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Abstract: This study aimed to evaluate the effects of dietary supplementation with nano-curcumin
(NCur) and a nano-curcumin/chitosan blend (NCur/Ch) on growth performance, digestibility,
immune response, antioxidant status, intestinal morphometric characters, and gene regulation in
Nile tilapia. Fish (n = 180, initial body weight = 12.0 ± 0.53 g) received supplementary NCur at rates
of 0 (control), 0.00625, and 0.0125, and NCur/Ch at rates of 0.00625 + 0.5 g/kg diet for 4 weeks.
Growth performance parameters (final weight and length, body mass gain, specific growth, and
length gain rates) were markedly increased, and the feed conversion ratio was significantly decreased
in the NCur- and NCur/Ch-supplemented groups. Digestive enzyme (amylase), immune response
markers (immunoglobulin M, nitrous oxide, and lysozyme activity), plasma albumin, and total
protein were increased significantly, mainly with a diet supplemented with 0.00625 g NCur/kg.
Aspartate aminotransferase (AST), alanine aminotransferase (ALT), glucose, and cortisol levels
decreased in the supplemented groups compared to the control. Significantly increased glutathione
peroxidase (GPx) and decreased malondialdehyde (MDA) levels were observed in the NCur/Ch
group. Superoxide dismutase (SOD) activity was improved in the 0.0125 NCur group. Intestinal
morphometric characters, including villus length, width, interspace, and goblet cell abundance, were
increased to cope with improved growth performance and were associated with upregulation of
insulin-like growth factor 1 (igf-1) and complement C-5 (cc5) compared to the control group. Therefore,
NCur and an NCur/Ch blend could be supplemented in the Nile tilapia diets as a natural alternative
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to promote growth, digestion, immune status, liver function, antioxidant status, and related gene
expression in O. niloticus.

Keywords: nano-curcumin; chitosan; immune-antioxidant profile; histopathology; gene expression

Key Contribution: 1. The role of dietary supplementation with the nano-curcumin/chitosan blend
on Nile tilapia performance, immune response, and antioxidant status was evaluated. 2. The nano-
curcumin/chitosan blend revealed a synergistic effect in improving growth, feed utilization, and
digestive processes, including digestive enzyme activity and gut histomorphology. 3. The im-
mune response, antioxidant status, and some related gene expressions were enhanced by the nano-
curcumin/chitosan blend supplementation.

1. Introduction

Dietary supplementation of nanoparticles in aquafeed is increasingly reported and
widely applied due to its promising effects on fish overall performance and productivity [1].
The novel properties of nano-delivery come from their enhanced distribution, efficacy, and
longer bioactive time over the traditional ones [2–4]. Nano-delivery also improves fish
efficiency to absorb nutrients and drugs with poor absorption, improves the solubility
of vitamins, protects the nutraceutical from pH, microorganisms, and enzymes before
reaching the target, and improves vaccine activity [5,6]. Many feed supplements are natural
nutraceuticals. Natural medicinal supplements and their active ingredients have been
incorporated into aquaculture diets for health and performance improvement and for stress
and disease resistance [7–9]. These compounds are reported as natural alternatives to
chemicals possessing antibiotic, growth promoting, antioxidant, and immune-stimulating
properties [10–13].

Curcumin (Cur) is a hydrophobic and polyphenolic natural-derived compound, rep-
resenting 60–70% of the main active ingredient found in turmeric [14,15]. Dietary supple-
mentation with Cur and Cur-nanomicelles improved growth performance, antioxidant
status, body composition, and ameliorated the toxicity effects of silver nanoparticle in
Cyprinus carpio [7]. Nile tilapia (Oreochromis niloticus) fed a Cur-supplemented diet up to
3% revealed improved growth performance, feed utilization, redox status, upregulated
expression of heat shock protein gene, and increased low temperature tolerance [16]. In
addition, dietary Cur in nano-form improved growth performance, digestive enzyme activ-
ities, antioxidant enzyme activities, and humoral immunity in Nile tilapia [17]. Therefore,
Cur is proven to have growth-promoting, antioxidative, and immunostimulatory effects
on different aquaculture species [15]. Nevertheless, Cur has many problematic delivery
issues, including low bioavailability and poor absorption [14]. Moreover, the metabolism
and elimination of Cur are rapid, owing to its unsteady structure, which leads to low levels
in blood and animal tissues, and limits its persistence and usage [4,18]. Consequently,
nano-delivery approaches have been utilized to improve Cur distribution, stability, and
availability [19]. Nanoparticles secure better delivery and efficiency, thus reducing the
amounts of curcumin required to be incorporated into diets, resulting in overall improved
properties at a lower cost [7,20].

Chitosan (Ch) is a natural additives also used to enhance aquatic feeds. Ch is obtained
through the deacetylation of crustacean chitin and is characterized by safety, compatibil-
ity, affordability, and biodegradability [21,22]. The inclusion of Ch in the diet of juvenile
loach, Misgurnus anguillicaudatus, enhanced weight gain, lipid metabolism, and health
status and modulated gut microbiota [23]. Ch improves the growth, immunity, and health
status of C. carpio and O. niloticus [24,25]. Furthermore, the use of Ch nanoparticles is
more efficient than the normal form due to their high surface area, higher bioavailability,
easy absorption, and efficient delivery to the target site [22]. Dietary Ch nanoparticles
significantly improved Nile tilapia growth performance and antioxidant status and stim-
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ulated immune responses [26]. Moreover, dietary Ch nanoparticles alleviated systemic
inflammation induced by Yersinia ruckeri and stimulated the immune response of rainbow
trout, Oncorhynchus mykiss [27].

The use of Ch in drug or active ingredient delivery has increased due to several
properties of Ch including bio-adhesion, biodegradability, biocompatibility, and low toxicity.
Furthermore, Ch improved the solubility and stability of coated materials, and enhanced
delivery to the target site and cell uptake [28]. Hence, it is assumed that the integration
between nano-curcumin (NCur) and a chitosan (NCur/Ch) blend could better improve
overall fish performance. Thus, with limited literature addressing this integration, the
current work aim to assess the effect of dietary NCur and an NCur/Ch blend on growth
performance, digestion, immune and antioxidant status, intestinal function, and some
gene expression in Nile tilapia, which is among the highest farmed and most profitable fish
species worldwide due to its nutrition value and availability.

2. Materials and Methods
2.1. Preparation of Curcumin Nanoparticles
2.1.1. Synthesis of Curcumin Nanoparticles

Curcumin nanoparticles were synthesized by a sonochemical method in which ultra-
sonic waves led to the formation and growth of microbubbles. These microbubbles had
extreme temperatures and pressure in the inner and outer sides of the bubbles. After the
collapsed curcumin (Sigma, Chennai, India) molecules were subjected to these extreme
conditions, which induced the nucleation of nanoparticles, they were exposed to rapid
cooling, leading to the synthesis of curcumin nanoparticles. Olive oil (Khaled Khoshala Co.,
Cairo, Egypt) acted as a stabilizer, coating curcumin nanoparticle to prevent aggregation.
An amount of 0.01 g of curcumin was added to 10 mL of olive oil and stirred for 1 h at
600× g, and then the solution was subjected to sonication for 2 h at the conditions of plus
time of 4 s, rest time of 1 s, temperature maintained below 80 ◦C, total time of sonication of
1.5 h, and 75% amplitude.

2.1.2. Synthesis of Nano-curcumin and Chitosan Capsule (NCur/Ch)

Chitosan (0.5 g) was dissolved in 100 mL of 2% acetic acid in a 250 mL beaker and
heated until boiling; then, 25 mL of the prepared curcumin nanoparticles was added. An
amount of 1 g of sodium tripolyphosphate (STPP) dissolved in 50 mL of double-deionized
water was added dropwise to the boiling dissolved NCur/Ch mixture until a yellow
fiber-like appearance was obtained. The mixture was transferred to a 2 L beaker of double-
distilled water and incubated until the NCur/Ch capsule precipitated. Then, the secondary
products dissolved in the top beaker solution were removed. The final step was repeated
twice; then, the precipitate was dried at room temperature.

2.1.3. Characterization of Curcumin Nanoparticles

Characterization included shape, size, and identification steps. Identification was
carried out to confirm that the synthesis occurred without any contamination, change in
chemistry, or crystallography of curcumin nanoparticles, using an X-ray diffraction (XRD)
instrument (EQUINOX 1000 X-ray Diffractometer, Thermo Scientific Company, Waltham,
MA, USA). The shape characterization was performed to illustrate the morphology and
shape of curcumin nanoparticles. Size analysis was carried out by dynamic light scatter-
ing (DLS) Nano Sight NS500, Malvern Instruments Ltd. (Malvern, UK). Shape analysis
was carried out using a scanning electron microscope (SEM; Prisma E, Thermo Scientific
Company, Waltham, MA, USA) and transmission electron microscope (TEM; EM-2100,
high-resolution magnification).

2.2. Diets and Experimental Conditions

In total, 4 experimental diets were prepared by adding NCur at rates of 0 (control),
0.00625, and 0.0125 and Ncur/Ch at rates of 0.00625 + 0.5 g/kg commercial basal diet
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(Aller® Aqua, 6th of October city, Egypt; 30% protein, Table 1) [26]. The ingredients were
mixed, extruded to obtain uniform pellets, dried at room temperature, and then stored at
4 ◦C until use.

Table 1. Composition and approximate analysis of basal diet.

Item g/kg Diet

Fish meal * 295
Yellow corn 185

Soybean 365
Wheat bran 45
Vegetable oil 35

Gluten 50
Bicalcium phosphate 15

NaCl 3
Vitamin and mineral premixes ** 7

Ingredient Approximate analysis (%)
Crude protein 38.28
Ether extract 6.33
Crude fiber 8.35

Ash 9.04
Digestible energy (Kcal/kg) 3312

* Fishmeal (INTRACO, Belgium), ** Egavet premix: each 3 kg contains: vitamin A, 10 million IU; vitamin D,
4.5 million IU; vitamin E, 10,500 mg; vitamin K3, 400 mg; vitamin B1, 1000 mg; vitamin B2, 4600 mg; vitamin B6,
2200 mg; niacin, 30,000 mg; biotin, 50 mg; folic acid, 1000 mg; pantothenic acid, 9980 mg; Mn, 60,000 mg; Zn,
50,000 mg; Fe, 30,000 mg; Cu, 5000 mg; Se, 90 mg; Co, 110 mg; Mn, 250,000 mg.

One hundred and eighty Nile tilapia (O. niloticus) were obtained from a private fish
farm at Elqnater Elkhairia, Qalubia governorate, Egypt. Fish were transported to the wet
aquatic laboratory at Benha University, Egypt, to perform the current study. Fish (initial
body weight = 12.0 ± 0.53 g and initial length = 8 ± 0.42 cm) were kept in a 1000 L fiberglass
tank and fed a control basal diet for 12 days as acclimatization period. Fish were distributed
at a density of 15 fish per 90 L rectangular tanks divided into triplicates with free water
flow. Fish were fed to satiation twice daily (at 09:00 a.m. and 17:00 p.m.) for 4 weeks. Water
quality was routinely checked and kept at 25.0 ± 0.6 ◦C temperature, 5.8 ± 0.32 mg/L
dissolved oxygen, 0.25–0.31 mg/L ammonia (NH3), and 7 ± 0.2 pH.

2.3. Growth Performance

The weight and length of all fish were recorded at the start and end of the experiment
as follows:

Body mass gain (BMG; %) = 100 × [(final body mass − initial body
mass)/(initial body] mass).

(1)

Specific growth rate (SGR; % day−1) = 100 × [(ln final body mass g − ln initial
body mass g)/trial days]

(2)

Feed conversion ratio (FCR) = consumed feed/weight gain (3)

Length gain rate % = 100 × [(final body length cm − initial body length
cm)/initial body length cm].

(4)

2.4. Digestive Enzymes

At the end of the experiment, 9 fish from each group (3 fish/replicate) were used for
intestinal sample collection in phosphate-buffered saline of pH 7.4. After homogenization,
the samples were centrifuged for 15 min at 6000× g at 2–8 ◦C to obtain the supernatant.
Digestive enzymes’ (amylase, lipase, and protease) activities in homogenate were assayed
colorimetrically, in triplicate, according to the Sigma-Aldrich company’s protocol (Burling-
ton, NJ, USA), at 405 nm for amylase, where 1 unit is the amount of amylase that cleaves
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ethylidene-pNP-G7 to generate 1.0 µmole of p-nitrophenol per minute at 25 ◦C. Lipase
was assayed at 570 nm, where 1 unit of lipase is the amount of enzyme that will generate
1.0 µmole of glycerol from triglycerides per minute at 37 ◦C. Protease was measured at
525 nm according to the manufacturer’s protocol.

2.5. Immune Parameters

Immunoglobulin M (IgM) mg/dl was assayed in 50 µL plasma/sample at 450 nm
within 10 min using a colorimetric CUSABIO kit (Wuhan, China) and the manufacturer’s
protocol. Plasma nitrous oxide and lysozyme levels were colorimetrically measured at a
wavelength of 570 and 450 nm using Sigma-Aldrich kit protocols (Burlington, NJ, USA)
following our previous studies [29]. Nitrous oxide was determined using oxidized nitrite to
NO amount with 84 µL Griess reagent. Lysozyme activity was measured using a suspension
of Micrococcus lysodeikticus as substrate, in a 2.6 mL reaction mixture.

2.6. Biochemical Assays

Plasma proteins were assayed in triplicate using the company’s protocol (Spinreact,
Girona, Spain) through a chemistry analyzer RA-50, Bayer (Budapest, Hungary). Liver
enzymes (aspartate aminotransferase (AST) and alanine aminotransferase (ALT)), glucose,
and cortisol levels were assayed spectrophotometrically in plasma using BioMed Diagnostic
commercial kits (Cairo, Egypt) at 340 nm, according to the process outlined by Liu et al. [30]
and Huang et al. [31].

2.7. Antioxidants

In total, 9 liver samples were obtained from each group (3 samples/replicate) and
placed in phosphate-buffered saline of pH 7.4 for assessing glutathione peroxidase (GPx),
superoxide dismutase (SOD), and malondialdehyde MDA levels according to the process
described by Aebi [32]. GPx was evaluated at 340 nm by estimating the enzyme amount
that oxidized 1.0 nmol of NADPH/min. at 26 ◦C. SOD was measured at 340 nm using
Biodiagnostic Co. commercial kits (Cairo, Egypt) by estimating the enzyme activity that
converted the methosulphate using the indicator tetrazolium blue dye. MDA was quan-
tified colorimetrically at 532 nm using Abcam, MA 02453 commercial kits (Eugene, OR,
USA), depending on the reaction of the sample with thiobarbituric acid (TBA) to produce
an MDA-TBA adduct.

2.8. Intestinal Morphometric Analysis

Intestinal samples were collected from different groups and then fixed in 10% neutral
buffered formalin. After dehydration and clearance, the tissues were embedded in paraffin,
5 µm sectioned, and stained with Hematoxylin and Eosin [33]. Histomorphometric analysis
was performed using National Institutes of Health ImageJ analysis software (Bethesda,
MD, USA). The intestinal villi length, width, and inter-villi space were measured by ImageJ
analysis software v1.31 and expressed as µm.

2.9. Real-Time PCR Analysis of igf-1 and cc5

Liver samples (9 fish/group) were collected in Ambion RNAlater (Waltham, MA,
USA) and subjected to Trizol total RNA isolation using a method (1 mL Trizol/50 mg
sample) following the company working protocol (Invitrogen, Carlsbad, CA, USA). A real-
time PCR study was performed following our previous studies [34]. RNA samples were
quantified using NanoDrop spectrophotometry; the 260/280 nm ratio was assessed with
purity confirmation at 1.80:2.00. cDNA reverse transcription (Invitrogen, Carlsbad, CA,
USA) was then performed, and expression of genes’ primers (Metabion, Planegg, Germany)
(Table 2) was performed using Stratagene MX3005P. Reaction conditions included 1 cycle
(94 ◦C for 15 min), 40 cycles (94 ◦C for 5 min), 62 ◦C for 30 s, and 72 ◦C for 30 s. The relative
expression was estimated via the “2−∆∆Ct” method [35].
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Table 2. Primer sequences of targeted genes in O. niloticus for the gene expression study.

Gene of Interest Primer Sequences Reference

EF-1α
CCTTCAACGCTCAGGTCATC

[36]
TGTGGGCAGTGTGGCAATC

igf -1
TTCTCCAAAAACGAGCCTGCG

[37]
TCTGCTACTAACCTTGGGTGC

cc5
GGACCCGGACCATACAACAG

[16]
GGGGTTTTGCAGAGATGGGA

2.10. Statistical Analysis

The result was statistically analyzed using one-way analysis of variance (ANOVA) by
the Statistical Package for the Social Sciences (IBM SPSS Statistics for Windows, Version
22.0, released 2013, IBM Corp., Armonk, NY, USA). Duncan’s multiple range test was used
to identify the significant differences among means at a probability level of p < 0.05. Data
are expressed as means ± standard error.

3. Results
3.1. Characterization of Curcumin Nanoparticles

Scheme 1A illustrates the fingerprint XRD pattern of Cur without any peaks of other
materials or shifts of Cur peaks. The SEM and TEM images, as illustrated in Scheme 1B,C,
show the spherical to subspherical shape of Cur nanoparticles with no shape or size control;
this may have occurred due to the oil coating. The size of Cur nanoparticles was about
35 nm without any agglomeration of particles. Size determination using DLS (Scheme 1D,E)
recorded a 59 nm size with a −12 mV zeta potential.
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3.2. Growth Performance

Growth performance was significantly influenced by NCur and NCur/Ch supple-
mentation. Growth parameters, including final weight and length, body mass gain (BMG),
specific growth (SGR) and length gain (LGR) rates, and feed conversion ratio (FCR), were
improved in the supplemented groups compared with the control. Ncur at a level of 0.0125
and NCur/Ch at a level of 0.00625 + 0.5 g/kg diet induced the most significant (p < 0.05)
improvement in growth performance (Table 3).

Table 3. Growth parameters of O. niloticus fed diets supplemented with nano-curcumin (NCur) and
nano-curcumin/chitosan blend (NCur/Ch) feed.

Treatments
Initial
Weight

(g)

Final
Weight

(g)

Initial
Length (cm)

Final Length
(cm)

BMG
(%)

SGR
(%) FCR LGR (%)

Control 12.5 ± 0.5 c 26.6 ± 0.2 c 9.2 ± 0.4 10.7 ± 0.2 c 112.4 ± 0.05 c 4.7 ± 0.01 c 1.1 ± 0.03 c 14.6 ± 0.03 c

0.00625 NCur 12.5 ± 0.5 b 35.4 ± 0.5 b 8 ± 0.5 11.8 ± 0.1 b 182.6 ± 0.05 b 5.1 ± 0.00 b 0.8 ± 0.00 b 47.9 ± 0.01 b

0.0125 NCur 12.5 ± 0.5 a 46.8 ± 0.2 a 8 ± 0.3 13.8 ± 0.2 a 274.6 ± 0.04 a 5.5 ± 0.00 a 0.5 ± 0.00 a 72.6 ± 0.01 a

0.00625 NCur +
0.5 Ch 12.5 ± 0.5 a 44.8 ± 0.2 a 8 ± 0.5 14.3 ± 0.2 a 258.2 ± 0.05 a 5.5 ± 0.01 a 0.5 ± 0.01 a 79.2 ± 0.03 a

Values are expressed as mean value (n = 30) ± SE. Mean values with different superscript letters are significantly
different (p < 0.05). BMG = body mass gain, SGR = specific growth rate, LGR = length gain rate, and FCR = feed
conversion ratio.

3.3. Digestive Enzymes

A diet of 0.00625 g NCur/kg showed the highest significant amylase enzyme activity
values. However, protease activity did not improve in the supplemented groups over the
control, and lipase activity did not reveal significant (p < 0.05) differences (Figure 1).
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Figure 1. Digestive enzymes (amylase, lipase, and protease) activities in O. niloticus fed diets
supplemented with nano-curcumin (NCur) and nano-curcumin/chitosan blend (NCur/Ch) feed.
Data are presented as mean (n = 9) ± SE. Values marked with superscript letters are significantly
different (p < 0.05).

3.4. Immune Response

NCur incorporation at a level of 0.00625 g produced the most significant (p < 0.05)
enhanced IgM, nitrous oxide (NO), and lysozyme activity, while the other 2 dosages (NCur
0.0125 and 0.00625 + 0.5 NCur/Ch g/kg diet) did not produce significant differences in
immune parameters compared to the control group, except for NO activity, where the
2 dosages produced lower activities than the control (Figure 2).
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Figure 2. IgM, nitrous oxide, and lysozyme activities of O. niloticus fed diets supplemented with
nano-curcumin (NCur) and nano-curcumin/chitosan blend (NCur/Ch) feed. Data are presented
as mean (n = 9) ± SE. Values marked with different superscript letters are significantly different
(p < 0.05).

3.5. Biochemical Profile and Plasma Proteins

The levels of ALT and AST significantly (p < 0.05) decreased in the NCur- and NCur/Ch-
supplemented groups compared with the control. The lowest (p < 0.05) levels of ALT and
AST in plasma samples were detected for the group receiving 0.00625 + 0.5 NCur/Ch g/kg
diet (10.6 ± 0.002 and 22 ± 0.001). The lowest (p < 0.05) levels of ALT and AST in liver
samples were detected for both NCur 0.0125 (22.4 ± 0.002 and 33.9 ± 0.005) and NCur/Ch
0.00625 + 0.5 groups (28.3 ± 0.002 and 25.3 ± 0.002) (Figure 3).
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Figure 3. Kidney function enzymes of O. niloticus fed diets supplemented with nano-curcumin (NCur)
and nano-curcumin/chitosan blend (NCur/Ch) feed. Data are presented as mean (n = 9) ± SE.
Values showing different superscript letters are significantly different at (p < 0.05).

In addition, glucose and cortisol levels were significantly (p < 0.05) decreased in
the supplemented groups over the control, with the lowest (p < 0.05) values for NCur
0.0125 and NCur/Ch 0.00625 + 0.5 groups (Table 4). Plasma albumin and total protein
were significantly (p < 0.05) increased, mainly in the 0.00625 g NCur/kg diet, while the
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supplemented groups did not show a significant difference in globulin level compared to
the control (Table 4).

Table 4. Plasma biochemical parameters of O. niloticus fed diets supplemented with nano-curcumin
(NCur) and nano-curcumin/chitosan blend (NCur/Ch) feed.

Treatments Cortisol (ng/mL) Glucose (mg/dL) Albumin (g/dL) Globulin (g/dL) Total Protein (g/dL)

Control 38.0 ± 0.03 a 60.0 ± 0.05 a 0.7 ± 0.04 b 1.3 ± 0.02 2.0 ± 0.00 c

0.00625 NCur 21.6 ± 0.01 a 24.3 ± 0.02 a b 0.9 ± 0.00 a 1.6 ± 0.01 2.5 ± 0.00 a

0.0125 NCur 16.3 ± 0.05 b 28.5 ± 0.00 b 0.8 ± 0.04 a b 1.4 ± 0.04 2.2 ± 0.00 b

0.00625 NCur + 0.5 Ch 12.7 ± 0.01 b 22.8 ± 0.01 c 0.7 ± 0.00 b 1.3 ± 0.00 2.0 ± 0.00 c

Values are expressed as mean value (n = 9) ±SE. Mean values with different superscript letters are significantly
different at (p < 0.05).

3.6. Antioxidants

The group receiving NCur/Ch 0.00625 + 0.5 was the only group to reveal a signifi-
cantly (p < 0.05) increased GPx level. For SOD level, only the NCur 0.0125 group showed a
marked increase over the control group. While all the incorporated groups showed a signif-
icant (p < 0.05) decrease in MDA level, the most pronounced value was in the NCur/Ch
0.00625 + 0.5 group (Figure 4).
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Figure 4. Antioxidant enzyme activities of O. niloticus fed diets supplemented with nano-curcumin
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(n = 9). Values showing different superscripts are significantly different (p < 0.05).

3.7. Intestinal Morphometric Analysis

The effect of the incorporation of NCur and NCur/Ch on the intestinal morphometric
parameters of O. niloticus was also analyzed, including the villus length, width, inter-
space, and goblet cell abundance (Table 5 and Scheme 2). Supplemented groups exhibited
significantly (p < 0.05) increased villus length, width, and goblet cell count in the anterior
part of the intestine, with the most pronounced increase (p < 0.05), compared with the
control group, observed in the group fed the diet containing NCur 0.0125. The inter-
villus spaces of the anterior part of the intestine were significantly (p < 0.05) smaller in
the supplemented groups in comparison with the control. Similarly, the villus length
of the middle part of the intestine and goblet cell number were significantly enhanced
(p < 0.05) in the supplemented groups, with the highest (p < 0.05) increase in villus length
and the highest (p < 0.05) decrease in goblet cells number also observed for the NCur
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0.0125 group. Meanwhile, villus width did not show significant (p < 0.05) differences
among supplemented groups. For the posterior part of the intestine, results were similar to
those of the middle part, except for the villus width, which showed the highest (p < 0.05)
increase in NCur 0.00625 groups.

Table 5. Intestinal morphometry of O. niloticus fed diets supplemented with nano-curcumin (NCur)
and nano-curcumin/chitosan blend (NCur/Ch) feed.

Treatments
Anterior Intestine

Villus Length Villus Width Inter-Villi Space Goblet Cells/mm2

Control 167.0 ± 1.4 c 104.45 ± 3.5 b 102.7 ± 3.5 a 19.3 ± 0.8 c

0.00625 NCur 229.67 ± 3.7 b 100.07 ± 0.8 b 77.3 ± 1.5 b 27.6 ± 2.4 a b

0.0125 NCur 318.8 ± 2.5 a 120.68 ± 2.3 a 51.5 ± 1.5 c 30.0 ± 2.4 a

0.00625 NCur + 0.5 Ch 275.0 ± 1.3 a 94.1570 ± 0.9 b 75.7 ± 1.3 b 22.0 ± 1.5 b c

Middle Intestine

Control 312.3 ± 3.5 c 74.2 ± 3.5 74.8 ± 3.5 a 30.6 ± 1.2 b

0.00625 NCur 416.6 ± 2.5 b 76.6 ± 2.5 55.2 ± 2.4 a b 36.0 ± 1.3 b

0.0125 NCur 618.1 ± 3.5 a 60.4 ± 3.5 18.5 ± 1.3 c 57.0 ± 2.5 a

0.00625 NCur + 0.5 Ch 433.2 ± 2.7 b 76.6 ± 2.5 44.5 ± 2.5 b c 38.3 ± 1.2 b

Posterior Intestine

Control 103.7 ± 3.5 b 87.2 ± 3.5 b 122.9 ± 4.1 a 7.6 ± 1.2 b

0.00625 NCur 114.1 ± 3.2 b 130.0 ± 1.5 a 116.4 ± 3.5 a b 12.3 ± 1.8 b

0.0125 NCur 204.6 ± 1.5 a 92.9 ± 2.0 b 84.5 ± 2.4 c 23.0 ± 2.5 a

0.00625 NCur + 0.5 Ch 165.4 ± 2.5 a 91.2 ± 3.5 b 95.4 ± 1.5 b c 12.6 ± 1.2 b

Values are expressed as mean value (n = 9) ± SE. Mean values with different superscript letters are significantly
different (p < 0.05).
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3.8. Gene Expression of igf-1 and cc5

The groups that received NCur and NCur/Ch supplemented diets displayed (p < 0.05)
noticeable upregulation in the expression pattern of both igf-1 and cc5 genes, with the most
marked increase, compared to the control, in the NCur/Ch 0.00625 + 0.5 group (Figure 5).
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4. Discussion

The current study indicated that NCur and an Ncur/Ch blend could be used as a
dietary supplement to promote growth, digestion, innate immunity, and related gene
expression in Nile tilapia. A diet of Ncur 0.0125 and Ncur/Ch 0.00625 + 0.5 g/kg produced
the best growth performance. These findings were similar to prior studies reporting pos-
itive effects of Cur in C. carpio [7,38], O. niloticus [16,39], and O. mossambicus [40]. These
activities are mostly attributed to the attractive flavor of Cur, which possibly improves
feed palatability and, consequently, feed intake and utilization, leading to improved feed
efficiency [41]. The incorporation of NCur and NCur/Ch also enhanced the digestion
process, as represented by increased activity of amylase, with the highest significant ac-
tivity (p < 0.05) in the group supplemented with 0.00625 g NCur. Furthermore, NCur
and NCur/Ch improved intestinal morphometric parameters, including increased vil-
lus width and length, which, in turn, increased absorption area and improved nutrient
utilization. In the same vein, the dietary Cur activity improved the digestion process
through improved trypsin, lipase, and amylase activities; thus, it may improve the growth
performance of crucian carp, Carassius auratus [42]. Regarding Ch dietary supplementation,
Nile tilapia, gibel carp (C. auratus gibelio), and copia (Rachycentron canadum) fed Ch- or Ch
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nanoparticle-supplemented diets had preferred growth performance, feed utilization, in-
testinal morphology, intestine microbiota, and disease resistance compared to the control
group [26,43–45].

Immunoglobulin M (IgM), NO, and lysozyme levels are principal indicators that reflect
a fish’s immune system [46]. In the present study, a diet of NCur at a level of 0.00625 g/kg
produced the most enhanced IgM, nitrous oxide (NO), and lysozyme activities. The
obtained data is in accordance with the findings of Ashry et al. [41] and Yonar et al. [47],
who recorded significantly improved immune parameters, including phagocytic activity,
in gilthead seabream (Sparus aurata) and rainbow trout (O. mykiss) supplemented with
Cur-enriched diets. Furthermore, in Nile tilapia, the Cur immune-stimulatory effect might
occur due to the stabilizing ability of Cur in lysozyme production [48,49]. Furthermore, it
was found that Cur incorporation into the diet at a rate of 50 and 100 mg Cu kg−1 notably
enhanced plasma lysozyme activity and increased immunoglobin concentrations [39].
Thus, it enhanced both the innate and humoral immune responses in Nile tilapia. Likewise,
Gheytasi et al. [50] reported an elevation of lysozyme activity and complement C3 level
upon feeding lemon essential oil loaded with Ch nanoparticles to rainbow trout.

Curcumin is characterized by a hepatoprotective effect, indicated by a sharp decrease
in ALT and AST activities. Further, curcumin is characterized by the glucose and cortisol
levels in supplemented groups, with the lowest levels for the NCur 0.0125 and NCur/Ch
0.00625 + 0.5 groups. This decrease might be due to the ability of Cur to stabilize the mem-
brane of hepatocytes, which stops intracellular enzyme leakage, and its hepatoprotective
role [51]. These findings are in agreement with Gheytasi et al. [50], who reported a decrease
in serum ALT activity in 1% lemon-loaded Ch nanoparticles of rainbow trout. Further,
serum ALT activity decreased in Nile tilapia fed a Cur-supplemented diet [48].

Plasma proteins might be affected by dietary supplementation in finfish [52,53]. The
current study showed that albumin and total protein were augmented mainly for the
0.00625 g NCur /kg diet. The reduced lipoprotein levels could be due to the inhibition of
cholesterol production, resulting in a reduction of intracellular liver sterols [54].

Antioxidant activity is a key indicator of the overall status of a fish [39]. In the present
study, dietary inclusion with NCur/Ch 0.00625 + 0.5 and NCur 0.0125 improved GPx and
SOD levels. All the incorporated groups shared this improvement and demonstrated a
significant decrease in MDA level. The improved antioxidant response of previous groups
might be attributed to the hepatoprotective effects of Cur [51] and Ch [55]. Similarly, a
Cur-supplemented diet, at a dose of 1%, significantly increased SOD and CAT activities in
Nile tilapia [16]. The same finding was reported by Ji et al. [56] in yellow croaker, and
by Yonar et al. [47] in rainbow trout. The improved results could be because of the
hepatoprotective properties of Cur and its ability to protect the hepatocytes [51].

The present study demonstrated that the group receiving the diet supplemented
with NCur/Ch revealed significantly increased villi length, width, and goblet cell count
in the intestine. The improved intestinal morphometric characteristics may explain the
improved growth performance of Nile tilapia receiving the supplemented diets, since both
parameters are correlated [57]. In the same instance, feeding Nile tilapia with dietary Cur
nanoparticle diets resulted in a higher villi length/width and absorption area [17]. This
enhancement may be attributed to the administration of phenolic compounds, such as
Cur, which could decrease intestinal inflammation, causing improvements in nutrient
digestibility and absorption [58].

On the gene expression level, igf-I expression levels reflect growth patterns in ani-
mals [59]. Additionally, cc5 is an immune response-modulating cytokine that could be
affected by Cur supplementation [16]. Current data shows that supplemented diets display
noticeable upregulation in the expression of igf-1 and cc5 genes, with the most marked
increase in the NCur/Ch 0.00625 + 0.5 group. Moreover, immune-related genes, including
IL-1β and cc5, were enhanced by Cur incorporation in Nile tilapia [7]. This can be attributed
to the hepatoprotective, immunostimulating, and antioxidative activities of Cur in fish [17].
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The positive findings of the NCur/Ch blend in the present study could reveal a
synergistic effect of NCur and Ch in improving fish response. This could reflect the role of
Ch in the efficient delivery of NCur to target sites in the animal body. Cur in bulk or nano-
form has metabolic limitations such as poor absorption, low availability, fast metabolism,
and excretion [4,14,18]. Meanwhile, NCur blended with Ch, in the present study, may have
improved absorption, biodegradability, and biocompatibility and increased Cur systemic
levels [28].

In addition, the dietary incorporation of NCur is more profitable and economic than
the traditional forms, as it produces better actions with lesser amounts (0.0125 g nano-
form/kg diet compared with 1–2 g traditional form/kg diet) of Cur. In the current study,
around 2 g was required to achieve the required dose of NCur throughout the experiment.

5. Conclusions

Based on the study outcomes, we recommend the use of nano-curcumin NCur and
a nano-curcumin/chitosan blend as dietary supplements for promising growth, feed uti-
lization, innate immunity, hepatic functions, and associated gene expression in Nile tilapia.
Moreover, these supplements can be used to improve digestion by enhancing intestinal
morphometric biomarkers, including increased villi width/length, which reflect improved
nutrient absorption and reduce the required amounts of traditional forms of the same
supplements. Future studies are required to elucidate the mode of action of nano-curcumin
(NCur) and a nano-curcumin/chitosan blend, as well as to test its efficacy on other fish
species and at higher doses.
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