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Abstract

The goal of the current study was to compare how well Nile tilapia, Oreochromis niloticus, utilized copper (Cu) as bulk and
nano sources by evaluating fish growth, body indices, hematological assays, plasma metabolites, immune and anti-oxidative
abilities, and intestinal morphometric measurements. The basal diet served as a control, with no Cu added, whereas the
experimental diets were formed by adding bulk-Cu and nano-Cu to the basal diet to keep Cu levels at 3 and 6 mg kg™',
respectively, in both Cu sources. Tilapia (9.10+0.014 g) were fed the control diet and four experimental diets for 12 weeks.
Results indicated that growth, feed utilization, and body indices demonstrated a substantial improvement (P <0.05) in tila-
pia that received a diet containing 3 and 6 Nano-Cu mg kg~! diet, compared to the performance of fish that received diets
containing 3 and 6 Bulk-Cu mg kg™! diet and the control diet. Villi height, villi width, absorption area of villous (AAV),
and mucosal to serosal amplification ratio (MSR) values demonstrated a substantial increase (P <0.05) in tilapia fed 3 and
6 mg kg~! Nano-Cu compared to the values observed in fish fed the control and Bulk-Cu supplemented diets. Fish fed Bulk-
Cu recorded the highest (P <0.05) hemoglobin concentration in those fed 6 mg kg~' compared to 3 mg kg~!. Hematocrit
value considerably improved (P <0.05) by supplementation of Cu, whereas the highest significant value demonstrated in
fish provided 6 mg/kg~! Nano-Cu. A fish-fed diet containing 3 mg kg™' Nano-Cu revealed the best (P <0.05) values of
plasma albumin, total protein, and globulins. Plasma HDL-C highest concentrations (P <0.05) were reported in fish fed
diet supplemented with 6 mg/kg~" either Bulk or Nano Cu, whereas values of plasma TG and VLDL-C declined as Cu sup-
plementation level increased either from Bulk or Nano source. Also, the best (P <0.05) values of CAT and GPX were seen
in fish given diet supplemented with 6 Nano-Cu mg/kg™~". Fillets of fish-fed Nano-Cu-supplemented diets showed a marked
decline (P <£0.05) in moisture and fat contents, while crude protein, ash, and Cu contents considerably increased in the fillet
by dietary supplementation of Nano-Cu at both levels 3 and 6 mg kg~ In conclusion, the supplemental diets with 3 or 6
Nano-Cu mg/kg~! enhanced growth, feed utilization, body indices, fillet nutrient composition, hematological assay, plasma
metabolites, immune, antioxidant activities, and intestinal morphometry of Nile tilapia.
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Introduction

Nile tilapia (Oreochromis niloticus) is now one of the most
widely cultivated tropical fish worldwide that has become
a highly profitable species in aquaculture, with a global
production of 5.5 million MT in 2018 [1]. Minerals are
needed to maintain an animal’s regular physiological and
metabolic processes. A deficiency of certain required min-
erals in the diet can result in a variety of health problems.

All organisms, including fish, require copper (Cu), a
dietary essential trace element. It serves as a cofactor of
particular proteins and enzymes, including tyrosinase,
ferroxidase, superoxide dismutase, cytochrome oxidase,
and dopamine hydroxylase [2]. These enzymes stimulate
different metabolic processes, including antioxidant reac-
tions by scavenging free radicals, also involved in electron
transport, and the formation of hemoglobin and collagen
[3].

Copper is obtained by fish through the water and their
diet. However, copper present in water is insufficient to meet
the requirements, and dietary sources are essential for Cu
procuration in aquatic animals. Waterborne copper only
represents about 10% of whole-body copper content, while
a diet containing 0.8 mg/kg copper increases the copper
content up to 60% [4]. Typical feedstuffs used in fish feed
formulation, such as fishmeal and plant protein sources, con-
tain insufficient Cu to cover the fish’s needs [5-7]. Thus, it
becomes necessary to supplement Cu to formulated fish feed
to adjust the Cu content to the proper level required by fish.

Adverse effects of Cu deficiency have been observed
in many fish species, such as reduced growth of grouper,
lower efficiency of cytochrome C oxidase in the heart,
copper-zinc superoxide dismutase in the liver of chan-
nel catfish Ictalurus punctatus, alkaline phosphatase, and
acid phosphatase in blunt snout bream [7, 8]. On the other
hand, excess Cu intake has a toxic effect and can delay
growth in rainbow trout and tilapia Oreochromis niloti-
cus X O. aureus [9, 10]. This toxic effect may relate to the
deterioration of body cells and organs, as the extra copper
ion stimulates the synthesis of reactive oxygen species that
destroy lipids, proteins, and DNA [11, 12].

Dietary copper requirements have been established in dif-
ferent fish species, such as rainbow trout, Atlantic salmon,
common carp, channel catfish, grass shrimp, tilapia, grouper,
yellow catfish, grass carp, blunt snout bream, large yellow
croaker, tongue sole, red sea bream, Russian sturgeon and
abalone [7, 8, 10, 13-24]. The dietary requirements of cop-
per depend on the fish species, age, and feeding plan [14,
25]. Shiau and Ning [10] have detected the copper require-
ment for Tilapia Oreochromis at 5 mg kg™! DM.

Well, understanding Cu bioavailability from Cu sup-
plements is an important factor that should be considered

during the selection of a Cu source [26]. High bioavail-
ability of Cu in fish diet can decrease the need for Cu sup-
plements and the excreted Cu in wastes, which accumu-
late, pollute the rearing water, and harm the fish’s health.
Inorganic Cu salts are commonly used as feed supplements
for growth promotion, such as Cu sulfate, Cu oxide, and
Cu chloride.

Nowadays, nanoparticles of metals are involved in many
sectors as agriculture, industry, aquafeed. It can be used as a
growth promoter, antioxidant, and immunostimulant in fish
[23, 43]. Nano or chelated form of Cu showed better bio-
availability compared to the inorganic form in fish, such as
rainbow trout, grouper, and channel catfish [27, 28]. Avail-
able data about the contribution of nano Cu molecules as
a dietary supplement are limited; available findings from
previous investigations revealed that Cu nanoparticles have
improved biological effects and availability compared to
inorganic Cu salts in piglets and fish, such as red sea bream
[23]. It may be due to the small size of nano Cu facilitating
and increasing its absorption via endocytosis and cell bypass
mechanisms [29]. Thus, the present study was designed to
investigate the bioavailability of Bulk-Cu and Nano-Cu for
satisfying the dietary Cu requirement for Nile tilapia, by
evaluation of fish growth traits, whole-body copper status,
blood hematology, antioxidant activities, immune responses,
intestinal morphology, and serum biochemical parameters.

Material and Methods
Experimental Diets Preparation

The control diet (Diet 1) (Table 1) was designed follow-
ing Nile tilapia’s requirements recommended by [14]: 32%
crude protein and 6% lipid. Cu was supplemented from Bulk
(CuS0O,) and Nano sources. Nano-copper (Sigma-Aldrich,
207,780-500G: 99%, USA) was used as the Cu source. The
sizes of the elemental nano-Cu particles <75 pm. The Bulk-
Cu was added to the control diet at 3 mg kg~! and 6 mg kg~ ".
Also, Nano-Cu was added to the control diet at 3 mg kg™! and
6 mg kg~! diet. Diets were well combined with Bulk-Cu and
Nano-Cu before 300 ml of water kg~! was added to create a
dough. The feed mixture was pelletized using a lab pelletizer
with a 2-mm-diameter die. The feed pellets were dried for
24 h at ambient temperature before being stored until usage
in a 4 °C refrigerator. The proximate composition of the
nutrients in the experimental diets was examined using the
methods described in [30] (Table 1). By utilizing an atomic
absorption spectrophotometer, the dietary Cu contents were
calculated as follows: 13.62 (control), 16.52 (Diet 2), 19.32
(Diet 3), 16.70 (Diet 4), and 19.12 (Diet 5) mg kg~! diet.
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Table 1 Ingredients and proximate nutrient composition percentage
of the control diet (%, dry matter)

Ingredients %
Fish meal (65%) 10
Soybean meal (45%) 46.3
Corn gluten meal 3.00
Yellow corn 16.6
Wheat flour 18.5
Soybean oil 34
Vitamin mixture” 0.8
Mineral mixture”™* 0.5
DiCaP 0.6
Choline chloride 0.2
Stay C 0.1
Proximate analysis (%)

Crude protein 32.1
DE (Kcal/kg) 3001
Crude lipid 5.74
Ash 5.169
Crude fiber 4.11
Ca 0.798
P 0.825
Cu (mg/kg) 13.700

*Vitamin mixture (g/kg premix): Thiamin HCI, 0.44; Riboflavin,
0.63; Pyridoxine HCI, 0.91; DL pantothenic acid, 1.72; Nicotinic
acid, 4.58; Biotin, 0.21; Folic acid, 0.55; Inositol, 21.05; Menadione
sodium bisulfite, 0.89; Vitamin A acetate, 0.68; Vitamin D3, 0.12;
dL-alpha-tocopherol acetate, 12.63; Alpha-cellulose, 955.59

“*Mineral mixture, copper-free (g/100 g premix): Cobalt chloride,
0.004; Ferrous sulfate, 4.000; Magnesium sulfate anhydrous, 13.862;
Manganous sulfate monohydrate, 0.650; Potassium iodide, 0.067;
Sodium selenite, 0.010; Zinc sulfate heptahydrate, 13.193; Alpha-
cellulose, 67.964

Abbreviations: Stay C® (L-ascorbyl-2-polyphosphate 35%, DE
digestible energy, Ca calcium, P phosphorus, Cu copper

Experimental Procedure

A private farm in Kafer Elsheikh provided Mono-sex Nile
tilapia fingerlings to use in this trial. Fish were fed the
control diet throughout the 2-week adaption period in two
circular fiberglass tanks (1 m?) in the laboratory of fish in
Abbassa, Abou-Hammad, Sharkia Governorate, Egypt,
before the experiment started. After adaptation, the fish
fasted for 24 h. Healthy Nile tilapia (9.10+0.014 g) were
randomly allocated to 15 tanks (80 x50 x50 cm; 200 L for
each), representing the five groups with three replicates, 30
fish per aquarium. Fish were fed the test diet by hand at
09:00, 12:00, and 15:00 for a period of 12 weeks in three
equal meals. Fish were fed 3% of their body weight each
day. Every 2 weeks, fish were weighed, and the daily ratio
was changed in accordance with weight gain. The experi-
ment was conducted with water that was maintained at a
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temperature of 26.9 +0.50 °C, dissolved oxygen levels of
5.65+0.21, a pH of 8.30 +0.30, and total ammonia levels of
0.19+0.01 mg 1!, During the study period, a photoperiod
with 12 h of light (08:00 to 20:00 h) and 12 h of darkness
was used.

Growth and Body Indices Estimation

The growth performance of the juvenile Nile tilapia was
calculated using weight gain (WG), feed conversion ratio
(FCR), the protein efficiency ratio (PER), specific growth
rate (SGR), survival %, condition factor (CF), calculated as
equations noted by [30].

Sample Collection

At the conclusion of the growth period, fish were deprived
of feed for 24 h and then anesthetized with tricaine meth-
anesulfonate (MS222) at 150 mg 17!, To estimate the final
body weight, weight increase, and survival rates, the total
number and weight of fish in each tank were recorded. Blood
samples were taken from the caudal vein of three fish per
group by using 10% ethylenediaminetetraacetate (EDTA),
then separated into two groups. The first blood group was
separated to test the parameters of hematology, while the
blood from the second group was centrifuged for 10 min
at 3000 g to obtain the blood plasma. The obtained plasma
samples were saved at —20 °C for further analysis. After
blood collection, individual fish weight and length were
recorded for later estimation of the condition factor. Then,
fish were dissected, and samples from the anterior and poste-
rior intestines were separated for histomorphometry determi-
nation. Intestinal samples were fixed in 10% neutral-buffered
formalin until examination [31]. Additionally, the other three
fish from each treatment were anesthetized by MS222 at
150 mg -, homogenized, dried, and stored at —20 °C for
subsequent fish flesh proximate and Cu content analysis.

Sample Analyses
Blood assay

Hematocrit was analyzed according to [32] procedures.
The indirect approach described by [33] was used to count
the RBCs and WBCs, and hemoglobin (Hb) was quantified
using hemoglobin kits (cat. no. KT-731), which is a stand-
ardized procedure of the cyanmethemoglobin method. The
methods described by [34] was used to quantify the mean
corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), and mean corpuscular hemoglobin concentration
(MCHC). By multiplying the Hb content by 1.25 oxygen
and adding the power of the Hb g~!, the oxygen carrying
capacity was determined [35].
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Following instructions, the blood plasma’s total protein
and albumin were each examined [36, 37], respectively. The
calculation of globulin, however, was done by subtracting
albumin from total protein, as stated in [36]. Plasma lev-
els of the three enzymes aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and alkaline phosphatase
were measured using the method described by [32, 37], and
plasma creatinine was quantified using the colorimetric
and enzymatic determine cation methods as shown by [37].
Estimations of plasma total cholesterol, triglyceride, high-
density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein cholesterol (LDL-C) were used [38].

Plasma Immune and Antioxidant Biomarkers

According to [39], plasma lysozyme activity was assessed
using Micrococcus lysodeikticus as a model. Based on the
approach described in [33], the plasma activities of super-
oxide dismutase (SOD), catalase (CAT), glutathione peroxi-
dase (GPx), and malondialdehyde (MDA) were determined.

Histomorphometry Examination of the Intestine

Using a Rotatory Microtome (Reichert Technologies),
the intestine longitudinal and transverse slices, each 6 m
thick, were cut and stained with hematoxylin and eosin by
usual protocol. [40]. The light microscope was supplied with
a microscopic camera, and image processing software Olym-
pus LC20 was fixed on an Olympus microscope (Olympus
BX-50) with a 1/2 X image adapter, and a 40 X objective was
used to examine the tissue sections. Image analysis software
was used to calculate the mean villus height (measured from
the base to the top) for statistical analysis. The area of the
absorption surface was determined as described by [41].

Fish Fillet Proximate Analysis

The proximate chemical analysis of fish fillets was analyzed
following the technique revealed by [42]. After the samples
were dried in an oven (105 °C) for 24 h, dry matter was meas-
ured. Using a Kjeltechauto analyzer, Model 1030 from Tecator,
crude protein was evaluated using the micro-Kjeldahl method,
N% 6.25, and crude fat was determined using the Soxhlet
extraction method with diethyl ether (40-60 °C). Using igni-
tion at 550 °C for 12 h, ash was identified. An atomic emis-
sion spectrophotometer (IRIS Advantage; Thermo Jarrell Ash
Corporation) was used to measure the amount of copper in fish
fillets using standard copper concentrations [42].

Statistical Examination

Using SAS version 9.4 software, all data were examined
(SAS, 2016). To identify the significant difference across

various treatments, one-way analysis of variance (one-way
ANOVA) and the [44] new multiple-range tests were applied.
The data are shown as means with pooled standard error of the
mean since all differences were found significant at P <0.05.

Results
Growth Indices

Table 2 displays the growth, feed utilization, and body indi-
ces data. Growth, feed utilization, and body indices demon-
strated a substantial improvement (P <0.05) in tilapia that
received a diet containing 3 and 6 Nano-Cu mg kg~! diet,
compared to the performance of fish that received diets con-
taining 3 and 6 Bulk-Cu mg kg™! diet and the control diet.
Additionally, the tilapia survival rate increased considerably
(P <0.05) by dietary supplementation of Cu either from
Bulk-Cu or Nano-Cu.

Intestinal Histopathological Measurements

The dimensions of the anterior and posterior intes-
tine components are listed in Table 3. The villi height
showed the significantly highest values by dietary sup-
plementation of Nano-Cu at both levels 3 and 6 mg/
kg~!. Villi width, goblet cells number, and mucosal to
serosal amplification ratio (MSR) values demonstrated
a substantial increase (P <0.05) in tilapia fed 6 mg kg~!
Nano-Cu compared to the values observed in fish fed the
control and Bulk-Cu supplemented diets, while the best
absorption area of villous (AAV) value (P <0.05) was
noticed in fish receiving 3 mg/kg~! Nano-Cu. Further,
crypt width values decreased significantly (P <0.05)
in fish given 6 mg kg~' Nano-Cu and the control diet,
in contrast to the values in the other treatments. Simi-
larly, dimensions of the posterior intestine components
improved (P <0.05) by dietary supplementation of 3 and
6 mg/kg~! Nano-Cu, except, the villi width value which
was the highest (P <0.05) in fish fed 6 mg/kg~! Nano-
Cu. Also, the goblet cell number was not significantly
altered (P >0.05) in fish fed different dietary treatments.
Finally, the value of crypt width revealed the dramatic
(P <£0.05) highest value in fish-fed diets supplemented
with 6 mg kg~ Bulk-Cu.

Blood Assay

Blood assay measurements are summarized in Table 4.
Hemoglobin concentration was improved (P <0.05)
by dietary supplementation of Cu either from Bulk or
Nano-Cu, whereas fish fed Bulk-Cu recorded the high-
est (P <0.05) hemoglobin concentration in those fed
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Table 2 Growth performance,

Y . . Experimental treatments +MSE P value
feed utilization, and biological
parameters of Nile tilapia as Control Bulk-Cu Nano-Cu
affected by dietary additives of (mg kg~! diet) (mg kg™! diet)
bulk and Nano copper
3 6 3 6
IBW (g fish™") 9.09 9.08 9.10 9.11 9.12 0.014 0.2903
FBW (g fish™") 41.14¢ 48.18° 47.47° 52.67% 52.10° 1.02 0.0001
FBL 13.03¢ 14.30° 14.10° 14.77% 14.70* 0.56 0.0001
K 1.86% 1.65° 1.69° 1.64° 1.64° 0.53 0.0003
WG (g fish™) 32.05¢ 39.10° 38.37° 43.56 42.98° 1.11 0.0001
SGR (% day™") 1.79¢ 2.00% 1.99° 2.05° 2.05° 0.02 0.0001
FS (%) 80.00° 93.33° 96.67° 100? 100° 1.17 0.0017
FI (g fish™!) 59.61¢ 68.42° 65.24¢ 71.44 70.77% 1.41 0.0001
FCR 1.86% 1.75° 1.70¢ 1.65¢ 1.64¢ 0.54 0.0001
PER 1.79¢ 1.90° 1.96° 2.03? 2.022 0.21 0.0001

Means followed by different small letters in the same row are significantly different (P <0.05, one-way

ANOVA)

Abbreviations: /BW initial body weight, FBW final body weight, FBL final body length, K condition fac-
tor, WG weight gain, SGR specific growth rate, FS fish survival, FI feed intake, F'CR feed conversion ratio,

PER protein efficiency ratio

Table 3 Histomorphometric

. . o Experimental treatments +MSE P value
of intestine of Nile tilapia as
affected by dietary additives of Control Bulk-Cu Nano- Cu
bulk and Nano Copper (mg kg™! diet) (mg kg™! diet)
3 6 3 6
Anterior intestine
Villi height 322.15° 479.52° 489.33° 685.81* 691.52° 3.69 0.001
Villi width 30.25¢  33.87° 334.08" 32.52° 38.62° 0.562 0.001
Goblet cells number  27.12°  33.00°  39.90°  40.19®® 47.42° 0.236 0.001
MSR 8.27¢ 8.82¢ 8.35¢ 1329 16.17° 0.452 0.001
AAV 45.66°  46.13° 4446 66.29* 4795 0.598 0.001
Crypt width 58.42°  62.13*  66.02° 62.51° 48.92° 1.89 0.002
Posterior intestine
Villi height 186.22¢ 192.58° 268.59° 274.33* 292.69* 20.23 0.039
Villi width 5223°  66.22° 75.89° 7851 89.26°  5.69 0.008
Goblet cells number 43.58 42.00 41.09 41.01 42.05 0.987 0.154
MSR 4.29* 5.82° 6.12° 9.05* 9.57* 0.878 0.001
AAV 10.65¢  12.08° 13.04° 15.30* 18.20* 2.56 0.702
Crypt width 42.03%  48.65° 59.12*  38.93° 3565 1.59 0.001

Means followed by different letters in the same row are significantly different (P <0.05, one-way ANOVA)

Abbreviations: MSR mucosal to serosal amplification ratio, AAV absorption area of villous

6 mg kg~!' compared to 3 mg kg~!. But no significant
difference was noticed between fish-fed Nano-Cu at
both levels of supplementation. Hematocrit value con-
siderably improved (P <0.05) by supplementation of
Cu, whereas the highest significant value demonstrated
in fish provided 6 mg/kg~' Nano-Cu. RBCs count and
MCV levels rose markedly (P <0.05) in fish given Cu-
supplemented diets either from Bulk or Nano source
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compared to those receiving the control diet, but RBCs
count increased (P <0.05) as the inclusion level of Cu
increased to 6 mg kg™! from Bulk or Nano source. No sig-
nificant variations were noticed in the values of MCH and
MCHC among different groups. Moreover, WBCs, LYM,
and GRAN cell count significantly improved (P <0.05) in
fish administered 6 mg kg~' Nano-Cu supplemented diets
compared to those fed other diets.
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Table 4 Hemato.logilcal. Experimental treatments +MSE P value

parameters of Nile tilapia as

affected by dietary additives of Control Bulk-Cu Nano-Cu

bulk and Nano Copper (mg kg~! diet) (mg kg™ diet)

3 6 3 6

Hb (gdl™) 10.11° 11.50° 12.70° 12.55% 13.25% 0.578 0.0318
Het (%) 28.27¢ 36.37° 38.33° 36.44° 40.10* 2919 0.0001
RBCs (x10'2171 2.57¢ 2.98° 3.14% 2.9° 3.23% 0.381 0.0001
MCV (fl) 110.09° 12276  122.82°  126.80° 12425  2.064 0.0032
MCH (pg) 39.44 39.63 40.96 44.08 41.66 1.196 0.4705
MCHC (g dI™") 35.82 32.08 33.29 34.64 33.49 1.719 0.4531
WBCs (x10° 171 219.48°>  170.27¢  205.85°  216.88" 24048 = 2.562 0.0001
LYM (x10°171 208.51°  161.76°  195.56°  206.04®  228.46* 2434 0.0001
MID (x 10° 171 10.20° 7.924 9.57° 10.09° 11.18? 0.119 0.0001
GRAN (x10°17Y  0.77° 0.60¢ 0.72¢ 0.76° 0.84% 0.059 0.0001

Means followed by different small letters in the same row are significantly different (P <0.05, one-way

ANOVA)

Abbreviations: Hb hemoglobin, Hct hematocrit, RBCs red blood cells count, MCV mean corpuscular vol-
ume, MCH mean corpuscular hemoglobin, MCHC mean corpuscular hemoglobin concentration, WBCs
white blood cells (as a total count), LYM lymphocyte absolute count, MID mid-range absolute count,
GRAN means granulocyte absolute count

Plasma Metabolites

Plasma metabolites data are demonstrated in Table 5. Plasma
ALT, AST, TC, and LDL-C levels were noticeably reduced
(P<0.05) in fish given 3 and 6 mg kg~' Cu-supplemented
diets either Bulk or Nano, compared to those receiving the
control diet. A fish-fed diet containing 3 mg kg~! Nano-Cu
revealed the best (P <0.05) values of plasma albumin, total
protein, and globulins. Plasma HDL-C highest concentra-
tions (P <0.05) were reported in fish fed diet supplemented
with 6 mg/kg™! either Bulk or Nano Cu. Plasma TG and
VLDL-C values reduced considerably in a fish-fed diet sup-
plemented with Cu compared to those administered the con-
trol diet, whereas values declined as Cu supplementation
level increased either from Bulk or Nano source.

Plasma Immune and Antioxidant Biomarkers

Plasma immune and antioxidant biomarkers are found in
Table 6. Plasma lysozyme activity rose (P <0.05) in fish that
received dietary Cu supplementation, whereas the highest val-
ues were reported in fish that received Nano-Cu compared to
fish fed Bulk-Cu and the control diets. Plasma CAT, GPX, and
SOD levels improved (P <0.05) as dietary Cu supplementation
was raised in comparison to the levels reported in the control
group, whereas the best (P <0.05) values of CAT and GPX
were seen in fish given diet supplemented with 6 Nano-Cu
mg/kg~!. While plasma SOD showed the highest (P <0.05)
level in a fish-fed diet supplemented with 6 mg/kg™! either
Bulk or Nano-Cu. Dietary Cu supplementation markedly

lowered (P <0.05) the plasma MDA levels compared to the
plasma MDA level of fish fed Cu free diet (control), whereas
the lowest value was recorded in fish fed 6 mg/kg Nano-Cu
supplemented diet.

Fish Fillet Proximate Analysis

The proximate analysis of fish fillet nutrients is presented
in Table 7. Fillets of fish-fed Nano-Cu-supplemented diets
showed a marked decline (P <0.05) in moisture and fat con-
tents, while crude protein, ash, and Cu contents considerably
increased in the fillet by dietary supplementation of Nano-Cu
at both levels 3 and 6 mg kg™'.

Discussion
Growth Indices

In the present study, fish growth traits, feed utilization, and
body indices revealed a significant improvement (P <0.05)
in tilapia by dietary Cu supplementation, whereas fish
received diets containing 3 and 6 Nano-Cu mg kg™!
demonstrated the best performance compared to the per-
formance of those fed diets supplemented with 3 and 6
Bulk-Cu mg kg~! and the control diet. Typically, when
the dietary copper increases from zero to 3 and 5 mg kg~!,
it stimulates the growth of grouper [7] and tilapia [10],
respectively. Copper is a vital trace element that is needed
to improve feed quality for enhancing fish growth.
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Table 5 Alanine

. Experimental treatments +MSE P value

aminotransferase, aspartate

aminotransferase, plasma total Control Bulk-Cu Nano-Cu

protein, albumin, globulin, (mg kg~! diet) (mg kg™! diet)

albumin/globulin ratio, and

plasma lipids profiles of Nile 3 6 3 6

Eézfi’tliavzz f‘fzitlida%‘xgy ALT (U T 3478 2236° 2345 2208  21.60° 0294  0.0001

copper AST (U1 93.53° 77.68° 76.27° 75.42° 75.12° 0.812 0.0001
TP (g dl™h) 2.57¢ 2.54° 2.71° 3.26% 2.85" 0.203 0.0140
Al (g dlI™h) 0.90° 0.92¢ 0.98% 1.15% 1.04% 0.034 0.0052
Gl (gdl™ 1.67¢ 1.62° 1.67¢ 2.11° 1.87° 0.197 0.0137
Al/Gl ratio 0.57° 0.58° 0.65% 0.54° 0.54° 0.044 0.8014
TC (mg dI™") 179.53*  158.10°  157.86°  154.10°  158.42° 2722 0.0011
TG (mg dI™!) 180.14*  138.27°  125.18°  135.20°  132.63%  2.548 0.0001
HDL-C (mg dI™") 35.43¢ 44.91° 46.01° 44.26° 46.53% 0.028 0.0001
LDL-C (mg dl™") 108.08*  85.53" 86.81° 82.80° 85.37° 2.940 0.0016
VLDL-C (mgdl™")  36.03% 27.65° 25.04° 27.04° 26.53% 0.509 0.0001

Means followed by different small letters in the same row are significantly different (P <0.05, one-way

ANOVA)

Abbreviations: ALT alanine aminotransferase, AST aspartate aminotransferase, TP total protein, A/ albumin,
Gl globulin, Al/G! ratio albumin/globulin ratio, 7C total cholesterol, TG triglycerides, HDL-C high-density
lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, VLDL-C very low-density lipoprotein

cholesterol

Table 6 Lysozyme, catalase, Experimental treatments +MSE P value

superoxide dismutase,

glutathione peroxidase, Control Bulk-Cu Nano-Cu

glutathione, glutathione (mg kg~! diet) (mg kg™! diet)

S-transferases, glutathione-

disulfide reductase, and 0.3 0.6 0.3 0.6

malondialdehyde of Nile tilapia 7y (0 -1y 0.70° 0.80°  081° 084 085 0055 0.0001

as affected by dietary additives

of bulk and Nano Copper CAT (ng ml™") 50.509 51.109 5830  52.80° 63.43? 1.389 0.0001
SOD (U ml™") 25.06° 29.15° 34.26% 28.23" 33.86 0.395 0.0001
GPx (ng ml™!) 25.944 27.94° 31.08° 26.10¢ 32.42° 0.156 0.0001
MDA (nmol ml™") 73.95% 69.20° 69.17° 66.64° 62.74° 0.806 0.0001

Means followed by different small letters in the same row are significantly different (P <0.05, one-way

ANOVA)

Abbreviations: LZM lysozyme, CAT catalase, SOD superoxide dismutase, GPx glutathione peroxidase,
GSH glutathione, GST glutathione S-transferases, GSR glutathione-disulfide reductase, MDA malondialde-

hyde

The best performance noticed in fish-provided diets supple-
mented with Nano-Cu. These findings illustrated that Nano-
Cu additive can improve fish growth, survival, and feed effi-
ciency at both levels of supplementation. The role of Nano-Cu
compounds as a dietary source of Cu to enhance and promote
fish performance has been confirmed in some fish species.
[43] suggested that Nano Cu can enhance growth efficiently
more than inorganic Cu (CuSO,) for satisfying the dietary Cu
requirement of Russian sturgeon (Acipenser gueldenstaedtii)
and can lower the amount of Cu additive. It indicates that the
Nano-Cu utilization rate is 1.5-2 higher than in the CuSO, for
the dietary Cu requirements of Russian sturgeon. A similar
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finding in red sea bream also assured the growth-promoting
action of Nano-Cu particles [23]. This growth-promoting
effect of Nano-Cu is explained by [43], which illustrates that
Nano-Cu improves the Cu absorption and deposition effi-
ciency if the Cu level by the fish species in the diet is at the
normal required level. The higher availability and absorption
efficiency of Nano-Cu source herein are due to the small size
and diameter of nanoparticles. The small diameter of copper
particles facilitates its uptake as an intact nanoparticle [44].
Growth and feed utilization stimulating effect of Nile tilapia
diets supplemented with Nano mineral elements such as Se
and Zn has been also observed by [30, 33]. The inorganic
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Table 7 Proximate analysis of

[thsnnny Experimental treatments +MSE P value
flesh of Nile tilapia as affected
by dietary additives of bulk-Se Control Bulk-Cu Nano-Cu
and Nano copper (mg kg~! diet) (mg kg~! diet)
6 3 6
Chemical composition of fish flesh
Moisture (%) 74.80° 74.61% 74.10°° 73.72¢ 73.67° 0.185 0.0076
Protein (%) 18.79¢ 19.41° 19.89" 20.18* 20.37°% 0.048 0.0001
Fat (%) 2.93% 2.50° 2.31¢ 220 2.05¢ 0.015 0.0001
Ash (%) 2.01° 2.25¢ 2.43¢ 2.59° 273 0.032 0.0001
Cu (mg kg™h) 0.49¢ 0.51% 0.63° 1.18% 1.23% 0.014 0.0001

Means followed by different small letters in the same row are significantly different (P <0.05, one-way

ANOVA)

Abbreviations: Cu copper

salts of Cu have a less growth-promoting effect and lower
availability than the Nano-Cu; it may be due to during the
absorption, Cu ions may convert to indigestible compounds
with inhibitors compounds (tricalcium phosphate, phytic acid,
and fiber), which in turn hinder Cu absorption [45]. The low-
est performance recorded in fish fed the control diets may be
due to the Cu present in the control diet only from the plant
ingredients. The presence of phytic acid, which binds to diva-
lent and trivalent cations including Fe, Zn, Mg, Cu, Mn, and
Ca and may reduce these nutrients’ bioavailability [46, 47], is
typically associated with oilseeds and cereal grains.

Intestinal Morphometry

Our observed findings from intestinal morphometry exami-
nation revealed the antioxidant effect of the Cu, as it protects
against cellular oxidative damage as reported previously by
[46]. This explained the improvement of the intestinal mor-
phology in fish fed Cu-supplemented diets, compared to
those fed the control diet. The significantly highest values
of villi height, width, goblet cell numbers, AAV, and MSR
measured in fish fed Nano-Cu compared to those fed Bulk
indicate the active absorption status of the intestinal villi
because of the higher biological effects, antioxidant activi-
ties, and the better bioavailability of Cu from Nanoparticles
[29]. The Cu ions from Bulk sources may combine with the
insoluble compounds, such as phytic acid which is present
in plant ingredients (corn and soybean meal) in the diet,
lowering its availability and its biological effects.

Blood Assay
Compared to the hemoglobin concentration of fish fed

the control diet, hemoglobin concentration improved
(P £0.05) by dietary supplementation of Cu either from

Bulk or Nano-Cu, whereas fish fed Bulk-Cu recorded the
highest (P <0.05) hemoglobin concentration in those fed
6 mg/kg~! compared to 3 mg/kg~!. But no significant
difference was noticed between fish-fed Nano-Cu at both
levels of supplementation 3 and 6 mg/kg~!. Hematocrit
value considerably improved (P <0.05) by supplemen-
tation of Cu, whereas the highest significant value was
demonstrated in fish fed 6 mg/kg' Nano-Cu. RBCs count
and MCYV levels increased markedly (P <0.05) in fish fed
Cu supplemented diets either from Bulk or Nano source
compared to those fed the control diet, but RBCs count
increased (P <0.05) as the supplementation level of Cu
increased to 6 mg/kg™! from Bulk or Nano source. These
results support the idea of the biological function of Cu
in the synthesis of hemoglobin and metabolism of iron as
Cu is a component of the ceruloplasmin enzyme which
undergoes the ferroxidase activity needed for iron trans-
portation into the blood circulation [3], and it works as an
antioxidant in plasma [47], which is important to maintain
RBCs and WBCs viability and prevent its oxidative dam-
age. Also, Cu plays a role in collagen production needed
for RBC formation. It stimulates the lysyl oxidase enzyme
that is required for collagen maturation [3].

The lowest values of WBCs count in the control diet
(Cu-free) may base on that Cu deficiency suppresses certain
white cell populations such as macrophages in mammal and
neutropenia in humans [48].

The highest value of hemoglobin recorded in fish-fed
Nano-Cu at low and high levels of supplementation 3 and
6 mg kg~!, while the high level recorded only in fish-fed
6 mg kg~! Bulk-Cu could be due to the better bioavail-
ability and utilization of Cu from nanoparticles. The high
bioavailability also explained the high values of hematocrit,
white blood cell (WBCs), lymphocyte (LYM), Mid-Sized
Cells (MID), and granulocyte (GRAN) in fish-fed Nano-Cu
compared to those fed other diets.
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Plasma Immune and Antioxidants Biomarkers

Plasma lysozyme activity increased (P <0.05) in fish by
dietary Cu supplementation, whereas the highest values
were reported in fish-fed Nano-Cu compared to fish-fed
Bulk-Cu and the control diets. The obtained data herein
proved the beneficial role of Cu in enhancing the immune
response of tilapia. Cu performs several roles in the immune
system, and the alteration in non-specific immunity is
linked to the dietary copper concentration. Copper defi-
ciency reduces mammalian T cell and macrophage prolif-
eration, cytokine production, and antibody production and
increases the disease incidence [49]. The highest activity
of lysozyme was measured in Nano-Cu groups, agreed
with the data obtained by [43], which observed the higher
lysozyme, C3, and IgM contents in sturgeon fed the diet
with Cu content at 4.29 mg kg~! in CuO Nano with the
least cumulative mortality, suggesting the high absorption
and better utilization of Cu from Nano supplement. The
relationship between dietary copper and innate immunity in
shrimp, such as Penaeus monodon and Penaeus vannamei,
has been illustrated [17].

Plasma CAT, GPX, and SOD levels improved
(P £0.05) as dietary Cu supplementation increased com-
pared to the levels reported in the control group, whereas
the best (P <0.05) values of CAT and GPX were found
in fish fed diet supplemented with 6 Nano-Cu mg/kg™!,
while plasma SOD showed the highest (P <0.05) level
in a fish-fed diet supplemented with 6 mg/kg™! either
Bulk or Nano-Cu. Dietary Cu supplementation markedly
lowered (P <£0.05) the plasma MDA levels compared to
the plasma MDA level of fish fed Cu free diet (control),
whereas the lowest value was recorded in fish fed 6 mg/
kg Nano-Cu supplemented diet. The obtained data could
be attributed to the potential role of Cu in raising the
activity of plasma antioxidant enzymes. [43] recorded
low levels of Cu-Zn SOD, T-AOC, and ceruloplasmin
activity, but the MDA content was high in sturgeon fed
the control diet (Cu-free). Also, they noticed that the
antioxidation of fish-fed diets with 4.29 mg Cu/kg in
CuO-Nano was equal to that of fish fed 6.34 mg Cu/kg
in CuSO,, indicating that CuO-Nano has a better abil-
ity to enhance antioxidant capacity in Russian sturgeon
than CuSO, when the dietary Cu content in diet is at
the required level by sturgeon. As reported by [2] Cu is
a component of ceruloplasmin that has an antioxidant
effect in plasma, protects cells against oxidative damage
[46], copper, iron, and selenium, controls the activity of
superoxide dismutase, catalase, and glutathione peroxi-
dase involved in the defense mechanisms against reactive
oxygen species, as scavenging free radicals [3, 11].
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Plasma Metabolites

Plasma ALT, AST, TC, and LDL-C levels were noticeably
reduced (P <0.05) in fish fed 3 and 6 mg/kg™" either Bulk
or Nano Cu supplemented diets compared to those fed the
control diet. Our finding can be explained by, the antioxida-
tive effects of Cu and the protection of hepatic cells against
oxidative damage, which infer the significantly lower levels
of hepatic enzymes in fish-fed Cu-supplemented diet versus
those fed the control (Cu-free). [2, 46] reported that Cu is
a cofactor superoxide dismutase and ceruloplasmin, which
have a potent antioxidant effect as a free radical scavenger
and protect the cell from the oxidative damage. The results
revealed that Cu has a cholesterol-lowering effect the same
as reported by [50] who noticed that copper deficiency in
animals and humans causes glucose intolerance and hyper-
cholesterolemia; one mechanism for this being increased
levels of hydroxymethylglutaryl-coenzyme A (HMG-CoA)
reductase, a key enzyme in the cholesterol synthesis pathway.

Fish-fed diet supplemented with 3 mg kg~! Nano-Cu
recorded the highest (P <0.05) values of plasma albumin,
total protein, and globulins. Plasma HDL-C values revealed
a significant increase by dietary Cu supplementation com-
pared to the control group, whereas the increase of the
concentration (P <0.05) as dietary Cu supplementation
increased to 6 mg kg™! either Bulk or Nano Cu. This agreed
with [51] who observed that copper deficiency increases the
susceptibility of high-density lipoprotein (HDL) to oxida-
tion, indicating that Cu protects lipoprotein from oxidation.
Our results indicate the role of Cu as a cofactor for some
enzymes involved in cell metabolism, protein synthesis, and
immunoglobulin production [3, 49]. Plasma TG and VLDL-
C values reduced considerably in the fish-fed diet supple-
mented with Cu compared to those fed the control diet,
whereas values decreased as the Cu supplementation level
increased to 6 mg kg~! either from Bulk or Nano source.
This indicates that Cu has a lipid-lowering effect. Likewise,
in many studies in rodents and other animal models, it has
been proposed that copper deficiency is a factor in the devel-
opment of Fatty-Liver Disease, can alter lipid metabolism,
and is a significant factor in diseases associated with dyslipi-
demia [52]. Further, [53] showed that copper supplementa-
tion significantly reduced levels of oxidized serum LDL in
a middle-aged adult population. In copper deficient Rat tri-
glycerides, phospholipids, and cholesterol in LDL and HDL
increased twofold or more compared to control; the VLDL
composition of copper-deficient animals changed most sig-
nificantly with a sixfold increase in triglycerides.

Also, the increased levels of total protein herein indicate
a healthy liver, as a result of the antioxidant effect of the Cu.
Total plasma protein is the level of albumin and globulin in
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the blood. Albumin is the major component of blood protein
and is responsible for nutrient transportation and the main-
tenance of osmotic balance, and globulin is addressed in the
defense mechanism of animals [54].

Fish Flesh Proximate Analysis

In the present data, the flesh of fish showed a significant
reduction in moisture and fat contents. While crude protein,
ash, and Cu contents considerably increased in the flesh by
dietary supplementation of Nano-Cu at both levels 3 and
6 mg/kg~"' compared to the flesh of fish-fed Bulk-Cu and the
control diets. These results suggest the higher bioavailability,
absorption, and efficient utilization of Cu ions from Nano-Cu
particles compared to the inorganic Cu. As a result, the Cu
deposition rate increased in the flesh and improved ash and
protein retention efficiency, indicating the efficient utilization
of protein for supporting growth. [43] found that the improve-
ment in the Cu apparent digestibility of CuO Nano effec-
tively rises their retention rate and growth effect in Russian
sturgeon compared to fish fed the same amount of CuSo,. It
has been established previously by [55] the role of Cu as an
essential element required for growth, hemoglobin produc-
tion, and protein syntheses such as collagen, also as a cofac-
tor for Cu-dependent enzymes and a component of specific
proteins, which stimulate important metabolic processes.

Conclusion

Due to copper’s high retention in fish bodies and conse-
quent decrease in its concentration in the environment to
produce an eco-friendly environment, the current findings
of the study highlight and confirm the significance of using
copper nanoparticle form in aqua-feeds. To further improve
Nile tilapia performance, activate the digestive enzymes, and
increase antioxidant enzyme capacity, copper inclusion in
Nano-Cu form is a helpful application. The current findings
of the study emphasize and validate the relevance of using
copper nanoparticle in aqua-feeds due to copper's high reten-
tion in fish bodies and resulting decrease in its concentration
in the environment. Copper inclusion in Nano-Cu form is
a useful application to enhance Nile tilapia performance,
activate the digestive enzymes, and raise antioxidant enzyme
capacity.
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