be synthesized using several
methods such as physical, chemical, and biological methods (by
microbes or plants). The biological synthesis of NPs is safe, clean,
biocompatible, and eco-friendly besides, the fast reduction of
metal ions at ambient conditions of temperature unlike physical
or chemical methods, they consume extensive energy or use toxic
solvents, respectively (El-Saadony et al., 2020a; Akl et al., 2020; El-
Saadony et al., 2019; El-Saadony et al., 2021a,b). From the biolog-
ical methods used for the synthesis of NPs, fungus-mediated proce-
dure gained great importance (Thakkar et al., 2010). Fungal
biosynthesis of ZnONPs, especially using Aspergillus niger is a
widely used method to produce monodispersed NPs with a broad
spectrum of chemical compositions, high yield of chemically and
thermally stable NPs, because fungi produce a large amount of pro-
tein and enzymes causing the stability (Kalpana et al., 2018),
besides these nanoparticles can be commercially produced since
the scalability of fungi. Furthermore, fungi can tolerate greater
metal concentrations, have tremendous binding ability, and can
reduce the larger amount of metal ions into metal NPs via the
secretion of a high number of extra-cellular redox proteins and
enzymes (Yusof et al., 2019). The ZnONPs can be extensively uti-
lized as compared to bulk ZnO because of their unique antimicro-
bial characteristics (Padmavathy and Vijayaraghavan, 2008; Reda
et al., 2021).

There is no information about the effects of ZnONPs on enhanc-
ing the microbial load in the fish gut; however, little information
about the Bio-ZnONPs impact on the growth performance and
physiological responses of Nile tilapia fish up to the present time.
Therefore, this study aims to estimate the antibacterial activity of
BIO-ZnONPs against pathogenic fish bacteria and determine the
effect of these nanoparticles on reducing the microbial load in fish
organs as compared to CHE-ZnONPs. Also, evaluate the effects of
both BIO-ZnONPs and CHE-ZnONPs treated water on the growth
performance parameters, serum biochemical parameters, and
changes of fish behaviors, immune and physiological responses of
Nile tilapia.
2. Materials and methods

2.1. Isolation, screening, and identification of Zinc-tolerant fungus

The stock solutions of Zinc Nitrate (Zn (NO3)2�6H2O) (Sigma-
Aldrich Germany) were prepared at 5mM concentration as follows:
1.49 g of Zn (NO3)2�6H2Owas dissolved in 1Liter of sterilized deion-
ized water. Zinc Nitrate (1 mM) was obtained by the dilution of
4593
200 mL of stock solution (5 mM) to liter with sterilized deionized
water, and 400 mL of stock solution (5 mM) was diluted to 1 L with
sterilized deionized water to obtain 2 mM concentration. The pre-
pared solutionswere stored for use in the experiments. Soil samples
were gathered from the rhizospheric soils of plants grown at Abu-
Hammad City, Wady El-Moulak village, Sharkia governorate, Egypt.
Ten gram of soil samples were well stirred (Remi Magnetic Stirrer,
1MLH, India) in 90 mL sterile saline solution for 15 min to obtain
10�1. 1mLof previousdilution (1 0�1)was transferred to 9mLsaline
solution to obtain 10�2, 1mL of previous dilution (1 0 �2) was trans-
ferred to9mLsaline solution toobtain10�3, etc., until 10�7. 100mLof
each dilution was spread over potato dextrose agar plates supple-
mentedwithdifferent levelsof ZincNitrate (1, 2, and5mM). Thepre-
vious PDA plates were incubated at 28 �C for 96 h (Majeed et al.,
2018). The Zinc-tolerant fungus was identified usingmorphological
and cultural properties, i.e., Surface topography [flat, raised, heaped,
folded, domed, radial grooved], Surface texture [glabrous, suede-
like, powdery, granular, fluffy, downy, cottony], Surface pigmenta-
tion [white, cream, yellow, brown, pink, grey, black etc.], Reverse
pigmentation [none, yellow, brown, red, black, etc.] besides, com-
paring them with confirmed representatives of different species
(Akintobi et al., 2011). The microscope identification was carried
out as follows. The loop of fungi mycelium was placed onto a clean
slide containing a drop of 5% potassium permanganate. The fungi
portion was teased onto the potassium permanganate stain using a
sterile needle, then gently covered to avoid air bubbles. The slide
was then mounted and viewed under the microscope with the 10x
and 40x objective lens (Mailafia et al., 2017). The obtained image
of fungus was compared with a documented book of fungi (Sarah
and Watkinson, 2017). And the identification was confirmed by
matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (Brurker Daltonics, Bremen, Ger-
many) (Hunt et al., 2004).

2.2. Biosynthesis and optimization of Zinc oxide nanoparticles

The biological synthesis of ZnONPs was following the method of
Yehia and Ahmed (2013) briefly. The isolated Zinc-tolerant fungus
was grown on mineral salt medium (MSM) that composed of
K2HPO4, 2.0 g; KH2PO4, 7.0 g; (NH4)2SO4, 1.0 g; MgSO4�7H2O,
0.1 g; Yeast extract, 0.6 g and glucose, 10.0 g/L, pH value was main-
tained at 6.2 ± 0.2. Then incubated in an orbital shaker (Lab-line�

Incubator-Shaker-ORBIT, USA) at 30 �C/180 rpm for 96 h. The fun-
gal culture was filtered using filter paper (Whatman no.1) to obtain
the supernatant. The fungal supernatant (20 mL) was homogenized
in 80 mL of Zinc nitrate (5 mM) and incubated at a shaking incuba-
tor at 30 �C/180 rpm for 96 h. The resultant white precipitate was
indicated the biotransformation of ZnONPs. The reaction mixture
was centrifuged at 15,000 rpm for 15 min to obtain the precipitate.
Conical flasks with either fungal filtrate or Zinc nitrate were incu-
bated at the same previous conditions served as a positive and neg-
ative control, respectively. BIO-ZnONPs size was optimized by
several parameters one at a time, i.e., temperature (15, 20, 25,
30, and 35 �C), pH (3, 4, 5, 6, and 7), fungal supernatant: Zn
(NO3)2.6H2O (v/v) (1:9, 2:8, 3:7, 4:6, and 5:5), and reaction time
(1, 2, 3, 4, and 5 days). Also, various used medium (Potato dextrose
broth (PDB), Sabouraud’s broth (SB), Mineral salt medium (MSM),
Richard medium (RM), and Malt Glucose-Yeast Extract-Peptone
(MGYP), and agitation speed (100, 140, 180, 220, and 260 rpm).
The particle size of the BIO-ZnONPs was estimated using the
Dynamic light scattering (DLS) technique.

2.3. Synthesis ZnONPs by chemical method

1.5 g of Zn (NO3)2�6H2O was dissolved in 1000 mL of sterilized
deionized water to obtain (5 mM) and then stirred at hot plate
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magnetic stirrer (70 �C) for 25 min, Then NaOH (10%) solution was
slowly added drop by drop into the zinc nitrate beaker and stirred
for 2 h at 70 �C. The mixed solution was warm out then filtered by
Whatman filter paper. The filtered sample was dried in the oven at
160 �C for 210 min and ashed at 300 �C for 5 h in a muffle furnace
following the method of Becheri et al. (2008) with some
modifications.

2.4. Characterization of biological and chemical ZnONPs

The UV–visible absorption spectra of synthesized ZnONPs (bio-
logical or chemical form) were measured using UV–visible LaxcoTM

dual-beam spectrophotometer ‘‘model LaxcoTM, Alpha-1502 Alpha
Series Spectrophotometer”, 200–1000 nm (Mettler-Toledo LLC.,
Columbus, OH, USA) (Forough and Fahadi, 2011). Besides, the
Transmission electron microscopy images were obtained by (JEOL
1010, Japan) at an accelerated voltage of 200 kV for particle size
and shape Aguilar-Méndez et al., 2011), also, Zeta sizer analyzer
(Nano ‘‘Z2 Malven, Malvern Hills, UK”), for the size analysis and
Zeta potential for estimating the charge as per El-Saadony et al.
(2018). Fourier transform-infrared (FTIR) spectroscopy (‘‘Bruker
Tensor 37, Kaller”, Germany) was used to determine the active
compounds in the BIO-ZnONPs at the wavelength range of 500–
3500 cm�1 (Chattopadhyay et al., 2013).

2.5. In vitro assessment of antibacterial activities of ZnONPs

2.5.1. Bacterial strains
The pathogenic bacterial strains; Listeria monocytogenes, Bacillus

cereus, Staphylococcus aureus, Escherichia coli, Pseudomonas aerugi-
nosa, and Aeromonas hydrophila were used in this study.

2.5.2. Disc diffusion assay
A freshly prepared Mueller-Hinton agar (MHA) medium was

used to assess the antibacterial activities of different concentra-
tions of BIO-ZnONPs and CH-ZnONPs (50, 100, 150, 200, and
250 lg mL�1) against tested bacteria. An inoculum (500 mL) from
each bacterium was cultured in 5 mL of Mueller-Hinton broth
and incubated overnight at 37 �C for further use. 100 lL of the acti-
vated bacterial culture was then spread on the sterile Mueller-
Hinton agar plate. Discs (5 mm) diameter of Whatman filter paper
were soaked in biological and chemical ZnONPs solutions until sat-
uration, then immediately placed on the Mueller-Hinton agar
plates (Langfield et al., 2004). The MHA plates were incubated at
37 �C for 24 h, the resultant inhibition zones of ZnONPs were mea-
sured using a transparent ruler (mm) (Reda et al., 2020; Sheiha
et al., 2020). The Zn (NO3)2�6H2O was served as the positive
control.

2.5.3. Determination of MIC and MBC
A freshly prepared Mueller-Hinton (MH) broth medium was

used for the determination of the minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC) of
BIO-ZnONPs and CHE-ZnONPs against the tested bacterial strains.
An inoculum of 500 mL (2.5 � 105 CFU mL�1) from each bacterial
strain was added to 9 mL of MH broth medium supplemented with
500 mL of each concentration from BIO-ZnONPs and CH-ZnONPs
(50,100,150, 200 and 250 lg mL�1). The culture of bacteria without
ZnONPs was used as a negative control and Zn (NO3)2�6H2O was
served as the positive control. The lower concentration inhibited
bacterial growth was considered the MIC (El-Saadony et al.,
2021b). The MBC was measured by sub-culturing the MIC levels
onto sterile MH agar plates and incubated at 37 �C for 24 h. Then,
the minimum concentration of ZnONPs that killed 100% of bacte-
rial growth was considered MBC.2.6. Fish management and
4594
experimental design

2.6.1. Ethical approval
All experimental procedures for the present study were con-

ducted following the Local Experimental Animal Care Committee
and subsequently approved by the Institutional Ethics Committee,
Department of Animal Production, Faculty of Agriculture, Zagazig
University, Zagazig, Egypt. The present work was performed at
the Experimental Fish Wet Lab belonging to the Department of
plant microbiology, Faculty of Agriculture, Zagazig University,
Zagazig, Egypt.

2.6.2. Fish culture and maintenance
Nile tilapia (Oreochromis niloticus) in fry stage (20.2 ± 0.46 g)

(n = 150) were obtained from the hatchery of Central Laboratory
for Fish Research, belonging to the Ministry of Agriculture, Egypt.
Fish were acclimated to the ambient laboratory conditions for
two weeks in 15 glass aquaria (45 � 28 � 80 cm/each) containing
100 L dechlorinated water. Fish were grouped into five treatments
with three replicates (15 aquaria) and each one includes ten fish.

All groups were fed on a basal pelleted diet (20% soybean meal,
corn 23.0%, fish meal 15.0%, alfalfa hay 14.0%, wheat bran 13.0%,
Corn gluten meal 11.5%, sunflower oil 1%, 1% vitamin mixture,
0.5% mineral mixture and 1% carboxymethyl cellulose). The diet’s
proximate chemical composition was 31.12% crude protein, 5.40%
ether extract, 5.73% crude fiber, and gross energy of 19.17 MJ per
100 g. All fish were fed daily to apparent satiation.

2.6.3. Experimental setup
Fish were exposed to 0.5 and 1 mg L�1 of both forms of chem-

ically and biologically synthesized ZnONPs consecutive ten for
weeks. The control group was left in aged tap water only. The con-
centrations used in the present study were selected according to
the related literature of Hao and Chen (2012). The semi-static
exposure in the experimental setup occurred through daily siphon-
ing 60% of the water in the morning and 40% in the evening and
then replaced by a fresh one. Later, following water change, soni-
cated ZnONPs were applied to the water at the same dose rate.
The physicochemical parameters of water should be weekly mea-
sured, and the values were maintained as the temperature of 25.
4 ± 0.3 �C, dissolved oxygen of 7.30 ± 0.13 mg L�1, pH
7.90 ± 0.06, and total hardness of 132 ± 4.4 mg CaCO3 L�1. The
tap water was maintained as 0.4, 0.05, 0.6, and 0.8 mmol L�1 for
Na+, K+, Mg+, and Ca++, respectively.

2.7. Physiological characteristics

2.7.1. Fish behaviors
2.7.1.1. Ingestive behavior. The ingestive behavior of fish was eval-
uated according to Colgan (1986). The feeding behavior has been
assessed with the actual consumption of fish to food at the feeding
time. Simultaneously, the meantime (sec) and the mean frequency
of feeding have been recorded every three h. Additionally, the for-
aging behavior has been evaluated with searching for consuming
food and the fish grazing on the aquarium’s side or bottom or sur-
face. While the meantime (sec) and the mean frequency of foraging
have been recorded every three h.

2.7.1.2. Surfacing behavior. The surfacing behavior was measured as
the frequency of the fish rises periodically to the surface to gulp air,
according to Noga (2010). The mean time (sec) and the mean fre-
quency of surfacing have been recorded every 3 h.

2.7.1.3. Swimming behavior. The swimming behavior of fish was
measured in terms of the rapid or slow movement (up, middle,
and down) in the aquarium without any behavior activity
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described by Anras and Lagardère (2004). Whereas the meantime
(sec), the mean frequency, the site (surface, middle, or bottom) of
swimming, have been recorded every 3 h.

2.7.1.4. Resting behavior. Resting behavior was evaluated when fish
were inactive and motionless on the bottom with an open eye
because they have no eyelids (Sekiguchi and Kohshima, 2003).
The mean time (sec) and the mean frequency of resting have been
recorded every 8 h.

2.7.1.5. Body care behavior. The body-shaking referred to the lateral
shaking of the entire body two or three times in rapid succession
(Sekiguchi and Kohshima, 2003). The mean time (sec) and the
mean frequency of body shaking have been recorded every 8 h.
On the other hand, scratching (chafing) referred to rubbing any
part of the body against any object (Coppedge and Shaw, 1997).
The mean time (sec) and the mean frequency of scratching have
been recorded every 8 h.

2.7.1.6. Aggressive behavior. The aggressive behavior patterns have
been defined and recorded according to Kramer and Bauer (45),
whereas the meantime (sec.) and the mean frequency of aggression
have been recorded every 8 h. The patterns of aggression include
the following; Approach (direct movement of one fish toward
another), chasing (the frequency of swim of fish vigorously after
another), fin tugging (bites of fish the fin of another), biting (sharp
mouth contact of one fish against any region of another fish), but-
ting (the fish butt with the snout against genital papilla of
another), fleeing (the swimming of fish away from the opponent),
mouth pushing (frequency of two fish stands face to face with their
opened mouth against each other), spreading of fins (expand or
spread its all fins), and arousal frequency and duration (Sec) (in
which fish has a locomotor activity).

2.8. Fish performance traits

The fish live productive traits such as weight gain (WG)
between two successive weeks has been individually calculated
according to the following formulas: WG (g) = W2- W1,

Specific growth rate (SGR; %/day) = 100 [Ln W2 (g) � Ln W1 (g)]/
T, whereas W1 and W2 are the initial and final weight, respectively,
and T is the number of rearing days during the feeding duration
(70 days). Total feed intake (TFI) (g feed/fish) was calculated by
partitioning the total amounts of the pelleted diets offered to fish
throughout the whole experimental period on the total number
of fish. Feed conversion ratio (FCR) = TFI/WG,

Survival rate (SR) (%) = (Fish numbers at the end of the experi-
ment/ Fish number at the beginning of the experiment) � 100.

2.9. Blood sampling and measured parameters

At the end of the experimentation period, 3 mL of blood was
sampled in sterile Eppendorf tubes from the caudal veins using a
sterile heparinized needle. The samples were then kept on ice.
Serum was collected after centrifugation at 3000 rpm for 15 min
(Abdelnour et al., 2020a,b). Blood glucose (GLU) level (Trinder,
1969) and serum transaminases (alanine transferase (ALT), and
aspartate transferase (AST)) (Reitman and Frankel, 1957) were
determined using specific kits. Respiratory burst activity was
determined using nitro blue tetrazolium (NBT) reagent following
Secombes and Olivier (1997). Serum lysozyme (LYZ) activity was
evaluated using a microtiter plate procedure by ELISA reader at a
wavelength of 520 nm as described by Soltani and Pourgholam
(2007). The fish testosterone and progesterone (Cuisset et al.,
1994), follicle-stimulating hormone (FSH) (Aizen et al., 2007),
Growth Hormone (GH) (Nash et al., 2000), and cortisol (Tintos
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et al., 2006) were evaluated using commercially purchased
enzyme-linked immune sorbent assay (ELISA) kits.

2.10. Total bacterial and Aeromonas spp. Count in water and fish
tissues

Water samples from each aquarium at 1st, 4th, 8th, and 10th
week of the experiment to evaluate the total bacterial count and
the total count of Aeromonas spp. Similarly, three fish from each
treated group were sampled (muscles, skins, gills, and intestines)
to evaluate the total bacterial count and total Aeromonas spp.
count. 10 mL of water samples were mixed in a conical flask con-
taining 90 mL of saline peptone buffer water and serial dilution
was done. Similarity: 10 g of fish organs were homogenized in a
conical flask containing 90 mL of saline peptone buffer the water
and serial dilution were done. 100 mL of each dilution was spread
over plate count agar medium (PCA) used to enumerate total bac-
terial count after incubation at 30 �C for 48 h (Ashour et al., 2020;
Abdelnour et al., 2020a; Alagawany et al., 2021). Aeromonas agar
medium was used to calculate total Aeromonas spp., count after
incubation at for 37 �C and 48 h. The presumptive green repre-
sented Aeromonas spp., with black centered colonies surrounded
by clear yellow to a honey color zone. The total count of bacterial
loads and Aeromonas spp., were expressed as log CFU ml�1 in water
and fish samples (El-Saadony et al., 2020b).

2.11. Statistical analysis

All data were tested for normality and homogeneity by
Kolmogorov–Smirnov’s test and Bartlett’s test (Glass, 1966),
respectively. The values were then statically analyzed by the
ANOVA test at p � 0.05 level and means compared by least signif-
icant difference (LSD) test by SPSS program version 20 (SPSS, Rich-
mond, VA, USA).
3. Results

3.1. Isolation and identification of Zinc-tolerant fungus

Initially, 27 isolates were appeared in plates supplemented with
1 mM Zinc nitrate (Zn (NO3)2�6H2O). The isolates were coded from
TS1-TS27. 13 isolates existed in 2 mM Zinc nitrate (Zn (NO3)2�6H2-
O) plates and only one fungus isolate (TS16) appeared in 5 mM Zinc
nitrate (Zn (NO3)2�6H2O) supplemented plates. Based on light
microscope examination, the selected zinc-tolerant fungus colo-
nies on potato dextrose agar are initially white, quickly becoming
black with conidial production indicate that isolate is Aspergills
niger. MALDI-TOF MS confirmed the identification as Aspergills
niger.

3.2. Physicochemical optimization of BIO-ZnONPs

Fig. 1 showed the optimization of the biosynthesis parameters,
i.e., temperature, pH incubation time, the ratio between fungal
supernatant and Zinc nitrate, medium, and agitation speed to
achieve the better size of obtained BIO-ZnONPs by DLS. The DLS
analysis shows that the smallest size of BIO-ZnONPs of 48 nm
occurred at 30 �C, and the size was significantly decreased
(p � 0.05) when temperature deviated from 15 to 30 �C, but, fur-
ther temperature about 30 �C, the BIO-ZnONPs size was increased.
Also, the size of BIO-ZnONPs was significantly decreased with the
increment of reaction time from 1 to 4 days then the size was
increased after that, the smallest size of 45 nm was achieved after
4 days incubation. The BIO-ZnONPs with the size of 52 nm
occurred at pH 5. Moreover, the size of BIO-ZnONPs significantly



Fig. 1. Optimization of the physiochemical parameters for BIO-ZnONPs fabricated by A. niger TS16. Data in the figure represent means ± SD. Different lowercases above the
columns indicate significant differences between the treatments at p � 0.05.
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decreased (p � 0.05) by the increase of fungal supernatant. How-
ever, the best size of 49 nm was obtained in 20 mL of fungal super-
natant to 80 mL of Zinc nitrate (2:8, v/v) ratio. Also, the best
medium was MSM obtained the size of BIO-ZnONPs (45 nm).
Besides, the best agitation speed was 180 rpm that gave BIO-
ZnONPs with the size of 42 nm.
3.3. Characterization of BIO-ZnONPs and CHE-ZnONPs

The addition of fungal supernatant to Zinc nitrate solution
under optimum conditions led to the change of the mixture color
to white, confirming the transformation of BIO-ZnONPs. The UV
absorbance of this mixture was in the range of 300–380 nm and
the maximum absorbance at 320 nm (Fig. 2a). TEM image showed
that the synthesized BIO-ZnONPs were spherical in shape and in a
size range of 10–65 nm (Fig. 2b). The FTIR spectrum of BIO-ZnONPs
witnessed twelve bands at 3437.90, 2888.75, 2397.41, 1634.87,
1384.12, 1298.14, 1076.56, 979.84, 636.07, 601.74, 539.70, and
490.31-cm�1. These bands are responsible for several functional
groups, e.g., alcohol, primary and secondary amines, amides, phe-
nols (Fig. 2e). Also, (Fig. 2c, d) showed the DLS analysis of the
monodispersed BIO-ZnONPs with the average size of 45 nm
obtained by zeta sizer and net charge of �27.23 mV obtained by
zeta potential. On the other hand, CHE-ZnONPs solution was
absorbed the U.V. spectrum in the range of 300–380 nm and the
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maximum absorbance at 330 nm (Fig. 3a), and they are spherical
with the size range of 13–76 nm obtained by TEM (Fig. 3b). The
average size and net charge of CHE-ZnONPs estimated by zeta sizer
and zeta potential were 75 nm and �25.44 mV, respectively
(Fig. 3c, d).

3.4. Antibacterial activities of ZnONPs

The antibacterial activity of BIO-ZnONPs and CHE- ZnONPs
were tested in vitro by measuring the diameter of the inhibition
zone against six bacterial pathogens: Listeria monocytogenes,
Bacillus cereus, Staphylococcus aureus, Escherichia coli, Pseu-
domonas aeruginosa, and Aeromonas hydrophila using the disc dif-
fusion method (Table 1). Both forms of ZnONPs displayed excellent
antibacterial activities against all the tested bacteria.

Table 1 showed all bacterial strains affected by BIO-ZnONPs and
CH-ZnONPs levels (50, 100, 150, 200, and 250 mg/mL). The inhibi-
tion zones diameter (IZD) of BIO-ZnONPs significantly p � 0.05
increased with a relative increase of about 10% over CHE-ZnONPs
IZD. Zinc nitrate 50 lg mL�1 (control) gave zones <8 mm against
some tested bacteria (data not shown). S. aureus, B. cereus, and P.
aeruginosa were the most sensitive bacteria towards BIO- ZnONPs
(250 mg/mL), i.e., 31, 29, and 28, moreover, CHE- ZnONPs
(250 mg/mL), i.e., 28, 25 and 23 mm, respectively. The bacterial sus-
ceptibility towards both forms of ZnONPs is obvious in G+ bacteria
than G� bacteria because of their cell wall structure.



Fig. 2. Characterzation of BIO-ZnONPs (A-E): (A) UV–Visible spectrum of biological ZnONPs, (B) Transmission Electron Microscope (TEM), (C) the accurate size of BIO-ZnONPs
by zeta sizer, (D) the net charge of BIO-ZnONPs by zeta potentional, (E) FT-IR analysis for BIO-ZnONPs.

Fig.3. The characterzation of CH-ZnONPs (A-D): (A) UV–Visible spectrum; (B) Transmission Electron Microscope (TEM), (C) the accurate size of CH-ZnONPs by zeta sizer, (D)
the net charge of CH-ZnONPs by zeta potentional.
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3.5. MIC and MBC estimation

The minimum inhibitory concentration (MIC) is the lowest con-
centration of BIO- ZnONPs and CHE- ZnONPs that inhibited bacte-
rial growth, but the lowest concentration that killed the tested
bacteria is the minimum bactericidal concentration (MBC). The
diverse BIO-ZnONPs levels displayed strong concentration-
dependent antibacterial activities as compared to Listeria monocy-
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togenes, Bacillus cereus, Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, and Aeromonas hydrophila, where MIC
values of BIO-ZnONPs in the range of 50–80 mg mL�1 while MBC
ranged from 90 to 140 mg mL�1 against tested bacterial strains,
while the MIC levels of CHE-ZnONPs were larger than BIO-
ZnONPs with relative increase 15% and the MBC levels in the range
of 105–160 mg mL�1 for CHE-ZnONPs indicating the antibacterial
efficiency of BIO-ZnONPs (Table 1).
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3.6. Growth performance

Growth performance in terms of the final body weight (FBW),
weight gain (WG), specific growth rate (SGR), total feed intake
(TFI), survival rate percentage (SR%), and feed conversion ratio
(FCR) of Nile tilapia in response to different doses of CH-ZnONPs
and BIO-ZnONPs were illustrated in (Table 2). There were signifi-
cant differences in FBW, TFI, WG, SGR, FCR, and SR% (P < 0.05)
among different groups. The maximum values of FBW, TFI, WG,
SGR, and SR% and the lowest values FCR were recorded in both
groups of BIO-ZnONPs compared with CH-ZnONPs and control
groups. Meanwhile, their lowest levels were recorded in fish
groups treated with 1 mg L�1 CH-ZnONPs.

3.7. Reproductive and feeding behaviors

Behaviors of Nile tilapia treated in water with different CH-
ZnONPs and BIO-ZnONPs levels for ten weeks were illustrated in
Table 3. The feeding behavior (time and frequency) was signifi-
cantly improved (P < 0.05) with the addition of 1 mg L�1 BIO-
ZnONPs. In another trend, the treatment of fish with 1 mL L�1

CH-ZnONPs induced a significant adverse effect (P < 0.05). Besides,
the fish took a long time to swim with 1 mg L�1 BIO-ZnONPs
(P < 0.05). Regarding the resting and arousal behavior (time and
frequency), their values were significantly increased with 1 mg
L�1 CH-ZnONPs treatment (P < 0.05). However, both exposure
doses of BIO-ZnONPs in water-induced significantly reduced motil-
ity and activity of treated fish. Considering the foraging behavior
and sensitivity of fish to food stimuli, the fish group treated with
0.5 mg L�1 BIO-ZnONPs rise to the water surface. Concerning the
aggression (time and frequency), the aggression was increased
with 0.5 mg L�1 CH-ZnONPs treatment if compared with the BIO-
ZnONPs treatment. Meanwhile, it was suppressed in comparison
with the control group. The sexual behavior was significantly
improved with BIO-ZnONPs treatment and decreased with CH-
ZnONPs treatment, although the differences were non-significant.

3.8. Fish hematology, immunity, and hormonal changes

Table 4 showed the serum biochemical parameters of Nile tila-
pia treated with different levels of CH-ZnONPs and BIO-ZnONPs for
ten weeks (means ± SE). Blood GLU level and serum ALT and AST
values significantly increased in the fish group treated with 1 mg
L-1 CH-ZnONPs after ten weeks compared with other groups.
Regarding LYZ activity and NBT values, the fish group treated with
0.5 mg L�1 BIO-ZnONPs for ten weeks exhibited the highest LYZ
and NBT, which were significantly elevated concerning the control
group (P < 0.05). The hormonal changes of Nile tilapia treated with
different levels of CH-ZnONPs and BIO-ZnONPs for ten weeks
(means ± SE) were illustrated in Table 5. The FSH levels, GH and
testosterone, were significantly increased (P < 0.05) in the fish
group exposed to 0.5 mg L-1 BIO-ZnONPs compared to other
groups. Meanwhile, Cortisol levels were significantly reduced in
groups treated with 1 mg L�1 BIO-ZnONPs for ten weeks compared
with the other groups. While all ZnONPs treated groups signifi-
cantly have lower levels of FSH and progesterone compared with
the control group.

3.9. Microbiological counts

The changes occurred in the total bacterial counts and the total
count of Aeromonas spp., in different fish tissues (intestines, gills,
skin, and muscles) (Fig. 4), and water of different treatments 1st,
4th, 8th and 10th week of the experiment. Significant decrease in
the total bacterial count and total Aeromonas spp., (P < 0.05) in
BIO-ZnONPs groups (Fig. 5), the highest total bacterial counts



Table 2
Growth performance of Nile tilapia (Oreochromis niloticus) treated with different levels of chemically synthesized (CH-ZnONPs) and bio-fabricated zinc oxide nanoparticles (BIO-
ZnONPs) for 10 weeks (means ± SE).

Parameters Treatment (mg L�1) P value

CTR0.0 CH-ZnONPs BIO-ZnONPs

0.5 1 0.5 1

IBW (g) 20.2 ± 0.46 19.8 ± 0.21 20.4 ± 0.38 19.9 ± 0.24 20.2 ± 0.22 0.856
FBW (g) 43.0 ± 0.21c 47.4 ± 0.94b 40.2 ± 0.25d 51.5 ± 0.18a 50.8 ± 0.23a 0.005
WG (g) 22.8 ± 0.34c 27.6 ± 0.98b 19.8 ± 0.26d 31.6 ± 0.31a 30.6 ± 0.43a <0.001
SGR (%/day) 1.05 ± 0.02c 1.21 ± 0.031b 0.94 ± 0.01d 1.32 ± 0.012a 1.28 ± 0.02ab 0.023
TFI (g feed/fish) 33.6 ± 0.24c 44.01 ± 1.13b 29.79 ± 0.30d 40.34 ± 0.21a 39.03 ± 0.27a < 0.001
FCR 1.47 ± 0.04b 1.59 ± 0.05c 1.50 ± 0.08a 1.28 ± 0.019d 1.27 ± 0.042d < 0.001
SR (%) 100 ± 0.09a 90 ± 0.23c 96.6 ± 0.53b 100 ± 0.09a 96.7 ± 0.22b 0.012

IBW: Initial body weight, FBW: Final body weight, WG: Weight gain, SGR: Specific growth rate, TFI: Total feed intake, FCR: Feed conversion ratio, SR: Survival rate. Means
having different superscript letters in the same row are significantly different at P < 0.05.
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and Aeromonas spp., counts were recorded from intestines, gills,
skin, and fish muscles treated with CH-ZnONPs and in the control
group. From these results, it can be suggested that BIO-ZnONPs are
more efficient than CH-ZnONPs in lowering the total bacterial
counts and Aeromonas spp., counts in water and fish organs.
4. Discussion

Microbes are potent eco-friendly Nano factories and can control
the size and shape of biological nanoparticles (Reda et al., 2021; El-
Saadony et al., 2021a,b). The biological Synthesis of metallic
nanoparticles, can be split into two categories, bioreduction and
biosorption. In bioreduction, metal ions are biologically reduced
into more stable forms which is coupled with oxidation of
enzymes. Biosorption involves binding metal ions from an aqueous
solution or soil sample onto the organism. It does not require
energy (Pantidos and Horsfall, 2014). Nevertheless, only a few
microbes are reported to have synthesized ZnO NPs. There is a
need to investigate more potential microbes to synthesize ZnONPs
(Yusof et al., 2019). The Zinc tolerant fungus Aspergillus niger TS16
was used in the present study was isolated from soil and used for
biotransformation of ZnONPs. Aspergillus niger can produce
ZnONPs by extracellular and intracellular routes. However, it has
Table 3
Different behavior traits of Nile tilapia (Oreochromis niloticus) treated with different levels
ZnONPs) for 10 weeks.

Items Treatment (mg L�1)

CTR 0.0 CH-ZnONPs

0.5

Feeding time (sec) 122.0 ± 2.35bc 138.0 ± 4.25ab

Feeding frequency 6.0 ± 0.36c 7.6 ± 0.68b

Foraging time (Sec) 148.0 ± 0.89 225.8 ± 1.35
Foraging frequency 4.2 ± 0.42c 7.4 ± 0.43ab

Surfacing time (Sec) 292.0 ± 1.26ab 410.0 ± 1.36a

Surfacing frequency 9.6 ± 0.51 8.8 ± 0.35
Swimming time (sec) 1147.0 ± 0.26abc 1074.0 ± 0.31bc

Swimming frequency 25.8 ± 0.05a 28.0 ± 0.25a

Resting time (sec) 393.0 ± 1.08b 294.0 ± 1.78bc

Resting frequency 8.6 ± 0.21b 7.6 ± 0.27b

Arousal time (sec) 907.0 ± 1.36bc 880.0 ± 0.89c

Arousal frequency 23.2 ± 0.05bc 28.8 ± 0.21b

Aggression time (sec) 197.0 ± 0.32a 145.0 ± 0.19ab

Aggression frequency 21.0 ± 0.05a 17.8 ± 0.41a

Body shaking 0.80 ± 0.29 0.80 ± 0.08
Scratching 0.6 ± 0.38 1.0 ± 0.42
Huddling time (sec) 230.0 ± 0.86 330.0 ± 1.08
Huddling frequency 3.8 ± 0.25b 6.2 ± 0.48b

Sexual behaviour time (sec) 36.0 ± 0.45 26.0 ± 0.75
Sexual behaviour frequency 3.4 ± 0.23 2.2 ± 0.04

Means having different superscript letters in the same column are significantly differen
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more potential for extracellular synthesis. Extracellular synthesis
is enzyme-mediated such as a nitrate reductase enzyme secreted
in the medium and reduces metal ions to metal nanoparticles.
The ZnONPs are formed when electrons are transported from
NADH by an enzyme NADH reductase to Zn+2 which are reduced
into ZnONPs. In intracellular synthesis, metal ions are transported
within the cell wall. These are reduced by enzymes present there
and then the nanoparticles were formed in the periplasmic space
and cytoplasm. The intracellular mechanism for nanoparticles
bio-fabricated by verticillium sp., consisting of three steps trapping,
bioreduction, and capping (Yusof et al., 2019). The optimization
process is essential to achieve the better size of obtained ZnONPs.
The increase of pH value led to an increase of NPs size since the pH
of the reaction mixture changes the catalytic activity of the
enzymes secreted by the fungus (Kathiresan et al., 2009). Also
the size of NPs increased at high temperatures because of the accu-
mulation of particles (Suvith and Philip, 2014). Besides, the incre-
ments in fungal supernatant ere decreased nanoparticles sizes
and reaction time because of the extensive amount of fungal
enzyme. Nevertheless, further supernatant increase led to the
increment of nanoparticles size that may be the saturation of reac-
tion mixture (enzyme + substrate) (Shahzad et al., 2019). MSMwas
the best media due to the presence of the necessary nutrient for
of chemically synthesized (CH-ZnONPs) and biological zinc oxide nanoparticles (BIO-

P value

BIO-ZnONPs

1 0.5 1

71.0 ± 3.25c 177.0 ± 2.15ab 240.0 ± 2.45a 0.015
6.0 ± 0.56c 8.2 ± 0.85b 11.3 ± 0.35a 0.009
76.0 ± 1.63 171.0 ± 0.69 115.0 ± 0.89 0.942
5.0 ± 0.39bc 8.2 ± 0.41a 5.5 ± 0.52abc 0.002
198.0 ± 1.53b 210.0 ± 2.35b 222.5 ± 3.51ab 0.025
8.8 ± 0.68 9.2 ± 1.25 8.0 ± 0.42 0.436
914.0 ± 0.35c 1334.0 ± 0.42ab 1400.0 ± 0.27a < 0.001
16.8 ± 0.03bc 12.6 ± 0.23c 21.0 ± 0.01ab 0.014
561.0 ± 1.56a 191.0 ± 2.35c 255.0 ± 1.26bc 0.002
12.4 ± 0.34a 8.4 ± 0.39b 9.3 ± 0.28ab 0.005
1292.0 ± 0.72a 1152.0 ± 1.02ab 1128.8 ± 1.25abc < 0.001
38.8 ± 0.01a 14.0 ± 0.03d 18.8 ± 0.02 cd < 0.001
83.0 ± 0.14bc 28.4 ± 0.16c 19.8 ± 0.12c 0.006
6.2 ± 0.06b 4.0 ± 0.39b 2.8 ± 0.37b 0.023
1.20 ± 0.46 0.80 ± 0.04 1.25 ± 0.35 0.127
1.0 ± 0.23 1.0 ± 0.63 1.0 ± 0.20 0.134
398.0 ± 1.05 151.0 ± 0.99 127.5 ± 1.36 0.574
15.4 ± 1.03a 6.0 ± 0.89b 5.0 ± 0.75b 0.019
17.0 ± 0.42 46.4 ± 0.75 37.5 ± 0.63 0.204
1.2 ± 0.42 3.4 ± 0.01 2.3 ± 0.02 0.276

t at P < 0.05.



Table 4
Serum biochemical parameters and immune responses of Nile tilapia (Oreochromis niloticus) treated with different levels of chemically synthesized (CH-ZnONPs) and bio-
fabricated zinc oxide nanoparticles (BIO-ZnONPs) for 10 weeks (means ± SE).

Parameters Treatment (mg L�1) P value

CTR CH-ZnONPs BIO-ZnONPs

0.00 0.5 1 0.5 1

GLU (mg/dl) 105.83 ± 1.03b 104.74 ± 1.93b 120.70 ± 1.70a 103.82 ± 1.80b 105.81 ± 1.13b 0.031
ALT (U/l) 56.04 ± 1.09b 63.60 ± 1.76b 70.03 ± 2.01a 55.9 ± 1.48b 50.60 ± 1.94b 0.020
AST (U/1) 127.8 ± 1.12c 145.16 ± 1.82b 148.43 ± 1.32a 127.57 ± 1.87c 128.9 ± 1.28c 0.006
NBT (OD 630) 0.34 ± 0.72d 0.44 ± 0.80c 0.12 ± 0.59e 0.78 ± 0.92a 0.56 ± 0.88b 0.002
LYZ (lg/mL) 1.22 ± 0.67c 1.57 ± 0.78b 1.01 ± 0.47d 1.89 ± 0.97a 1.68 ± 0.87ab <0.001

AST: Aspartate aminotransferase, ALT: Alanine transaminase, NBT: Nitro blue tetrazolium, LYZ: Lysozyme activity; Means having different superscript letters in the same row
are significantly different at P < 0.05.

Table 5
Serum hormonal changes of Nile tilapia (Oreochromis niloticus) treated with different levels of chemically synthesized (CH-ZnONPs) and bio-fabricated zinc oxide nanoparticles
(BIO-ZnONPs) for 10 weeks (means ± SE).

Parameters Treatment (mg L�1) P value

CTR CH-ZnONPs BIO-ZnONPs

0.00 0.5 1 0.5 1

FSH (mIU/ml) Males 0.22 ± 0.02d 0.29 ± 0.02c 0.26 ± 0.01c 0.48 ± 0.2a 0.35 ± 0.02b < 0.001
Females 0.96 ± 0.02a 0.68 ± 0.03c 0.76 ± 0.03b 0.59 ± 0.01d 0.35 ± 0.01e < 0.001

Testosterone (ng/ml) 2.15 ± 0.06c 2.46 ± 0.08b 1.54 ± 0.05b 2.85 ± 0.04a 2.73 ± 0.07a < 0.001
Progesterone (ng/ml) 0.81 ± 0.02a 0.48 ± 0.01e 0.55 ± 0.02d 0.63 ± 0.02c 0.69 ± 0.02b 0.002
GH (ng/ml) 0.57 ± 0.03d 0.77 ± 0.03c 0.88 ± 0.05b 0.91 ± 0.02a 0.50 ± 0.01e 0.011
Cortisol (ng/ml) 56.3 ± 0.91e 70.5 ± 1.3b 79.2 ± 2.1a 66.9 ± 1.2c 59.2 ± 1.1d < 0.001

FSH: Follicle stimulating hormone, GH: Growth hormone.; Means having different superscript letters in the same row are significantly different at P < 0.05.
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optimum fungal growth to release reducing agents to produce NPs.
Also, agitation allows more collision between salt and fungi super-
natant, and thus produces more NPs. In this finding, the produced
biological and chemical ZnONPs were characterized by several
instruments. The obtained results were in accordance with
Fakhari et al. (2019) found that the UV spectrum of ZnONPs was
in the range of 320–390 nm, also, Sharmila et al. (2018) found that
ZnONPs SPR peak was observed at 375 nm. On the other hand,
Naveed Ul Haq et al. (2017) stated that ZnO nanoparticles with
an average size of 57.72 nm. Lactobacillus sporogens was investi-
Fig. 4. Total bacterial count and the total count of Aeromonas hydrophila in different tiss
chemical and biological ZnONPs for 10 weeks.
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gated to produce ZnONPs of diameter of 5–15 nm. Fungal super-
natant is incubated with a zinc salt solution and kept in the dark
for a particular time in the intracellular synthesis while in the
extracellular synthesis fungal filtrate is treated with salt solution.
Jain et al. (2013) demonstrated that Aspergillus aeneus isolate
NJP12 exhibited the highest capacity for extracellular synthesis
of ZnO nanoparticles. Jacob et al. (2014) found that synthesized
ZnONPs by Aspergillus niger supernatant were spherical with an
average diameter of 39.4–82.6 nm. Both BIO-ZnONPs and CHE-
ZnONPs showed respectable antibacterial activities against all the
ues of Nile tilapia (intestine, gills, skin, and muscles) treated with several levels of



Fig. 5. Total bacterial counts and the total count of Aeromonas hydrophila of rearing water samples treated with several levels of chemical and biological ZnONPs sampled
during the experimental period (10 weeks).
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tested bacterial strains. Their effects were more pronounced on
Gram-positive bacteria than Gram-negative bacteria. Consistent
with the findings, it can be summarized that BIO-ZnONPs are con-
sidered as effective antibacterial agents against both Gram-
positive and Gram-negative bacteria (Meruvu et al., 2011). These
findings were also similar to the study of Emami-Karvani and
Chehrazi (2011), who illustrated that ZnONPs were effective
against Gram-positive than Gram-negative bacteria. Similarly,
Busi et al. (2016) reported that the potential antibacterial activities
of ZnONPs at concentrations of 100, 200, 300, 400, and 500 mgmL�1.
Soren et al. (2018) illustrated that the MIC of ZnONPs inhibited the
growth of E. coli and Vibrio parahaemolyticus was observed at 100
and 200 mg/mL, respectively, meanwhile, the MBC of ZnONPs
against E. coli and V. parahaemolyticus were reported at 200 and
400 mg mL�1. To the best of our knowledge, the structure of the
outer layer of Gram-positive bacteria is composed of peptidogly-
can; meanwhile, Gram-negative bacteria are composed of phos-
pholipids, and both undergo different interactions when exposed
to ZnONPs. Several studies suggested some possible antibacterial
mechanisms of ZnONPs; they easily penetrated bacterial cells
and released zinc ions (Zn2+) that inhibit active transport, bacterial
enzymes required for metabolic activity and finally induced cell
death because of the huge reactive surface of NPs. The other pro-
posed that the formation of reactive oxygen species (ROS) gener-
ated from the surface of NPs leads to oxidative stress and
subsequent cell damage (Agarwal et al., 2018).

Also, Seil and Webster (2012) suggested that positively charged
ZnONPs electrostatically bind the bacterial cell membrane and
damage the bacterial cell integrity, intracellular contents released
and cell demolished. It can be concluded that the obtained results
showed that BIO-ZnONPs are more efficient in inactivating patho-
genic bacteria than in CHE-ZnONPs and zinc nitrate. There were
significant differences in FBW, TFI, WG, SGR, and FCR (P < 0.05)
between different groups in the current study. The maximum val-
ues of FBW, TFI, WG, SGR, and FCR were recorded in both groups of
BIO-ZnONPs compared with CH-ZnONPs and control groups. The
differences that exist in WG and SGR are linked to the response
of fish to different sources and concentrations of Zn, along with
the increased bioavailability of Zn from the used ZnONPs (Tan
and Mai, 2001). The data indicated that ZnONPs promoted the
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growth more than the control groups. Similar results were
recorded by Taheri et al. (2017). Attractively, ZnONPs with small
particle size facilitates the absorption of Zn through gills, digestive
tract, and skin directly from water and feed (Al-Taee et al., 2015).
Also, the enhancement of feed efficiency and utilization in biolog-
ical ZnO NPs treated groups could be due to the effects of small-
sized of Zn on promoting a varied physiological activity, including
sensing, digestion, absorption, and storage produced energy (Jiang
et al., 2018). We assume that this effect is closely linked to their
beneficial effect in enhancing the TFI, thereby stimulate the fish
to take more feed. Moreover, its small size has facilitated the pas-
sage of particles across tissues and cell membranes, leading to
improved gastrointestinal tract absorption and bioavailability
(Onuegbu et al., 2018). Also, BIO-ZnONPs may stimulate both
RNA and DNA synthesis and cell division for somatic growth (S�ıklar
et al., 2003). Zinc (Zn) is an essential microelement for physiolog-
ical functions in fish. The application of ZnNPs in fish diet enhanced
the bioavailability and absorbance of Zn in fish (Mohammedy et al.,
2021). These findings indicated that Zn is essential for the growth
and development of fish at lower concentrations, but higher Zn
levels are harmful (Murugan et al., 2008). The higher survival rate
percentage was recorded in fish groups treated with low doses of
BIO-ZnONPs, and this suggests that this form is non-toxic for
exposed fish (Abdelazim et al., 2018). Knowledge of feeding behav-
ior of tilapia adult fish reared under ZnONPs treated water is fun-
damental to understanding the role of these critical elements on
fish health and reproduction in the ecosystem (Williamson,
1986). According to our study, the feeding behavior (time and fre-
quency) of fish treated was significantly improved (P < 0.05) with
the addition of 1 mg L�1 BIO-ZnONPs. On the other trend, the treat-
ment of fish water with 1 mg L�1 CH-ZnONPs induced a significant
adverse effect (P < 0.05). Our results were supported by Rajendran
(2013), who reported that feed additives in nanoforms enhanced
the growth and improved the immunity via enhancement of the
ration criteria. Moreover, the dietary supplementation of ZnONPs
can increase the feeding rate, and subsequently, growth rates and
growth hormone (Zhang et al., 2017). The freshwater fish increas-
ingly uptake Zn from the diet. It is the predominant route (Kaya
et al., 2015). The behavioral effects might be due to the small size
of biological ZnONPs form and different physicochemical
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properties compared with other synthetic procedures. As a result,
BIO-ZnONPs with higher mobility and uptake throughout the
membrane has improved interaction between the tissues biologi-
cal processes. Consequently, an increment of the nanoparticle sur-
face area could increase reactive groups more than their
conventional form and improve their reactivity. It can also lead
to a high biological response in living cells, otherwise not observ-
able in other chemical forms (Yusof et al., 2019). On the contrary,
chemical metals in the aquatic environment could suppress moti-
vation for feeding and induce disturbance of the proper feeding
behavior, food searching, and disturbances in the foraging behavior
(Kasumyan, 2001). Thus, it was described that high levels of ele-
mental Zn could be considered neurotoxic, inducing the central
nervous system (Sarasamma et al., 2018). Our findings illustrate
that BIO-ZnONPs with low concentration is believed to be more
eco-friendly, economical, and non-toxic than chemically and phys-
ically synthesized forms (Jiang et al., 2018). Our results illustrated
that the fish took a long-time swimming with a high level of BIO-
ZnONPs in treated water (P < 0.05). However, the resting and arou-
sal behavior (time and frequency) was significantly increased with
a high CH-ZnONPs treatment level (P < 0.05). Alkaladi et al. (2015)
revealed that the 96 h LC50 value of CH-ZnONPs in Nile tilapia was
3.1 ± 0.4 mg L�1. According to Taherian et al. (2019), the 96 h LC50

value of BIO-ZnO-NP was 25.50 mg L�1 implied the low risk of bio-
logically produced nanoparticles compared to chemically prepared
ones. The safety properties of biological methods for the synthesis
of nanoparticles can be referred to using nontoxic and environ-
mentally materials combined with green technology and the final
products are more acceptable and safer for the aquatic environ-
ment than conventional methods (Shah et al., 2015).

Considering the foraging behavior and sensitivity of fish to food
stimuli, the fish group treated with 0.5 mg L�1 BIO-ZnONPs rise to
the water surface. Concerning the aggression (time and frequency),
the aggression was increased with 0.5 mg L�1 CH-ZnONPs treat-
ment if compared with the BIO-ZnONPs treatment; meanwhile, it
was suppressed if compared with the control group and these
results differed from that obtained by Ellgaard et al. (1995). Fish
growth hormone (GH) was related to improved fish behavior via
improving appetite, aggression, swimming activities, and reducing
the anti-predator behavior of fish, thus undesirable fluctuations in
fish behaviors and feed consumption when exposed to CH-ZnONPs
that reduced GH (JÖnsson and BjÖrnsson, 2002). The biological
ZnO-NPs play an important role in enhancing serum biochemical
response, oxidative stress, liver function, hormones, immunity
antioxidant enzymes capacity, growth-promoting, modulating
the digestive enzymes, and related gene expression due to the high
Zn availability (Mohammedy et al., 2021). The present study
showed hyperglycemic Nile tilapia after rearing water with 1 mg
L�1 of CH-ZnONPs. There was a significant increase in ALT and
AST levels in the same treated group with hyperglycemia. Parallel
to our study, Taheri et al. (2017) reported that the activities of liver
enzymes of common carp (Cyprinus carpio) were significantly ele-
vated in the 15 mg ZnONPs kg�1 diet supplemented group. It might
be linked to a block of glucose transfer inside the cells, which may
subsequently lead to elevation of blood glucose levels and reduced
glycogenesis in both liver and muscles (Sharafeldin et al., 2015).
Besides, Jyothi and Narayan (1999) reported that hyperglycemia
might be attributed to the partial or fully blocking process of glu-
cose transport from the bloodstream to the liver by stress and
impaired insulin secretion due to toxicity. Also, Sharafeldin et al.
(2015) revealed that such enhancement of glycogen breakdown
in the liver of tilapia after carbaryl exposure is probably due to
the toxicity effect, which caused hyperglycemia and increase of
catecholamine secretion and corticosteroid hormones. This attri-
bution was in cooperation with our study finding that increasing
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the CH-ZnONPs levels followed by increasing serum glucose and
cortisol levels.

Regarding LYZ activity and NBT values in our study, although
there were significant differences among different groups, the
0.5 mg L�1 BIO-ZnONPs group showed significantly higher levels
than the other groups. Our results were in concordance with the
findings of Kaya et al. (2016). They illuminated that LYZ levels of
Nile tilapia were non-significantly decreased during exposure to
1 mg L�1 of small form ZnONPs and exposure to10 mg L�1 of large
form ZnONPs versus the control group. Meanwhile, the group
exposed to 1 mg L�1 large size ZnONPs exhibited a significant
reduction in LYZ levels versus the control group.

The enhancement of non-specific immune status may be due to
the nanoscale of the Zn macromolecule, which altered its proper-
ties and improved its efficiency (Rather et al., 2011). Hence, the
ZnONPs can stimulate the immune response by activating toll-
like receptors and down-regulating pro-inflammatory cytokines
(Tawfik et al., 2017). Also, Zn has a high positive antioxidant prop-
erty, reducing the interaction between antioxidants and immune
systems (Rather et al., 2011). The fish hormonal changes are closely
linked with environmental pollution, mainly induced by metal tox-
icity (Bakshi and Panigrahi, 2018). Furthermore, Scott and Sloman
(2004) elucidated that pollutants and environmentally toxic sub-
stances caused hormonal disruption, neurological alterations, and
metabolic disorders in many fish. In our study, higher GH levels
and testosterone were detected in tilapia males treated with
0.5 mg L�1 of BIO-ZnONPs, with a significant decrease in cortisol
level. At the same trend, Alkaladi et al. (2020) reported a significant
in serum GH, FSH, testosterone with a substantial elevation of cor-
tisol levels of Nile tilapia exposed to a higher dose (1.23 and 2.05 m
L�1) of CH-ZnONPs. There no available studies on reducing micro-
bial load in fish organs by BIO-ZnONPs.

5. Conclusion

In this study, ZnONPs were successfully synthesized by the bio-
logical method that was simple, cheap, safer and eco-friendly than
the chemical and physical methods. In the biological approach,
natural sources act as stabilizing and reducing agents for forming
nanoparticles with controlled size and shape. ZnONPs can easily
be synthesized using fungi as the biological system. Aspergillus
niger TS16 can be manipulated under controlled conditions and
has great potential for extracellular synthesis of ZnONPs. The pro-
teins stabilized the biosynthesized ZnONPs in fungal supernatant.
The application of biological ZnONPs to water enhanced the
growth and behavior of fish. Also, immunity, liver function, and
growth hormones were enhanced. In another way, their potential
in vitro antibacterial effects against most common bacterial patho-
gens infection Nile tilapia directs our vision for possible in vivo
application to control the invading and emergent pathogens. Plans
are directed towards testing the biological ZnONPs form on other
freshwater fish species and expand our research for in vivo treat-
ment trials of some virulent bacterial pathogens.
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