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 This study investigated the effects of zinc oxide nanoparticles (ZnO-NPs) on the growth, blood 
parameters, skin mucus, and serum biochemistry of juvenile common carp (Cyprinus carpio). A total of 
300 fish with an average weight of 12.00 ± 0.33 g were randomly distributed in 12 fiberglass tanks with 
a capacity of 300 L and fed with diets supplemented with ZnO-NPs at concentrations of 0 (control), 
10.00, 50.00, and 100 mg kg-1 for 60 days. The results indicated that 50.00 mg kg-1 ZnO-NPs 
supplementation significantly improved fish weight, length, specific growth rate, and feed conversion 
ratio. There was no significant difference in survival rates between the treatments and control group; 
however, the highest survival rate was observed in the treatment with 50.00 mg kg-1 ZnO-NPs. This 
treatment also led to the highest red blood cell counts, hemoglobin levels, mean corpuscular 
hemoglobin concentration, and lymphocyte percentages. In contrast, the highest neutrophil counts 
were observed at 100 mg kg-1 ZnO-NPs. The highest serum biochemical parameters, including total 
immunoglobulin, lysozyme, and Zn levels were observed in the treatment with 50.00 mg kg-1 ZnO-NPs. 
While, in the skin mucus, total immunoglobulin, lysozyme, and alkaline phosphatase significantly 
increased at groups fed with 10.00 mg kg-1 ZnO-NPs. Overall, the findings suggest that dietary inclusion 
of 50.00 mg kg-1 ZnO-NPs can effectively promote growth and enhance immune responses of C. carpio 
juveniles, indicating their potential application in aquaculture practices. However, caution is advised at 
higher concentrations due to the potential adverse effects on fish health. 
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Introduction 
 

Fish diets frequently include vitamin and mineral 
supplements to mitigate deficiencies, as fish cannot 
synthesize minerals and must obtain them from their diet.1 
Zinc (Zn) is one of the most important trace elements for 
fish, and it is an essential mineral for over 300 enzymes 
and 2,000 transcription factors, as well as protein and 
carbohydrate metabolism. Zinc ions play a crucial role in 
the regulation of cellular signal reception, cell membrane 
receptors, transporters, membrane channels, protein 
kinases, and phosphatases, and binding of transcription 
factors to DNA.2 However, its bioavailability can be affected 
by compounds, such as tricalcium phosphate found in fish 
meal and phytic acid present in soybeans and grains, which 
may result in reduced growth rates, increased mortality, 
 

 and various health issues in freshwater fish.3 Although 
increased dietary Zn intake can help address deficiency-
related problems, it may also result in greater Zn excretion 
and environmental accumulation, potentially contributing 
to the pollution.4 Researchers are thus investigating 
methods to improve Zn bioavailability while reducing the 
quantity of Zn needed in dietary supplements.5 

Nowadays, nanoparticles (NPs) have attracted 
considerable interest in aquaculture for enhancing growth 
performance, disease resistance, and water quality 
management.6 The Zinc oxide NPs (ZnO-NPs) are known 
for their unique properties and important roles in 
biological processes.7 The small size and large surface area 
of ZnO-NPs increase their reactivity and availability in the 
body, which may improve their effectiveness in 
therapeutic approaches.8 They have shown anti-oxidant,   
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anti-microbial, and anti-inflammatory effects, which can be 
advantageous in nutritional and immunity contexts. 
Research has shown that ZnO-NPs can neutralize free 
radicals and diminish inflammation, being essential to 
numerous health concerns.9 

According to the Food and Agriculture Organization 
report,10 approximately 4.20 million tons of common carp 
(Cyprinus carpio) are produced annually worldwide, 
accounting for about 8.60% of global freshwater 
aquaculture production. Due to the intense monoculture 
systems and artificial diets, these fish are more exposed to 
numerous toxins, making them a crucial model for toxicity 
studies.11 One study examined the acute toxicity of ZnO-
NPs on common carp, revealing that high concentrations 
(e.g., 3,500 mg L-1) can be lethal, with significant 
histopathological changes observed in gill and liver tissues 
after exposure.12 Although ZnO-NPs offer potential 
benefits, further research is necessary to understand their 
undesirable effects and hazards. Therefore, this study 
aimed to investigate the effects of various concentrations 
of ZnO-NPs and determine the optimal dosage for the diet 
of juvenile C. carpio, with a focus on growth performance 
and immune response. 

 
Materials and Methods 
 

Animal maintenance and treatment. Juvenile carps 
(n = 300), apparently healthy, with an average weight of 
12.00 ± 0.33 g, were procured from the Sanger Dam Centre 
(Rasht, Iran). The fish were weighed after arrival and 
treated with potassium permanganate (4.00 mg L-1 for 10 
min; Merck, Darmstadt, Germany).13 Before treatment, the 
fish were acclimated for 2 weeks under controlled photo-
thermal conditions (12 hr light/12 hr dark, 20.00 ± 2.00 ˚C, 
pH: 7.50, and dissolved oxygen: 7.00 ± 0.40 mg L-1) and fed 
with a commercial carp pelleted feed (Etehad Guilan, 
Rasht, Iran) including 30.00% protein, 4.00% fat, 50.00% 
carbs, 10.00 - 11.00% moisture, and a particle size of 2.20 
mm. The ZnO-NPs (Pilato, Valencia, Spain) with a purity of 
99.98% and a particle size of 20.00 - 25.00 nm were 
acquired in dry powder (Fig. 1). To generate a suspension 
with a concentration of 1,000 mg L-1, 1.00 g of nanoparticle 
was dispersed in 10.00 m L-1 of double-distilled water 
using an ultrasonic bath (IS-2; Intersonic, Istanbul, 
Türkiye) for 10 min. This suspension was maintained in a 
dark bottle at room temperature in the laboratory until 
usage.14 The concentrations of 10.00, 50.00, and 100 mg 
kg-1 ZnO-NPs were added to the feed in three different 
treatments, each conducted in triplicate, alongside a 
control group (non-treated).15 All the treatments were 
maintained separately in a 300 L fiberglass tank (n = 25) 
equipped with semi-static water flow conditions, with 
80.00% of the water in each experimental tank changed 
with fresh water daily. Feeding was undertaken at a rate of 
3.00% of body weight three times a day for 60 days. 

 

  
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1. Transmission electron microscopy of zinc oxide 
nanoparticles from stock suspension. 

 

Fish growth performance. To evaluate the fish growth 
performance and feeding efficiency, individual weight and 
length measurements were meticulously recorded from 
each experimental tank at the end of the study after 150 
mg L-1 clove powder (Eugenia caryophyllata; Merck) 
induced anaesthesia. Before sampling, feeding was 
suspended for 24 hr. The data were used to calculate 
growth parameters as follows:16,17 

Body weight gain = Final weight (g) – Initial weight (g) 

Specific growth rate (SGR; % per day) =  
100 × [(Ln (Final weight) – Ln (Initial weight)] / days 

Condition factor (CF) = W / L³ 

Feed conversion ratio (FCR) = Feed consumed / Body weight gain 

Hepatosomatic index = Liver weight / Final weight 

Viscerosomatic index = Visceral weight / Final weight 

where, Ln is the natural logarithm, W is weight and L is 
total length (cm) and day is the culture periods of fish. 

Mucus collection. Skin mucus was collected following 
the method described by Subramanian et al.18 Briefly, nine 
fish were randomly caught from each treatment and 
placed in zipper storage bags, containing 10.00 mL of 
50.00 mM sodium chloride. The bags were gently shaken 
for 2 - 3 min, and after collecting the mucus, the fish were 
returned to the recovery tanks. The collected mucus was 
centrifuged at 1,500 g for 10 min at 4.00 ˚C to remove 
debris, and the supernatant was carefully transferred to 
the sterile microtubes. The samples were then immediately 
stored at – 80.00 ˚C until biochemical analyses. 

Blood sampling. For blood sampling, fish were wiped 
and cleaned to avoid mucus mixing into the blood. Then, 
15 fish were randomly caught from each treatment, and 
blood was collected from the caudal vein using a plastic 
syringe. For the hematological assays using heparinized 
syringes, blood was collected into the Eppendorf tubes 
being pre-coated with heparin (Chemidarou, Tehran, Iran) 
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to prevent blood coagulation and facilitate hematological 
analysis. For serum separation, the blood was collected 
with 3.00 mL non-heparinized plastic test tubes. After 
blood was coagulated, tubes were centrifuged at 3,500 
rpm for 15 min (Sigma, Deisenhofen, Germany), and the 
serum was stored below – 20.00 ˚C.19 

Assessment of hematological parameters. The 
levels of red blood cells (RBCs) and white blood cells 
(WBCs) were determined by hemocytometers according 
to the Benjamine method.20 Hemoglobin (Hb) content was 
determined by UV-Vis spectrophotometer (7200; Jenway, 
Staffordshire, UK) using Drabkin’s reagent according to the 
van Kampen and Zijlstra.21 The hematocrit (Hct; %) was 
determined by filling Hct capillary tubes, being centrifuged 
(8,400 g; 10 min) using a micro-Hct centrifuge. The Hct 
values were recorded using centrifuge combo reader. The 
leukocytic count was determined through an indirect 
method using blood smear stained with May-Grunwald-
Giemsa, according to the method described by Lucky22 for 
differential leukocytic count, and absolute values for each 
type of cell were calculated according to Schalm.23 The 
mean corpuscular volume, mean corpuscular Hb (MCH), 
and MCH concentration (MCHC) were determined using 
the following formulas: 

Mean corpuscular volume = (Hct/RBCs) × 10 

MCH = Hb × 10/RBCs 

MCHC = (Hb/Hct) × 100 

Assessment of immunological indices. The total 
protein concentration (g dL-1) in serum and mucus samples 
was determined using 20.00 µL of each sample with Pars 
Azmoon (Tehran, Iran) diagnostic kits based on the Biuret 
method.24 Lysozyme activity (U mL-1 per min) was 
measured by a turbidimetric spectrophotometric assay 
(Libra S12; Biochrom, Cambridge, UK) using Micrococcus 
lysodeikticus as a substrate. The lyophilized M. lysodeikticus 
cells were re-suspended in 0.04 M potassium phosphate 
buffer, and the absorbance of the bacterial suspension was 
adjusted to 0.60 - 0.70 at 450 nm vs. buffer blank. In each 
reaction, 250 µL of the mucus and 25.00 µL of the serum 
supernatant were mixed with 175 µL of M. lysodeikticus 
suspension (plus buffer to reach final volume), and the 
decrease in absorbance at 450 nm was followed over 10 
min. One unit of lysozyme activity was defined as the 
amount of enzyme causing a reduction of 0.001 
absorbance units per min at 25.00 ˚C.25 The total immuno-
globulin (IgM; mg mL-1) concentration was measured 
using the method described by Siwicki.25 In this procedure, 
100 µL of the mucus and serum samples were mixed with 
100 µL of 12.00% polyethylene glycol (Sigma-Aldrich, St. 
Louis, USA) and incubated for 2 hr to precipitate the 
immunoglobulin molecules. Subsequently, the mixture 
was centrifuged at 5,000 rpm for 5 min at 4.00 ˚C. The 
assessment of liver enzymes was conducted using the 
quantitative detection kit from Pars Azmoon Co. (Tehran, 
 

 Iran) through a photometric method, utilizing a sample 
volume of 100 µL.26 The alkaline phosphatase (ALP; U L-1) 
enzyme measurement followed Kinetic photometric 
method optimized with the International German Society 
of Clinical Chemistry (DGKC) method. For aspartate 
aminotransferase (AST; U L-1) enzyme, the measurements 
were carried out based on the method recommended by 
the International Federation of Clinical Chemistry and 
Laboratory Medicine. 

Statistical analysis. The data were analyzed using 
SPSS Software (version 23.0; IBM Corp., Armonk, USA). 
The normality of data distribution was verified using the 
Kolmogorov-Smirnov test. Differences among treatments 
were evaluated by one-way analysis of variance (ANOVA), 
followed by Tukey’s Honestly Significant Difference post 
hoc test to compare means. Statistical significance was 
accepted at p < 0.05. All data are expressed as mean ± 
standard deviation. The optimal dietary inclusion level of 
ZnO-NPs was determined using a quadratic polynomial 
regression model. 
 
Results 
 

Table 1 illustrates that dietary supplementation with 
ZnO-NPs significantly influenced the growth performance 
of C. carpio juveniles (p < 0.05). At the treatment of 50.00 
mg kg-1 of ZnO-NPs exhibited the highest final length, FW, 
weight gain, SGR, optimal FCR, and condition factor (p < 
0.05). The viscerosomatic index differed significantly 
among treatments, being the highest at 100 mg kg-1 and 
the lowest at treatment of 10.00 mg kg-1 (p < 0.05), 
whereas hepatosomatic index and survival rate showed no 
significant differences (p > 0.05). Moreover, quadratic 
regression analyses estimated optimal dietary ZnO-NPs 
levels for maximizing SGR and FCR at 53.15 mg kg-1 and 
52.25 mg kg-1, respectively (Fig. 2). The ANOVA results of 
quadratic polynomial regression are provided in Table 2. 

According to the Table 3, dietary ZnO-NPs significantly 
influenced hematological parameters of C. carpio juveniles 
(p < 0.05). The highest WBC count was observed in the 
control group, while fish fed 10.00, 50.00 and 100 mg kg-1 
ZnO-NPs exhibited significantly lower values (p < 0.05). In 
contrast, RBC counts did not differ significantly among 
treatments (p > 0.05). The Hb concentration was 
significantly higher in fish fed 50.00 mg kg-1 ZnO-NPs 
compared to the control (p < 0.05), whereas Hct, mean 
corpuscular volume, and MCH remained statistically 
unchanged (p > 0.05). The MCHC increased significantly in 
the ZnO-NPs-supplemented groups, with the highest value 
at 50.00 mg kg-1 (p < 0.05). Regarding leukocyte 
differentials, lymphocyte levels peaked at 50.00 mg kg-1, 
while monocytes were the lowest in this group and the 
highest in fish fed 100 mg kg-1 ZnO-NPs (p < 0.05). 
Neutrophil and eosinophil counts showed no significant 
differences among treatments (p > 0.05). 
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   Table 1. Growth performance of juvenile Cyprinus carpio fed diets supplemented with different levels of zinc oxide nanoparticles 
(ZnO-NPs). 

Parameters Control 
ZnO-NPs concentration (mg kg-1) 

10.00 50.00 100 

Final length (cm) 10.76 ± 0.06b 11.45 ± 0.23ab 11.74 ± 0.15a 11.32 ± 0.45ab 
Final growth (g) 23.80 ± 0.44b 27.90 ± 2.04ab 30.14 ± 1.07a 27.11 ± 2.82ab 
Weight gain (g)  11.47 ± 0.44b 15.57 ± 2.19ab 17.81 ± 0.98a 14.78 ± 2.36ab 
FCR  3.81 ± 0.34a 2.87 ± 0.40ab 2.55 ± 0.28b 3.17 ± 0.68ab 
SGR (% per day) 1.09 ± 0.03b 1.35 ± 0.12ab 1.48 ± 0.06a 1.30 ± 0.17ab 
CF (% per day) 2.21 ± 0.29b 2.43 ± 0.65ab 2.56 ± 0.57a 2.39 ± 0.84ab 
VSI (%) 6.02 ± 0.43ab 4.35 ± 0.35b 6.48 ± 0.57ab 7.67 ± 1.71a 
HSI (%) 1.66 ± 0.20a 1.39 ± 0.26a 2.05 ± 0.65a 2.21 ± 0.25a 
SR (%) 88.00 ± 12.00a 93.33 ± 4.61a 94.66 ± 4.61a 94.66 ± 2.30a 

FCR: Feed conversion ratio; SGR: Specific growth rate; CF: Condition factor; VSI: Viscerosomatic index; HSI: Hepatosomatic index; SR: 
Survival rate. 
ab Different letters in each row indicate a significant difference (p < 0.05). 
 
Table 2. Quadratic polynomial regression to optimize dietary zinc oxide nanoparticles concentration in Cyprinus carpio. 

Parameters Sources Sum of squares df Mean square F Significance 

SGR 
Regression 0.235 2 0.118 9.919 0.005 

Residual 0.107 9 0.012   

FCR 
Regression 2.583 2 1.291 7.000 0.015 

Residual 1.660 9 0.184   

FCR: Feed conversion ratio; SGR: Specific growth rate, df: Degree of freedom. 
 
Table 3. Hematological parameters of juvenile Cyprinus carpio fed diets containing different levels of zinc oxide nanoparticles (ZnO-NPs). 

Parameters Control 
ZnO-NPs concentration (mg kg-1) 

10.00 50.00 100 

WBCs (×103 cell mm-3) 4,400.00 ± 100.00a 3,416.00 ± 246.00b 3,316.00 ± 160.00b 3,700.00 ± 50.00b 
RBCs (cell mm-3) 1,480.00 ± 18.02a 1,483.00 ± 10.40a 1,563.00 ± 70.23a 1,495.00 ± 37.84a 
Hemoglobin (g dL-1) 5.82 ± 0.07b 5.88 ± 0.04ab 6.23 ± 0.28a 5.91 ± 0.10ab 
Hematocrit (%) 46.60 ± 0.57a 46.30 ± 0.57a 48.30 ± 2.08a 46.30 ± 0.57a 
MCV (fL) 315.00 ± 2.64a 312.00 ± 1.52a 309.00 ± 2.51a 309.00 ± 3.78a 
MCH (pg) 39.30 ± 0.55a 39.60 ± 0.15a 39.80 ± 0.05a 39.50 ± 0.28a 
MCHC (g dL-1) 12.47 ± 0.07b 12.69 ± 0.07ab 12.90 ± 0.13a 12.76 ± 0.07ab 
Neutrophil (%) 15.00 ± 2.00aa 13.33 ± 1.52a 12.66 ± 1.15a 15.66 ± 0.57a 
Lymphocyte (%) 79.66 ± 2.51ab 81.00 ± 3.00ab 84.00 ± 1.00a 77.66 ± 2.08b 
Monocyte (%) 5.33 ± 0.57ab 5.33 ± 1.52ab 3.33 ± 0.57b 6.00 ± 1.00a 
Eosinophil (%) 0.00 ± 0.00a 0.33 ± 0.01a 0.00 ± 0.00a 0.66 ± 0.05a 

RBCs: Red blood cells; WBCs: White blood cells; MCV: Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean 
corpuscular hemoglobin concentration. 
ab Different letters in each row indicate a significant difference (p < 0.05). 
 
 

 
 

Fig. 2. Quadratic polynomial regression to optimize dietary zinc oxide nanoparticles (ZnO-NPs) concentration in Cyprinus carpio on  
A) FCR: Feed conversion ratio, and B) SGR: Specific growth rate. 
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Table 4 demonstrates that dietary ZnO-NPs 
supplementation significantly affected the serum 
biochemical and immunological parameters of C. carpio 
juveniles (p < 0.05). Fish fed 50.00 mg kg-1 ZnO-NPs 
showed the highest total protein, IgM, lysozyme activity, 
alternative complement hemolytic 50.00% activity, and 
serum Zn concentration (p < 0.05). The AST activity was 
significantly elevated only in fish fed 10.00 mg kg -1 ZnO-
NPs (p < 0.05), whereas ALP activity decreased markedly 
in all ZnO-NPs-supplemented groups compared to the 
control (p < 0.05). 

As shown in Table 5, dietary ZnO-NPs supplementation 
significantly affected the mucus biochemical and 
immunological parameters of C. carpio juveniles (p < 0.05). 
Fish fed 10.00 mg kg-1 ZnO-NPs exhibited the highest total 
protein, IgM, lysozyme activity, and ALP levels in skin 
mucus, being significantly higher than those of the control 
and other treatments (p < 0.05). 
 
Discussion 
 

Our results indicated that a concentration of 50.00 mg 
kg-1 ZnO-NPs significantly improved C. carpio juveniles’ 
weight, SGR, and FCR, suggesting a positive impact on 
fish growth and health. The survival rates reaching 
approximately 95.00% in the 50.00 mg kg-1 concentration 
indicate that these concentrations positively affect fish 
viability, corresponding with findings from other studies 
where lower concentrations of ZnO-NPs were associated 
with improved survival rates due to the enhanced 
physiological conditions.27 

The observed decrease in WBCs in C. carpio received 
diets supplemented with ZnO-NPs suggests a potential 
 

 
 
 
 

 immune-modulatory or mild suppressive effect of these 
NPs on hematopoietic activity.28-30 Previous studies 
reported that exposure to ZnO-NPs can reduce leukocyte 
numbers due to the oxidative stress, accumulation of NPs 
in hematopoietic organs, such as the liver and spleen, and 
altered cytokine regulation. Tuayen et al.28 showed that 
different dosages of ZnO-NPs in carps feed caused 
significant decreases in WBC counts, indicating immune 
system modulation without severe stress or toxicity. 
Rasheed et al.29 confirmed dose-dependent hematological 
changes, including lowered WBCs in common carp 
exposed to ZnO-NPs. In contrast, the RBCs results 
indicated the favorable biological potential of ZnO-NPs, 
aligning with previous studies that have demonstrated 
their ability to exert significant physiological effects on 
RBCs, which may be either beneficial or detrimental 
depending on their size and concentration.31 However, Hb 
was the highest in the treatment containing 50.00 mg kg-1 
ZnO-NPs, suggesting an adaptive response to maintain 
oxygen transport.32 The increase in Hb levels up to 50.00 
 mg kg-1 of the Zn-NPs diet may be attributed to the potent 
anti-oxidant properties of NPs, which help maintain cell 
stability and integrity within organisms, thus guarding 
against hemolysis. However, NPs can become toxic at 
higher levels, leading to adverse effects.33 Kumar et al.34 
showed that Hb levels increased significantly in response 
to 2.00 - 6.00 mg kg-1 of ZnO-NPs in the Pangasianodon 
hypophthalmus diet, suggesting an adaptive mechanism to 
enhance oxygen transport under stressful conditions, even 
when RBC counts were compromised. 

Previous studies have demonstrated that Zn deficiency 
can impair immune function, leading to decreased 
production of complement proteins and reduced immune 
 

Table 4. Serum biochemical and immunological parameters of juvenile Cyprinus carpio fed diets supplemented with different levels of 
zinc oxide nanoparticles (ZnO-NPs). 

Parameters Control 
ZnO-NPs concentration (mg kg-1) 

10.00 50.00 100 

Total protein (mg mL-1) 2.57 ± 0.03b 2.82 ± 0.01b 3.14 ± 0.13a 2.81 ± 0.17b 
Immunoglobulin M (mg mL-1) 15.09 ± 0.20c 16.52 ± 0.04b 17.64 ± 0.24a 15.20 ± 0.23c 
Lysozyme (U mL min-1) 35.80 ± 0.79c 39.03 ± 0.72b 41.33 ± 0.86a 37.80 ± 0.78bc 
ACH50 (%) 123.00 ± 1.00b 128.33 ± 1.52a 130.66 ± 2.08a 129.00 ± 1.00a 
Aspartate aminotransferase (U L-1) 132.66 ± 1.52b 152.00 ± 5.00a 137.00 ± 5.56b 128.66 ± 4.93b 
Alkaline phosphatase (U L-1) 102.03 ± 7.56a 84.23 ± 2.30b 87.10 ± 1.67b 93.93 ± 1.98ab 
Zinc (µg dL-1) 172.00 ± 3.00b 175.00± 2.00b 182.33 ± 2.51a 170.00 ± 2.00b 

ACH50: Alternative complement hemolytic 50.00% activity. 
abc Different letters in each row indicate a significant difference (p < 0.05). 
 
Table 5. Mucus biochemical and immunological parameters of juvenile Cyprinus carpio exposed to different dietary levels of zinc oxide 
nanoparticles (ZnO-NPs). 

Parameters Control 
ZnO-NPs concentration (mg kg-1) 

10.00 50.00 100 

Total protein (mg mL-1) 50.46 ± 0.66b 59.06 ± 1.50a 52.37 ± 0.01b 50.90 ± 0.36b 
Immunoglobulin M (mg mL-1) 0.34 ± 0.00b 0.46 ± 0.06a 0.35 ± 0.01b 0.34 ± 0.001b 
Lysozyme (U mL-1 per min) 54.66 ± 2.55b 68.13 ± 2.01a 58.66 ± 2.27b 55.50 ± 0.75b 
Alkaline phosphatase (U L-1) 32.13 ± 1.28d 80.76 ± 3.02a 47.43 ± 2.05b 40.10 ± 1.30c 
a-d Different letters in each row indicate a significant difference (p < 0.05).  
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responsiveness. Conversely, adequate Zn concentration is 
associated with enhanced immune function and increased 
infection resistance. The findings from this study align 
with these observations, suggesting that ZnO-NPs may 
provide a bioavailable source of zinc, supporting the 
activation of the complement system.35 

Compared to control group, the total protein 
concentration in mucus and blood serum was higher in all 
treatments exposed to ZnO-NPs. The highest total protein 
concentration was observed in the mucus tissue of fish 
treated with 10.00 mg kg-1 of ZnO-NPs, while the blood 
serum exhibited 50.00 mg kg-1 of ZnO-NPs. This 
concentration may enhance protein synthesis or reduce 
protein degradation in low ZnO-NP concentrations 
compared to the higher concentrations.36 It was indicated 
that the immunity parameters of Clarias batrachus were 
positively influenced by the supplementation of ZnO-
NPs.37 According to the Hasaballah et al.,38 ZnO-NPs result 
in enhanced cellular and humoral immunological 
parameters in tilapia (Oreochromis mossambicus) by 
increasing resistance against the pathogens (Aeromonas 
hydrophila and Vibrio parahaemolyticus). 

Mucosal lysozyme activity and serum IgM levels were 
notably elevated in treatments containing 10.00 and 50.00 
mg kg-1 ZnO-NPs, respectively. Low levels of ZnO-NPs may 
promote antibody production and the ability to combat 
microbial infections, thereby strengthening the fish 
defence mechanisms.39 Our finding aligns with previous 
studies that demonstrated enhanced immune responses in 
fish exposed to appropriate concentrations of NPs.31,34,39 

Sherif et al.,39 have demonstrated that including 30.00 and 
60.00 µg per g ZnO-NPs in the diet of Oreochromis niloticus 
significantly enhances the immune response and increases 
resistance to A. hydrophila infection.  

The alternative complement hemolytic 50.00% activity 
level significantly increased in all ZnO-NPs-treated groups 
compared to the control, suggesting that ZnO-NPs may 
stimulate the complement system. Zinc, as an essential 
element in numerous biochemical pathways, supports 
immune function by activating complement-related 
enzymes and proteins.35,40 Moreover, NPs, such as ZnO-
NPs, can trigger complement activation through 
mechanisms affected by their physicochemical properties, 
including particle size and surface charge, thereby 
enhancing opsonization and immune responses.41 In 
contrast, additional Zn does not lead to further increases in 
complement activity.42 Kim et al.,42 have demonstrated 
that optimal Zn concentration is necessary for effective 
immune responses, and exceeding these levels may not 
provide additional benefits. This phenomenon could be 
attributed to several factors, including (1) the complement 
system may reach a saturation point where adding Zn 
does not lead to further increases in activity. Once optimal 
Zn concentration is achieved, additional supplementation 
yields no additional benefits, (2) each organism has 
 

 

 physiological limits regarding how much nutrient it can 
utilize effectively. Excessive concentrations may not be 
necessary for optimal immune function and could lead to 
diminishing returns, and (3) individual variability in 
response to ZnO-NPs among subjects may also contribute 
to the lack of significant differences between treatments. 
Furthermore, genetic predisposition, health condition, and 
environmental factors can affect the response of 
organisms to NPs exposure.43,44 Also, Xu et al.,35 reported 
that ZnO-NPs could prime protective immune responses in 
Galleria mellonella, indicating their potential role in 
enhancing host immunity by activating immune pathways. 

Both AST and ALP are essential enzymes in clinical 
diagnostics. The AST is primarily associated with liver 
function, as it is released into the bloodstream when 
hepatocytes are damaged. Its elevated levels can reflect 
damage to multiple organ systems, but it is primarily used 
as a marker for liver health.45 However, ALP is critical in 
various physiological processes, including digestion and 
bone mineralization. Elevated ALP levels can indicate 
issues related to the liver, bile ducts, or bone disorders.34 
The increased blood serum AST activity at treatments 
containing ZnO-NPs, especially at low concentrations, 
suggests potential liver stress or damage due to the ZnO-
NPs exposure. Studies have demonstrated that exposure to 
ZnO-NPs leads to significant elevations in liver enzymes, 
such as AST, indicating liver damage.46 

Furthermore, the hepatotoxic effects of ZnO-NPs have 
been attributed to their ability to generate reactive oxygen 
species, leading to cellular damage and inflammation 
within the liver. This oxidative stress is a critical factor in 
the pathogenesis of liver injury related to the NPs 
exposure, reinforcing that elevated AST levels can be a 
biomarker for liver stress or damage.47 Studies indicated 
that after five days of treatment with ZnO-NPs at a 
concentration of 10.00 mg kg-1, there was a significant 
increase in AST levels in the livers of male rats, suggesting 
hepatic dysfunction and morphological changes in the 
liver tissue. Additionally, exposure to ZnO-NPs led to 
oxidative stress in the liver tissue and increased levels of 
AST in female rats, further supporting the potential for 
liver damage.48 Another study highlighted that sub-
chronic exposure to ZnO-NPs caused biochemical 
alterations, including elevated serum AST levels in 
Sprague-Dawley male rats, and noted that higher 
concentrations of NPs were linked to the metabolic 
changes and potential liver impairment.49  

Serum ALP levels decreased in all ZnO-NPs-treated 
groups compared to the control, showing an upward trend 
at higher concentrations that may reflect metabolic 
alterations or liver dysfunction. In contrast, mucus ALP 
levels significantly increased in all treatments but declined 
at higher ZnO-NP doses, indicating enhanced metabolic 
activity at moderate levels and possible toxicity at 
excessive concentrations.50 Similarly, Al-Ragi et al.,50 
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reported that ZnO-NPs (100 - 200 mg kg-1) exposure in 
male albino mice induced hepatic dysfunction and 
histological damage, including hepatocyte necrosis and 
membrane destruction, confirming the potential hepato-
toxicity of ZnO-NPs accumulation in biological systems. 

The more elevated accumulation of Zn in the serum of 
fish subjected to 50.00 mg kg-1 of ZnO-NPs suggests that 
these fish effectively absorb and utilize Zn from the ZnO-
NPs. The Zn is crucial for numerous biological functions, 
including enzyme activity and immune function. 
Therefore, dietary supplementation with 50.00 mg kg-1 
ZnO-NPs can enhance Zn bioavailability, potentially 
improving health outcomes.8,37 

Feeding juvenile C. carpio with 50.00 mg kg-1 ZnO-NPs 
led to significant increases in FW, length, SGR, FCR, and 
survival rate (about 95.00%). This group exhibited the 
lowest WBC count and monocyte percentage, yet the 
highest RBCs, Hb, MCHC, and lymphocyte levels. Serum 
analysis showed the highest total protein, IgM, lysozyme, 
and Zn in fish fed 50.00 mg kg-1 ZnO-NPs, while mucus 
samples from the 10.00 mg kg-1 group had the greatest 
total protein, IgM, lysozyme, and ALP. These results 
suggest that dietary ZnO-NPs (10.00 - 50.00 mg kg-1 can 
significantly improve growth and immune parameters in 
juvenile C. carpio, though caution is advised at higher 
concentrations due to the potential health risks. 
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