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Nano-sized Zn particles are recognized for its ability to elevate fish health and 
well-being, enhancing antimicrobial and antioxidant capacities and reinforcing 
the immune system. In the present study we explored the effects of Zn-NPs 
supplementation on augmenting the growth performance and nutritional 
indicators and physiological aspects of the catfish, Clarias batrachus. Zn-NPs 
were prepared by heating the mixture of [Zn(CH3COO)2.2H2O], ethylene glycol 
and polymer surfactant (PVP) at 70°C for 45  min using an oil bath heater. The 
resultant solution was centrifuged at 6000  rpm on a heated plate at 70°C until 
the precipitation of Zn-NPs was achieved. Crystal structure, growth mechanisms 
and shapes of Zn-NPs were characterized by the atomic force microscopy. 
Produced Zn-NPs was characterized by spectrophotometer and the zeta 
potential and mean size was recorded as −32.5  ±  1.0  mV and 14.7  ±  2.5  nm, 
respectively. The experiment comprised six distinct test diets, categorized by 
the incorporation of Zn-NPs at levels of 0, 10, 20, 30, 40, and 50  mg/kg into 
the feed where the initial diet was employed as a control group, devoid of any 
Zn-NPs supplementation. Three glass aquariums were employed for each diet. 
In each aquarium, 12 fish with an initial mean weight of 5.23  ±  0.06  g were 
stocked. The fish underwent experimental feeding for 60  days, with the feed 
amount set at 3% of their body weight. After the experimental period, growth 
performance (weight gain, length gain, average daily gain, specific growth rate, 
thermal growth co-efficient, condition factor and survival rate), nutritional 
indices (feed conversion ratio, protein efficiency ratio, annual net protein 
utilization), proximate composition of muscle (protein, lipid, carbohydrate, ash 
and moisture), hematological parameters (RBC, WBC, hemoglobin, hematocrit, 
MCV, MCH, MCHC, total protein, albumin and globulin), serum lipid and 
enzymatic parameters (total cholesterol, HDL, LDL, triglycerides, ALP, AST, ALT, 
amylase, lipase and protease), and bioaccumulation of Zn in different organs of 
fish were estimated following standard methods. Growth analysis revealed that 
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C. batrachus fed with Zn-NPs at 40  mg/kg of feed had significantly (p  <  0.05) 
improved growth performance (WG  =  18.87  ±  0.91  g, SGR  =  2.52  ±  0.06% g/day, 
TGC  =  1.09  ±  0.05 and CF  =  1.47  ±  0.12), nutritional indices (FCR  =  1.35  ±  0.06, 
PER  =  2.24  ±  0.10 and ANPU  =  41.46  ±  2.56%), hematological parameters, and 
enzymatic activity compared to control and other groups. The optimal dietary 
supplementation of Zn-NPs for final weight, weight gain and specific growth 
rate of C. batrachus was estimated to be ranged between 30.4 and 30.5  mg/kg 
per diet, respectively.

KEYWORDS

zinc-nanoparticles, feed formulation, growth performance, blood indices, enzymatic 
activity

1 Introduction

Aquaculture, a rapidly expanding agricultural sector, plays a vital 
role in meeting global demand for animal protein while maintaining 
symbiotic relationships with the environment (Moss et al., 2019; FAO, 
2020). Despite aquaculture playing a crucial role in ensuring food 
security and providing employment opportunities for millions of 
people around the world, the sector is confronted with various 
challenges. These include water pollution, disease outbreaks, climate 
change impacts, and a lack of technical knowledge. Bangladesh, 
currently ranked third globally in aquaculture, has been witnessing an 
impressive annual growth rate of about 45% in fish production (Moller 
et al., 2023), while concurrently encountering similar challenges in the 
industry. Thus, the adoption and application of new technologies are 
crucial for addressing these multifaceted issues and ensuring the 
sustainability, growth, and resilience of the aquaculture sector. 
Incorporating advanced technologies into fish feed can revolutionize 
aquaculture, meeting rising demands for seafood, improving food 
security, and promoting sustainable practices on a global scale.

The production of fish in aquaculture is significantly influenced 
by two key factors: feed quality and water conditions (Moller et al., 
2023). Optimal feed composition ensures proper nutrition while 
maintaining water quality is crucial for providing a conducive 
environment for fish growth and survival (Hossain et al., 2022; Jewel 
et al., 2023; Akter et al., 2024). Because these two variables directly 
impact the health, growth, and overall performance of farmed fish. 
The integration of nanoparticles (any particle <100 nm, e.g., ZnO and 
CuO) containing essential trace elements holds promise for enhancing 
the growth and development of fish (Umalatha Sridhar et al., 2016; 
Fasil et  al., 2019; Kumar et  al., 2023; Ramana et  al., 2023) and 
maintaining good water quality.

Nanoparticles have been shown to have a substantial impact on 
increasing growth and immunological factors in fish (Kumar et al., 2022, 
2023, 2024). Currently, there is a substantial body of published material 
that provides a thorough review of the many uses of nanoparticle in 
aquaculture (Luis et al., 2017; Masoomi Dezfooli et al., 2018; Shah and 
Mraz, 2020; Jewel et al., 2023). Nutrients in Nanoform are attributed to 
their enhanced bioavailability and efficient absorption through tiny 
cellular structures. This allows for the encapsulation of traditional bulk 
minerals into nanoparticle forms, addressing issues such as expense and 
residue buildup (Karthikeyan et al., 2020). However, it is essential to 
consider potential risks associated with excessive Zn-NPs concentrations, 
as they can lead to acute toxicity in fish (Kumar et al., 2020).

Zinc nanoparticles (Zn-NPs) are widely recognized for their 
effectiveness in enhancing fish health and growth (Wang et al., 2008). 
They offer various benefits, including environmentally sustainable 
properties and diverse applications such as anticancer and 
antimicrobial activities (Jiang et al., 2018). The utilization of zinc oxide 
nanoparticles (Zn-NPs) as a dietary supplement for various fish and 
aquatic species has garnered significant attention in scientific research 
(Faiz et  al., 2015; Kumar et  al., 2022, 2023, 2024). Studies have 
illustrated that different concentrations of Zn-NPs can elicit varied 
effects on fish health and growth, contingent upon the species and 
their nutritional requirements. For instance, Kumar et  al. (2018) 
showcased that a dosage of 20 mg/kg of Zn-NPs enhanced growth 
performance, mitigated oxidative stress, and bolstered immunological 
responses in Pangasius hypophthalmus, while Faiz et  al. (2015) 
observed that a concentration of 30 mg/kg augmented growth and 
improved hematological parameters in grass carp, Ctenopharyngodon 
idella. Similarly, Sallama et  al. (2020) reported significant growth 
enhancement and improved protein utilization in Siganus rivulatus 
with the supplementation of 30 mg/kg ZnO-NPs, while 
Thangapandiyan and Monika (2019) noted highest growth and 
metabolic function in Labeo rohita with a diet supplemented with 
10 mg/kg ZnO-NPs. Furthermore, the incorporation of ZnO-NPs into 
diets has demonstrated enhanced heat tolerance in Pangasius 
hypophthalmus exposed to lead contamination, offering protection 
against oxidative and cellular metabolic stress (Kumar et al., 2017).

The Asian Catfish, Clarias batrachus, is readily found and bred in 
the ditches, ponds, lakes, and rivers of Bangladesh. It exhibits a strong 
resistance to several environmental stresses, rendering it very 
adaptable to changes in water quality and climate (Ali et al., 2013). 
Moreover, the species exhibits a rapid development rate and possesses 
a high capacity for reproduction, rendering it economically feasible 
for aquaculture production. In addition, Asian Catfish is widely 
consumed and socially embraced as a food fish in Bangladesh, 
resulting in a consistent market demand. The fish is a valuable and 
protein-dense food source that plays a crucial part in fulfilling the 
nutritional requirements of the Bangladeshi population (Ali et al., 
2013). Moreover, the cultivation of this crop offers employment 
prospects for a multitude of small-scale farmers, so aiding in the 
reduction of poverty and the advancement of rural areas. Through the 
promotion of sustainable techniques, such as effective water 
management and appropriate feed utilization. Nevertheless, the 
cultivation of C. batrachus, in Bangladesh has numerous challenges. 
The factors of feed quality, availability, and cost have an impact on the 
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growth and performance of catfish farms (Ahmed et al., 2010). Again, 
intensive catfish farming practices can lead to environmental 
difficulties such as water pollution and habitat destruction. Therefore, 
it is necessary to implement sustainable management approaches to 
address these issues. To tackle these issues, extensive research is 
needed to analyze the growth and production performances of the 
fish, while minimizing costs and maximizing benefits. Previous 
research has concentrated on determining the best amounts of 
inclusion for regionally accessible ingredients (mustard oil cake, 
fishmeal, and soybean meal) in catfish diets in order to prepare 
affordable, nutritionally balanced feeds. However, research on the 
utilization of Zn-NPs in Bangladesh remains limited, with no studies 
found on the effects of dietary Zn-NPs specifically on freshwater 
catfish species like Clarias batrachus (Linnaeus, 1758). Based on the 
established function of zinc in multiple physiological functions and 
the possibility of increasing its bioavailability via nanoparticle forms, 
we  hypothesized that adding Zn-NPs to the diet will improve 
C. batrachus growth, survival rates, physiological parameters, and 
nutritional values. In particular, we  anticipated that fish fed with 
Zn-NP supplemented diets would show higher growth rates, higher 
survival rates, changes in physiological biomarkers indicating better 
health and stress tolerance, and improvements in nutritional 
parameters like protein content, lipid profile, and mineral composition 
in comparison to fish fed control diets. Therefore, this study aimed to 
explore the effects of dietary Zn-NPs on the growth performance, 
survival, physiological parameters, and nutritional values of 
C. batrachus. Understanding these effects is pivotal for optimizing fish 
culture techniques, ensuring food security, and promoting sustainable 
aquaculture practices on a global scale.

2 Materials and methods

2.1 Synthesizing and characterization of 
Zn-NPs

The synthesis of zinc nanoparticles (Zn-NPs) followed the 
procedure by Alam et  al. (2015) with modifications. Liquid phase 
synthesis was conducted using an acoustic method. In this approach, 
Zinc acetate ([Zn(CH3COO)2.2H2O], 99.99%) and ethylene glycol (EG, 
(CH2OH)2, 99.8%) were sourced from Sigma Aldrich (Merck KGaA, 
Darmstadt, Germany). Polyvinylpyrrolidone (PVP(C6H9NO)n, 99.99%) 
was obtained from AcrosOrganics BVBA (Belgium). All chemicals were 
employed as received without additional purification. A mixture of 
1.75 mmol [Zn(CH3COO)2.2H2O], 20 mL EG and 2% w/v polymer 
surfactant (PVP) were dissolved in 25 mL of water and heated at 70°C 
for 45 min using an oil bath heater (Oil Bath Digital (13 L) SH-WB-
10GDH SH Scientific Korea). The nanoparticles that were produced 
underwent purification through a precipitation technique. The solutions 
were mixed and magnetically centrifugated at 6000 rpm (Centrifuge 
Machine 6,800 rpm 8 × 15 mL RB / 4 × 15 mL Tube Z 207 A HERMLE 
Germany) on a heated plate at 70°C until white Zn-NPs precipitates 
appeared. For acetate removal, the precipitate was washed multiple times 
and dried overnight in a 60°C electric oven. The manipulation of 
variables such as reagent surfactant concentrations (e.g., PVP), precursor 
materials, solvents (EG or other polyols), gas introduction, temperatures, 
and heating rates facilitated the production of desired nanostructures in 
high yields (Alam et al., 2015). The atomic force microscope (AFM-Park 

Systems, XE-70, South Korea) was utilized to examine the crystal 
structures and growth mechanisms of the nanoparticles, as well as to 
analyze their shapes. For AFM measurements, samples were prepared 
by placing a drop of the colloidal solution onto glass slides. The Zn-NPs 
produced in the present study are mostly needle-shaped nanorods in 
morphology. The characterization of Zn-NPs was performed using a 
spectrophotometer (Varian Cary 6000i, Santa Clara, CA, United States) 
at 300–500 nm which results a peak of 260–380 nm. The Zeta potential 
was measured by using the Zetasizer Nano ZS (Malvern Instruments 
Ltd., GB). Zeta potential and mean size of the produced Zn-NPs in the 
present study was −32.5 ± 1.0 mV and 14.7 ± 2.5 nm, respectively.

2.2 Feed formulation

Fish feed was formulated by combining locally available 
ingredients like fish meal, mustard oil cake, soybean meal, maize bran, 
wheat bran, rice bran, and soybean oil. The feed was enhanced with 
minerals and a vitamin pre-mixture devoid of zinc. All components 
were ground, sifted, weighed, and meticulously blended to create the 
final diet. The base feed was mixed with synthesized Zn-NPs in five 
different levels (10, 20, 30, 40, and 50 mg/kg of dry feed). This mixture 
was homogenized with water until it reached a dough-like consistency, 
followed by manual pelletization using a 3 mm diameter die. Once the 
moisture content dropped below 10%, the resultant pellets were dried 
in a thermostatic oven (Microsil, India). The formulated diets were 
stored at 20°C until employed for the experiment. The feed ingredient 
ratios and the nutritional composition of the prepared diet can 
be found in Table 1.

2.3 Experimental design and feeding trials

The investigation was conducted by the University’s guidelines 
for using experimental animals in research. A total of 216 

TABLE 1 Formulation and proximate composition of basal diet*.

Ingredients g/kg Proximate 
composition

(%)†

Fish meala 275 Protein 32.88 ± 0.20

Soybean meala 125 Moisture 8.17 ± 0.02

Mustard oil cakea 200 Lipid 8.75 ± 0.13

Maize brana 125 Ash 10.25 ± 0.20

Rice brana 90 Zn 41.30 μg/g

Wheat brana 90

Rice brana 90

Choline chloridea 2.5

Soybean oila 60

Zn-free premixb 32.5

*Zn-NPs were added to the basal diet at 10, 20, 30, 40 and 50 mg/kg diet.
†Values are presented as mean ± SEM, n = 3.
aIngredients purchased from local market of Rajshahi, Bangladesh.
bZn-free premix (mg/kg of premix): vitamin A-156000 IU, vitamin D3-31200 IU, vitamin 
E-299, vitamin K3-26, vitamin B1-32.5, vitamin B2-65, vitamin B6-520, vitamin B12-0.16, 
Nicotinic Acid-520, Folic Acid-10.4, Copper-130, Iodine-5.2, Manganese-780 and 
Selenium-1.95. Premix was supplied by Reneta Animal Health Pharma Co. Ltd. Bangladesh.
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C. batrachus individuals with an average body weight of 
5.23 ± 0.06 g (mean ± SEM) were obtained from a fish seed 
hatchery, and transported in an aerated plastic sack to the 
laboratory at the University of Rajshahi, Bangladesh. The fish 
were gradually introduced to the experimental basal diet over a 
week-long period in a circular cement tank, with water 
continuously flowing. Following the acclimatization phase, the 
fish were randomly allocated into 18 glass tanks, with 12 fish per 
tank, which included three tanks for control purposes. Each tank 
had dimensions of 1.5 m × 0.8 m × 0.8 m and water capacities of 
500 L. Six different concentrations of Zn-NPs were tested: 10, 20, 
30, 40, and 50 mg/kg, alongside a control group (0 mg/kg). These 
concentrations were applied to separate tanks, with each 
concentration having three replicate tanks. The fish were manually 
fed twice daily using the experimental diets, at a rate 
corresponding to 3% of their body weight per day. The experiment 
ran for 60 days, during which regular siphoning was carried out 
to remove leftover food particles from each aquarium after 
feeding. Throughout the culture period, daily water exchange 
occurred in all tanks, with about half of the water volume replaced 
by pre-treated water. Monitoring of physical and chemical factors 
(Temperature, °C; DO, mg/L, pH, and ammonia, mg/L) took place 

every 15 days. Temperature was gaged using a Celsius 
thermometer, dissolved oxygen with a HACH kit (FF-2, 
United  States), and pH using a Jenwary 3,020 pH meter, 
United Kingdom. The recorded ranges for dissolved oxygen, water 
temperature, pH, and ammonia were 5.87–6.07 mg/L, 27.76–
28.93°C, 6.97–7.16, and 0.001–0.002 mg/L, correspondingly. The 
initial zinc concentration of the water used in the aquariums was 
measured using atomic absorption spectrophotometry (Shimadzu, 
AA-6800). The level measured was 0.18 ± 0.08 mg/L (Figure 1).

2.4 Sampling and measurement of fish 
specimens

Fish sampling was conducted at a fixed interval of 15 days. All 
the individuals from each aquarium were used for the 
measurement of growth parameters on each sampling day. The 
precise weight and length of the entire body were determined 
using an electronic balance and a digital slide caliper, accurate to 
0.1 g and 0.1 cm, respectively. The initial fish biomass was 
established at the start of the feeding trial and then re-evaluated 
at the trial’s conclusion.

FIGURE 1

Experimental layout with six treatments. Control group is devoid of Zn-NPs enriched feed.
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2.5 Growth parameters and nutritional 
indices

Upon completion of the feeding trial, growth indicators [average 
daily gain, weight gain, specific growth rate (SGR), survival rate (SR), 
condition factor (CF), thermal growth co-efficient (TGC), as well as 
nutritional metrics (feed conversion ratio (FCR), protein efficiency 
ratio (PER), and apparent net protein utilization (ANPU)] were 
computed using the following established equations (Nordgarden 
et al., 2003; Mohanty, 2015):

 Weight gain g Final weight g Initialweight g  ( ) = ( ) − ( )

 

ADG

g
fish
day



















=
−Final weight Initial weight
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×100
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100

 
TGC

Degree days
=

−
∑ −

×
Final weight Initial weight1 3 1 3

100
/ /

 
SR %

.

.
( ) = ×

No of fish survived

Initial no of fish stocked
100

 
FCR = ( )

( )
Total feed intake g

Total weight gain g

 
PER = ( )

( )
Total weight gain g

Total protein intake g

 
ANPU %( ) = ×

Net increase in carcass protein

Protein consumed
100

2.6 Proximate composition of fish muscle

The diets and fish muscles were assessed for their proximate 
compositions, which encompassed protein, lipid, carbohydrate, ash, 
and moisture (AOAC, 2016). Proximate composition analysis was 
conducted both at the beginning and the end of the fish harvest. For 
determining crude protein, the Kjeldahl method (JEQ-16B, India) was 
employed, while crude lipid was measured using the Soxhlet method 
(LABORATE, LT-SOXA001, India) involving petroleum ether 

extraction. Samples were heated to 550°C in a muffle furnace 
(SH-FU-5MG SH Scientific Korea) for 5 h to determine the amount 
of ash present. Moisture levels were determined by consistently 
weighing samples subjected to oven drying at temperatures of 70°C 
and 105°C, respectively.

2.7 Collection and processing of blood 
sample

Toward the experiment’s end, 15 fish from each feeding group 
were randomly chosen for analysis of proximate composition, 
including protein, lipid, ash, and moisture. Anesthesia was induced in 
15 fish per treatment group using clove oil (Merck, Germany) at a 
concentration of 50 μL per L of water, for blood sampling. A 2.0-ml 
hypodermal syringe was used to draw blood samples from the caudal 
vein. About 500–600 μL of blood were divided into two vials; one vial 
contained EDTA as an anticoagulant, while the other did not for 
serum collection. After gentle agitation, the EDTA-coated vial 
prevented clotting and hemolysis. Serum was obtained by collecting 
blood without anticoagulant, followed by centrifugation at 2000 g for 
15 min at 4°C. The resulting serum was stored at −20°C. From the 
same fish, the liver and muscles were dissected, washed in distilled 
water, and preserved in 10% formalin.

2.8 Analysis of hematological parameters

Before assessing total erythrocyte (RBC) and leukocyte (WBC) 
counts, blood samples were diluted using a mixture of Turk’s solution 
and Toisson’s solution. The quantification was performed using a 
Neubauer hemocytometer, as outlined by Behera et al. (2014). The 
calculation of cell counts followed the method detailed in Parida et al. 
(2011). For RBCs, the formula was: Total RBCs per mm3 = 20,050 N / 
10,000 N (N = number of RBCs counted, dilution factor = 200). For 
WBCs, the formula was: Total WBCs per mm3 = (201 L * 0.4) / 50 L 
(L = number of WBCs counted, dilution factor = 50). Hemoglobin 
concentration was determined via the cyanomethemoglobin method 
using Drabkin’s solution (Drabkin, 1950). Hematocrit was measured 
through the standard micro-hematocrit technique (Bull et al., 2000). 
Utilizing micro-hematocrit tubes and formulas from Dacie and Lewis 
(1999), parameters including Mean Corpuscular Hemoglobin 
(MCH), Mean Corpuscular Volume (MCV), and Mean Corpuscular 
Hemoglobin Concentration (MCHC) were determined. Total protein 
and albumin levels were assessed spectrophotometrically, while 
globulin levels were derived by subtracting albumin from 
total protein.

2.9 Lipid profile and enzymatic analysis

Atomic absorption spectrophotometry employing Crest 
Biosystems® kits was utilized to gage total cholesterol, triglycerides, 
low-density lipoprotein (LDL), high-density lipoprotein (HDL), 
aspartate aminotransferase (AST), alanine aminotransferase (ALT), 
and alkaline phosphatase (ALP) levels in the blood. Assessment of 
serum amylase, lipase, and protease activity was conducted via a 
colorimetric enzymatic approach.
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2.10 Bioaccumulation of Zn

After eliminating formalin using filter paper, preserved liver and 
muscle samples were freeze-dried. Quantification of zinc uptake from 
zinc nanoparticles (Zn-NPs) in liver, muscle, and serum was 
conducted through inductively coupled plasma mass spectrometry 
(ICP-MS) analysis, following the method of Shahzad et al. (2017). A 
mixture of 10 mL concentrated nitric acid and 2 mL perchloric acid 
was applied to 1 g freeze-dried samples. Heat treatment at 100°C on a 
hot plate initiated the digestion process. The digestion process 
involved the addition of two drops of hydrogen peroxide, followed by 
dilution using distilled water and filtration using a Whatman filter 
paper. Zinc concentration was reported as μg/g. Hot plate was used as 
it was cost-effective and readily available alternative at our lab. At the 
time of our study, microwave equipment was not accessible. While 
microwave digestion offers advantages in terms of speed and 
uniformity, the analysis method itself may not be sensitive to any 
differences resulting from the use of a hot plate. Furthermore, the 
choice between hot plate and microwave digestion may depend on 
factors such as sample size and type. Hot plates are often preferred for 
larger sample volumes or samples not requiring rapid digestion, 
whereas microwave systems are commonly used for smaller sample 
sizes or materials necessitating rapid digestion processes.

2.11 Statistical analysis

All of the data were presented in Mean ± S.E. format. The Shapiro–
Wilk test was used to evaluate the normality of the data. The 
untransformed form of the data was examined for treatment 
comparisons, except for percentage and ratio statistics. Before analysis, 
percentage and ratio data underwent an arc-sign transformation. 
One-way analysis of variance (ANOVA) using SPSS 25 ver. Was used 
to examine the impact of various Zn-NPs levels on growth metrics, 
nutritional indices, hematological parameters, serum lipid profile, and 
enzymatic parameters. Duncan’s multiple range test (DMRT) was used 
for mean comparison when significant F values appeared at a 5% 
probability level.

3 Results

3.1 Growth performance

The growth performance of C. batrachus fed on varying levels 
of Zn-NPs is summarized in Table  2. Initially, there were no 
significant differences in the initial body weight and length of the 
fish, with weights ranging from 5.21 ± 0.09 to 5.25 ± 0.07 g and 
lengths ranging from 7.38 ± 0.12 to 7.74 ± 0.72 cm. After being fed 
a diet supplemented with Zn-NPs, C. batrachus exhibited 
significantly enhanced growth performance across various 
parameters. A concentration-dependent enhancement in growth 
was observed, with the 40 mg/kg Zn-NPs supplemented diet 
whereas FW and WG showed 42.74 and 54.05%, respectively 
increment compared to control group. However, the 50 mg/kg 
Zn-NPs supplemented diet exhibited poorer performance across 
these parameters. Importantly, there was no significant effect of 
Zn-NPs supplemented diet on the survival rate of C. batrachus 

among the experimental groups. Polynomial regression analysis 
revealed a relationship between FW, WG, and SGR against dietary 
Zn-NPs levels, estimating the optimal dietary supplementation of 
Zn-NPs for C. batrachus to be between 30.39 to 30.52 mg/kg per 
diet, respectively (Figure 2).

3.2 Nutritional indices

The results of the feed utilization parameters, including feed 
consumed, feed conversion ratio (FCR), protein efficiency ratio (PER), 
and apparent net protein utilization (ANPU), are furnished and 
presented in Table 1. At the initial stage, no significant differences 
were observed in the amount of feed consumed by the experimental 
groups, indicating comparable feeding behavior among the fish. 
However, significant concentration-dependent variations were noted 
among the experimental groups for FCR, PER, and ANPU. The FCR 
values ranged from 1.35 ± 0.06 to 6.81 ± 2.59, with the most improved 
performance observed in the 40 mg/kg Zn-NPs supplemented group 
and the poorest performance recorded in the 50 mg/kg Zn-NPs 
supplemented group. FCR showed an improvement of 55.44% 
compared to the control group. This suggests that at 40 mg/kg Zn-NPs 
supplementation, the fish utilized the feed more efficiently compared 
to other concentrations. Similarly, PER and ANPU exhibited 
considerably better performance in the 40 mg/kg Zn-NPs 
supplemented group, with values ranging from 0.48 ± 0.15 to 
2.24 ± 0.10 for PER and 9.82 ± 1.84 to 41.46 ± 2.65 for ANPU. These 
results indicate that the fish in the 40 mg/kg Zn-NPs supplemented 
group utilized dietary protein more effectively compared to other 
groups. Conversely, significantly lower values for all feed utilization 
parameters were recorded in the 50 mg/kg Zn-NPs supplemented 
group, even lower than those of the control group. This suggests that 
supplementation with 50 mg/kg Zn-NPs negatively impacted feed 
utilization efficiency, resulting in poorer performance compared to 
other experimental groups.

3.3 Proximate composition

The whole-body proximate composition exhibited significant 
differences among the feeding groups (Figure 3). Protein, lipid, and 
ash content demonstrated an increasing trend with the elevation of 
Zn-NPs concentrations, particularly up to a concentration of 40 mg/
kg Zn-NPs. However, the fish group fed with 50 mg/kg Zn-NPs 
exhibited significantly reduced levels of protein, lipid, and ash 
compared to both the control group and the other feeding groups. In 
contrast to these parameters, carbohydrate content decreased 
significantly with increasing Zn-NPs concentration, albeit showing a 
slight increase at the 50 mg/kg Zn-NPs concentration. The lowest and 
maximum moisture content values were observed at 40 mg/kg and 
30 mg/kg Zn-NPs concentrations, respectively. Moisture content 
displayed irregular fluctuations with varying concentrations of 
Zn-NPs. These findings suggest that Zn-NPs supplementation 
influenced the proximate composition of the whole body, with notable 
changes in protein, lipid, ash, carbohydrate, and moisture content. The 
most significant alterations were observed at the 40 mg/kg Zn-NPs 
concentration, while the 50 mg/kg Zn-NPs concentration resulted in 
contrasting effects, particularly in protein, lipid, and ash content.
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3.4 Hematological parameters

Hematological parameters examined during the present experiment 
are shown in Table 3. Dietary Zn-NPs supplementation in feed was 
found to have a significant toxic effect on hematological parameters, 
however in a dose-dependent manner. RBC count was decreased 
significantly in Zn-NPs treated fish from that of the respective control 
group. RBC count was 25.28% higher at 40 mg/kg Zn-NPs group 
compared to the control group. However, the WBC count increased 
significantly in Zn-NPs-treated fish compared to the control group. A 
significant increasing trend was also observed in both Hb (hemoglobin) 
and Hct (hematocrit) content with an increasing Zn-NPs concentration 
up to 40 mg/kg Zn-NPs group; however, an abrupt decreasing trend was 
observed in the 50 mg/kg Zn-NPs group. Hematological indices such 
as MCV and MCH were showed irregular ups and downs and 
significantly (p < 0.05) higher values in 50 mg/kg Zn-NPs group, while 
a significantly lower value was evident in the control group. No 
significant difference was observed in MCHC value for all the 
concentrations and control groups. Total protein, albumin, and globulin 
were significantly different between the control and various Zn-NPs 
concentrations, according to an analysis of variance (F-values). A 
considerable increment in serum total protein, albumin, and globulin 
was seen in 50 mg/kg Zn-NPs group when compared to the control 
groups about the effect of the investigated Zn-NPs concentrations.

3.5 Serum lipid and enzyme profile

The effects of Zn-NPs supplementation in feed on the serum lipid 
and enzyme profile of C. batrachus are presented in Table 4. Zn-NPs 
supplementation in feed significantly (p < 0.05) increased the values of 
all the parameters compared to the control group. Elevated levels of 
total cholesterol, HDL, triglycerides, ALP, AST, ALT, amylase, lipase, 

and protease at 50 mg/kg Zn-NPs enriched diet indicated the toxic 
effect of Zn-NPs at higher doses. However, optimal growth 
performance, nutritional indices, and hematological parameters 
suggest the effective role of 40 mg/kg Zn-NPs supplementation in feed 
for improving serum lipid and enzyme profile of C. batrachus.

3.6 Bioaccumulation of Zn

The results demonstrate a clear correlation between the dietary 
concentration of Zn-NPs and the zinc levels found in the muscle, 
serum, and liver of the fish. As the concentration of Zn-NPs in the diet 
increased, there was a consistent elevation in zinc levels across all tissues 
(Figure 4). Particularly noteworthy is the group of fish fed with a diet 
containing 50 mg/kg Zn-NPs, which exhibited significantly higher zinc 
content in the muscle, serum, and liver compared to other dietary 
concentrations. Furthermore, the liver consistently showed the highest 
accumulation of zinc among the three tissues examined, followed by the 
muscle and serum, with the order of zinc accumulation being liver > 
muscle > serum. These findings suggest that dietary supplementation 
of Zn-NPs leads to increased zinc accumulation in fish tissues, with the 
liver being the primary site of accumulation, followed by muscle tissue 
and serum. Accumulation of Zn in muscle, serum and liver was 64.50, 
77.41 and 62.58%, respectively higher at 50 mg/kg Zn-NPs 
supplemented group compared to the control group. Furthermore, 
accumulation of Zn at 50 mg/kg Zn-NPs supplemented group was 14.13 
and 58.86% in liver compared to muscle and serum, respectively.

4 Discussion

The results of this study demonstrated that including Zn-NPs 
in the diet of C. batrachus promoted optimal growth and favorable 

TABLE 2 Growth and nutritional indices of C. batrachus fed on different levels of Zn-NPs.

Parameters Dietary Zn-NPs supplementation level in feed F-value p-value

Control 10 20 30 40 50

IW (g) 5.22 ± 0.10a 5.22 ± 0.10a 5.24 ± 0.07a 5.25 ± 0.07a 5.21 ± 0.09a 5.23 ± 0.04a 0.11 0.99

IL (cm) 7.74 ± 0.72a 7.62 ± 0.44a 7.50 ± 0.22a 7.38 ± 0.12a 7.48 ± 0.50a 7.64 ± 0.53a 0.23 0.94

FW (g) 13.56 ± 0.84d 16.65 ± 1.84c 17.44 ± 2.67bc 20.10 ± 1.88b 23.68 ± 0.96a 9.24 ± 1.27e 26.24 0.00

FL (cm) 10.67 ± 0.20c 11.02 ± 0.02b 11.08 ± 0.04b 11.23 ± 0.03b 11.72 ± 0.15a 11.22 ± 0.29b 14.28 0.00

WG (g) 8.34 ± 0.93d 11.43 ± 1.81c 12.20 ± 2.64bc 14.86 ± 1.94b 18.47 ± 0.91a 4.01 ± 1.27e 26.23 0.00

LG (cm) 2.93 ± 0.79c 3.40 ± 0.44bc 3.57 ± 0.26abc 3.85 ± 0.13ab 4.24 ± 0.38a 3.58 ± 0.24abc 3.13 0.04

ADG (g) 0.14 ± 0.02d 0.19 ± 0.03c 0.20 ± 0.04bc 0.25 ± 0.03b 0.31 ± 0.02a 0.06 ± 0.02e 28.21 0.00

SGR (%/day) 1.59 ± 0.13c 1.93 ± 0.18b 1.99 ± 0.24b 2.23 ± 0.17ab 2.52 ± 0.06a 0.94 ± 0.24d 27.81 0.00

TGC 0.49 ± 0.05d 0.67 ± 0.11c 0.72 ± 0.15bc 0.87 ± 0.11b 1.09 ± 0.05a 0.23 ± 0.07e 27.034 0.00

CF 1.12 ± 0.01b 1.24 ± 0.13ab 1.28 ± 0.21ab 1.42 ± 0.13a 1.47 ± 0.12a 0.66 ± 0.14b 14.23 0.00

SR (%) 100.00 100.00 100.00 100.00 100.00 100.00 - -

FCR 3.03 ± 0.37b 2.23 ± 0.33b 2.12 ± 0.42b 1.71 ± 0.24b 1.35 ± 0.06b 6.81 ± 2.59a 10.11 0.00

PER 1.01 ± 0.13d 1.38 ± 0.22c 1.47 ± 0.31bc 1.79 ± 0.26b 2.24 ± 0.10a 0.48 ± 0.15e 25.77 0.00

ANPU (%) 17.94 ± 1.64d 23.33 ± 2.71c 23.93 ± 2.85c 28.46 ± 1.95b 41.46 ± 2.65a 9.82 ± 1.84e 62.71 0.00

Values with different superscript letters in the same column indicate significant differences at p < 0.05.
IW, initial weight; IL, initial length; FW, final weight; WG, weight gain; LG, Length gain; ADG, average daily gain of weight; SGR, specific growth rate of weight, TGC, Thermal growth co-
efficient; CF, condition factor; SR, Survival rate; FCR, feed conversion ratio; PER, protein efficiency ratio; ANPU, annual net protein utilization.
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adaptation to its environment. Importantly, water quality 
measurements consistently remained within optimal ranges for 
tropical fish farming conditions across all treatments, showing no 
significant differences. This underscores the maintenance of a 
favorable rearing environment throughout the experiment. 
Moreover, the incorporation of Zn-NPs into the diet led to a 
significant improvement in the growth performance of 
C. batrachus in a dose-dependent manner compared to the control 

group. Notably, no mortalities were observed throughout the 
study period.

Specifically, fish receiving 40 mg/kg Zn-NPs supplementation 
showed notable increases (p < 0.05) in parameters such as fish weight 
(FW), fish length (FL), weight gain (WG), percentage weight gain 
(%WG), average daily gain (ADG), specific growth rate (SGR), and 
condition factor (CF), surpassing both other treatment groups and the 
control. Similar synergistic effects of zinc on growth performance have 
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FIGURE 2

The relationship between (A)   final weight (g), (B)  weight gain (g) and (C)  specific growth rate (SGR; %g/day), of C. batrachus fed diets supplemented 
with varying levels of Zn-NPs for 60  days.
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been reported for various fish and prawn species (Liang et al., 2012; 
Chen et al., 2015). The ability of nanoparticles to enhance intestinal 
absorption, bioavailability, growth hormone synthesis, and catalytic 
activity has been acknowledged to support fish growth, development, 
and physiology (Albrecht et al., 2006; Eide, 2006; Maret and Krężel, 

2007; Dube et al., 2010; Alishahi et al., 2011). The enhanced growth 
performance observed in C. batrachus may be  attributed to the 
stimulation of DNA and RNA synthesis, as well as cell division, 
induced by Zn-NPs supplementation. These processes likely 
contribute to somatic growth and development in the fish. Faiz et al. 

A

C

E

D

B

FIGURE 3

Proximate composition of C. batrachus fed on different levels of Zn-NPs enriched diets. Different superscript letters indicate significant difference 
(p  <  0.05) among the feeding groups (A, Protein F  =  15.93, p  <  0.01; B, Lipid F  =  1338.62, p  <  0.01; C, Carbohydrates F  =  8.67, p  <  0.01; D, Ash F  =  65.99, 
p  <  0.01; E, Moisture F  =  7.24, p  <  0.01).
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FIGURE 4

Concentrations of Zn in muscle, serum, and liver of C. batrachus fed on different levels of Zn-NP enriched diets. Different superscript letters indicate 
significant difference (p  <  0.05) among the feeding groups (Muscle F  =  26158.39, p  <  0.01; Serum F  =  7374.54, p  <  0.01; Liver F  =  49716.83, p  <  0.01).

TABLE 3 Hematological parameters of C. batrachus fed on different levels of Zn-NPs.

Parameters Dietary Zn-NPs supplementation level in feed F-value p-value

Control 10 20 30 40 50

RBC (106/mm3) 2.63 ± 0.12e 2.79 ± 0.04d 2.97 ± 0.02c 3.22 ± 0.04b 3.52 ± 0.04a 2.11 ± 0.09f 134.23 0.00

WBC (103/mm3) 25.73 ± 0.16d 26.86 ± 0.09d 27.25 ± 0.06c 27.30 ± 0.06c 27.68 ± 0.15b 28.18 ± 0.07a 75.53 0.00

Hemoglobin (g/dl) 8.93 ± 0.05c 8.95 ± 0.07c 9.21 ± 0.06bc 9.59 ± 0.02ab 9.72 ± 0.11a 6.47 ± 0.57d 72.79 0.00

Hematocrit (%) 23.25 ± 1.17a 23.96 ± 1.08a 24.32 ± 0.99a 24.39 ± 1.21a 25.10 ± 0.73a 17.07 ± 0.50b 27.66 0.00

MCV (fL) 71.35 ± 3.13c 75.88 ± 4.85bc 81.88 ± 2.72ab 81.02 ± 4.50ab 85.98 ± 3.81b 88.48 ± 7.39a 5.55 0.01

MCH (pg/cells) 27.62 ± 0.31c 29.84 ± 0.75bc 31.02 ± 0.16b 30.69 ± 2.96b 32.11 ± 0.47ab 33.95 ± 1.66a 6.60 0.00

MCHC (%) 38.75 ± 0.16a 39.41 ± 0.19a 37.91 ± 0.14a 37.40 ± 0.19a 38.45 ± 0.20a 37.98 ± 0.46a 0.25 0.93

Total protein (g/dl) 4.55 ± 0.04b 4.59 ± 0.03b 4.50 ± 0.10b 4.65 ± 0.08b 4.74 ± 0.05b 5.90 ± 0.11a 51.38 0.00

Albumin (g/dl) 3.34 ± 0.05b 3.37 ± 0.02b 3.40 ± 0.11b 3.42 ± 0.05b 3.43 ± 0.04b 3.74 ± 0.06a 5.95 0.01

Globulin (g/dl) 1.21 ± 0.01bc 1.22 ± 0.01b 1.10 ± 0.04c 1.23 ± 0.05b 1.31 ± 0.02b 2.16 ± 0.06a 118.64 0.00

Values with different superscript letters in the same column indicate significant differences at p < 0.05.
RBC, red blood cells; WBC, white blood cells; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

TABLE 4 Serum lipid and enzyme profile of C. batrachus fed on different levels of Zn-NPs.

Parameters Dietary Zn-NPs supplementation level in feed F-value p-
value

Control 10 20 30 40 50

Total cholesterol 

(mg/dl)
214.31 ± 2.51bc 209.51 ± 0.73c 210.69 ± 1.52c 195.52 ± 5.86d 216.14 ± 1.01b 222.93 ± 2.51a 29.79 0.00

HDL (mg/dl) 52.29 ± 0.02d 53.86 ± 0.59c 54.16 ± 0.57bc 54.39 ± 0.59bc 55.06 ± 0.56b 56.00 ± 0.57a 16.64 0.00

LDL (mg/dl) 153.15 ± 0.99bc 152.47 ± 0.01bc 152.97 ± 0.23bc 152.26 ± 0.02c 153.38 ± 0.01b 155.08 ± 0.59a 13.18 0.00

Triglycerides (mg/dl) 158.42 ± 3.96ab 156.47 ± 3.05b 155.93 ± 2.51b 140.65 ± 3.36c 162.66 ± 2.00b 162.86 ± 3.07a 21.44 0.00

ALP (mg/dl) 9.74 ± 0.57c 10.67 ± 0.94c 11.12 ± 1.01c 13.13 ± 1.00b 13.81 ± 1.52b 16.80 ± 1.16a 17.57 0.00

AST (U/L) 35.27 ± 0.01d 35.68 ± 0.01cd 36.17 ± 0.56cd 36.47 ± 0.59c 37.76 ± 0.56b 40.74 ± 1.00a 37.15 0.00

ALT (U/L) 30.19 ± 0.57c 31.36 ± 1.17bc 32.11 ± 1.26ab 32.47 ± 0.47ab 32.67 ± 0.02ab 33.24 ± 0.08a 6.06 0.01

Amylase (U/L) 0.37 ± 0.02e 0.61 ± 0.11d 0.72 ± 0.11cd 0.82 ± 0.10bc 0.88 ± 0.02b 1.75 ± 0.01a 124.19 0.00

Lipase (U/L) 0.33 ± 0.02d 0.35 ± 0.03d 0.45 ± 0.07c 0.51 ± 0.06bc 0.56 ± 0.04b 1.80 ± 0.06a 394.86 0.00

Protease (U/L) 0.73 ± 0.01c 0.79 ± 0.05c 0.81 ± 0.10c 0.90 ± 0.04b 0.99 ± 0.03b 1.85 ± 0.02a 205.53 0.00

Values with different superscript letters in the same column indicate significant differences at p < 0.05.
HDL, high density lipoprotein; LDL, low density lipoprotein; ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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(2015) observed similar findings in Grass carp (C. idella), while 
Shahpar and Johari (2019) reported comparable results in rainbow 
trout (Oncorhynchus mykiss) larvae. However, although a Zn-NPs 
concentration of 40 mg/kg enhanced growth, a slightly higher 
concentration of 50 mg/kg Zn-NPs significantly reduced the growth 
rate. Similarly, decreased growth was noted in juveniles of the Grass 
carp, C. idella, exposed to 50 mg/kg ZnO-NP supplementation 
compared to 30 mg/kg ZnO-NP supplementation (Faiz et al., 2015). 
This suggests potential zinc toxicity at the highest concentration tested 
in this study. Although Zn poisoning is uncommon, it is best to avoid 
supplementing with excessive Zn levels as this prevents the uptake of 
other minerals preferably iron, copper, and cadmium required for fish 
to grow and function normally (Buentello et al., 2009). As per Jewel 
et al. (2023), administering Fe-NPs and Zn-NPs at 30 mg/kg improved 
survival and growth in L. rohita, whereas adverse effects were observed 
at 50 mg/kg. Thus, it is crucial to determine the optimal Zn-NPs 
dosage for fish feed to effectively boost fish growth and 
production performance.

Throughout the experimental phase, the FCR of the fishes 
demonstrated superior performance in the group treated with 
nanoparticles (NPs), with variations observed based on 
concentration levels. Significant enhancements in feed utilization 
parameters were noted in the 40 mg/kg Zn-NPs group compared 
to the control group. However, feeding parameters sharply declined 
in the 50 mg/kg Zn-NPs group, resulting in reduced growth 
performance in fish within this group. This finding is consistent 
with a similar observation documented by Swain et al. (2018) in 
their study on the treatment of L. rohita with ZnONPs, where a 
reduction in feed utilization was observed in the NP-fed group 
compared to the control. Similarly, Kumar et al. (2020) and Rajan 
and Rohini (2021) observed enhanced feed efficiency in Cirrhinus 
mrigala through dietary ZnO-NPs, which was attributed to 
elevated digestive enzyme activity. Thangapandiyan and Monika 
(2019) also reported improved feed utilization (FCR) in Zn-NPs-
enriched diets for L. rohita.

The increasing levels of protein, lipid, and ash observed in fish 
muscle provide evidence that dietary Zn-NPs influence the absorption, 
synthesis, and storage of these parameters in C. batrachus. Consistent 
with our findings, similar concentration-dependent increases and 
decreases in proximate composition have been reported in L. rohita 
fed diets enriched with 30 mg/kg NPs, with a subsequent decline 
observed in these parameters for diets containing 40–50 mg/kg NPs 
supplementation (Jewel et al., 2023). Additionally, Tawfik et al. (2017) 
demonstrated elevated levels of muscle protein in tilapia fish fed a diet 
supplemented with different concentrations of ZnONPs. 
Thangapandiyan and Monika (2019) also reported an increased level 
of carbohydrate, total protein, and lipid in L. rohita fed with a diet 
supplemented with 10 mg/kg ZnONPs. This is consistent with the 
crucial role that zinc (Zn) plays in the metabolism of lipids, proteins, 
carbohydrates, and nucleic acids.

Our study revealed significant changes in blood parameters of 
catfish fed diets supplemented with various NP concentrations 
compared to the control. The decrease observed in red blood cells 
(RBCs), hemoglobin, and hematocrit, in a dose-dependent manner, 
may be attributed to red cell swelling causing hemolysis. Similar 
erythrocyte hemolysis has been documented in Heteroclarias as 
well (Oti and Avoaja, 2005; Kori-Siakpere and Ubogu, 2008), 
induced by sublethal Zn concentrations in the diet. Studies have 

suggested that nanoparticles can have adverse effects on red blood 
cell populations, potentially leading to the development of anemia. 
The adverse impact is primarily ascribed to either the reduction in 
red blood cell lifespan or the inhibition of bone marrow stem cell 
activity (Faiz et al., 2015). The increase in RBC, Hb, and Hct levels 
up to the 40 mg/kg Zn-NPs diet may be attributed to the potent 
antioxidant properties of nanoparticles, which help maintain cell 
stability and integrity within organisms, thus guarding against 
hemolysis. However, at higher levels, nanoparticles can become 
toxic, leading to adverse effects (Khan et al., 2016). The sudden 
decrease in RBC, Hb, and Hct at the 50 mg/kg Zn-NPs group in our 
study suggests the onset of anemia due to injury to hematopoietic 
tissue, suppression of erythropoiesis, or malfunction of transferrin 
(Javed et al., 2016). The increase in WBC levels observed in our 
study may be  attributed to nanoparticles bioaccumulating in 
various tissues, thereby inducing toxicity. Earlier investigations 
have indicated that heightened NP concentrations notably affect 
spleen cell production (Firat, 2007). Additionally, it has been 
observed that this increase in NPs leads to a greater secretion of 
corticosteroid hormones, which play a crucial role in the prevention 
and healing of inflammation (Celik et  al., 2013). Our findings 
suggest that the increase in WBCs recorded in the 50 mg/kg NPs 
feeding group may be  linked to the stimulation of the immune 
system in response to exposure to toxic high doses of Zn-NPs (Vani 
et  al., 2011; Bantu et  al., 2017). The observed alterations in 
erythrocyte indices in the present study are likely a result of stress 
induced by the same toxic effect. At higher concentrations (< 50 mg/
kg), ZnO-NPs have been reported to affect erythrocyte indices by 
reducing the blood’s ability to transport oxygen and causing 
abnormalities in blood tissue (Hrubec and Smith, 2010; Saravanan 
et  al., 2011; Suganthi et  al., 2015). Similarly, an increase in 
erythrocyte indices has been documented in L. rohita fish exposed 
to various stressors such as paint, dye, and petroleum industry 
effluents (Zutshi et al., 2010).

It was observed that dietary Zn-NPs resulted in a significant rise 
in the concentrations of total protein, albumin, and globulin in the 
blood serum of C. batrachus within the 50 mg/kg Zn-NPs group. Zinc 
nanoparticles (Zn-NPs) administered at doses ranging from 10 to 
40 mg/kg in the feed did not exhibit any notable differences compared 
to the control group, except for the levels of globulin. However, at a 
dosage of 50 mg/kg in the feed, zinc nanoparticles (Zn-NPs) notably 
elevated these markers above those observed in the control and other 
experimental groups. The observed increase in albumin and globulin 
levels suggests an induced immune response in fish treated with NPs. 
Moreover, there is a documented positive correlation between elevated 
serum protein and globulin levels and a robust innate immune 
response in various fish species (Kumar et al., 2013).The presence of 
an elevated immune response suggests that fish are experiencing a 
compromised and stressful state, rendering them susceptible to 
diseases (Kanwal et al., 2019). The investigation conducted by Yonar 
et al. (2019) examined the significant increase in serum total protein 
levels in rainbow trout that were fed curcumin. Similarly, Manal 
(2018) studied the augmentation of serum total protein in Nile tilapia 
fish through the supplementation of curcumin. Additionally, Abdel-
Tawwab et al. (2022) investigated the effect of Cu-NP supplementation 
on serum total protein levels. According to Moghadam et al. (2021), 
it was observed that feeding L. vannamei with diets enriched with 
Cu-NPs resulted in elevated levels of serum total protein and albumin. 
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The observed elevation of these proteins in the groups treated with NP 
can be  attributed to the enhanced synthesis of proteins, which is 
necessary to meet the increased energy demands caused by the higher 
concentration of NPs in the feed. This heightened protein synthesis is 
essential to address the immunotoxic challenge posed by the NPs.

The results of the present investigation showed that total 
cholesterol, LDL, triglycerides, and HDL activity in fish serum were 
all affected by Zn-NPs in a dose-dependent manner. Specifically, 
Zn-NPs were found to decrease the activity of total cholesterol, LDL, 
and triglycerides, while increasing the activity of HDL, when 
compared to the control group. Zinc nanoparticles (Zn-NPs) have 
been recognized for their antioxidant properties, which have been 
attributed to the enhancement of the aforementioned parameters in 
Asian catfish when compared to the control group (Mahboub et al., 
2020). Zn is also recognized as essential for lipid metabolism, which 
includes lipid synthesis, storage, and breakdown processes. By 
modifying the activity of enzymes involved in lipid synthesis and 
metabolism, such as lipoprotein lipase, hormone-sensitive lipase, 
and fatty acid synthase, Zn-NPs supplementation might have an 
impact on lipid metabolism. Safawo et  al. (2018) observed a 
significant free radical scavenging activity of ZnO nanoparticles, 
with an IC50 value of 127.74 μg/mL, indicating a 50% inhibition 
concentration. The concentration-dependent increase in the free 
radical scavenging activity of nanoparticles was also reported by 
Tettey and Shin (2019) and Ramana et  al. (2023). El-Bahr et  al. 
(2020) found that two doses of ZnO NPs (30 and 60 mg/kg) enhance 
liver function in birds by lowering blood total cholesterol and 
triglyceride, which corresponds well with our present findings. 
However, when administered at higher doses (40 and 50 mg/kg 
Zn-NPs feed), a notable elevation in the concentration may suggest 
the presence of stress in fish. In a study conducted by Levesque et al. 
(2002), it was demonstrated that chronic exposure of Perca flavescens 
to sub-lethal concentrations of copper (Cu), cadmium (Cd), and 
zinc (Zn) resulted in significant alterations in triglyceride levels. The 
assessment of triglyceride concentration is crucial for the evaluation 
of lipid metabolism, as elevated levels of triglycerides have been 
observed in individuals with nephritic syndrome and glycogen 
storage impairment. Hence, the findings of this study demonstrate 
that elevated doses of triglyceride are associated with impaired liver 
function in C. batrachus in the present study. When compared to the 
control group, serum ALP, AST, ALT, amylase, lipase, and protease 
activities in C. batrachus exhibited a usually very significant rise as 
the quantity of Zn-NPs in the diet increased. A comparable finding 
was also documented by Alkaladi et al. (2015), who noted that the 
release of serum enzymes increased significantly with higher 
concentrations of ZnONPs. This phenomenon is likely attributed to 
hepato-pancreatic injury, indicating potential harm to various fish 
tissues, including parenchymal cells, muscles, intestines, and liver 
(Kandeel, 2004). In their study, Firat and Kargan (2010) observed 
that the serum activities of ALT and AST in Oreochromis niloticus 
were elevated when exposed to Zn and Cd, in comparison to the 
control group. Furthermore, in a study conducted by Younis et al. 
(2012), it was also observed that there was a notable rise in the levels 
of AST and ALT in Zn-treated O. niloticus following a brief period 
of exposure. The observed elevation in serum enzyme activity 
suggests that the addition of Zn-NPs has an impact on the secretion 
of serum enzymes in C. batrachus. Supporting this observation, Li 
et al. (2007) reported increased activities of protease, amylase, and 
lipase in tilapia (O. niloticus and O. aureus) fed with feed 

supplemented with zinc. Similarly, Jewel et  al. (2023) found 
increased activities of these enzymes in the L. rohita when fed with 
zinc-supplemented feed.

In the current study, it was observed that C. batrachus absorbed 
more nanoparticles (NPs) than the control group when fed a diet 
enriched with 50 mg/kg of Zn-NPs. These findings indicate that the 
level of supplementation in the diet influenced the absorption of 
Zn-NPs in catfish, with the highest concentration of Zn-NPs (50 mg/
kg diet) resulting in a significant increase in zinc concentration in the 
liver. In a related study, Kaya et al. (2015) discovered that the liver of 
juvenile carp (Cyprinus carpio) consistently accumulated zinc compared 
to the gills, kidneys, and muscles. Shahzad et al. (2017) and Kurian and 
Elumalai (2021) showed similar results, with increased Zn accumulation 
in the liver of tilapia (O mossambicus) compared to muscles and gills. 
The collective findings of these prior studies consistently demonstrate 
a positive correlation between the dosage concentration of ZnO-NPs 
and the accumulation of zinc in the liver of fish, but not necessarily 
other tissues, as was also found in the present study. The liver chemically 
assimilates, excretes, and detoxifies metals (Marijić and Raspor, 2006). 
Due to liver detoxification, toxic substances accumulate and change 
hepatocyte physiology and histology (Sharma et al., 2012).

5 Conclusion

Dietary Zn-NPs were found to influence the physiological status, 
growth performance, and nutritional consumption of C. batrachus in 
a dose-dependent manner. Growth, nutritional indices, and 
physiology of C. batrachus were found to be enhanced due to the 
supplementation of Zn-NPs at a concentration of 40 mg/kg when 
compared to the control and other groups. According to the 
polynomial regression analysis, the optimal concentration of Zn-NPs 
supplementation in the diet of C. batrachus was determined to 
be between 30.4 and 30.5 mg/kg of feed. Additionally, the research 
demonstrated that the liver was the most prominent bioaccumulator 
organ for Zn from Zn-NPs, and the bioaccumulation was highest at 
higher concentrations of Zn-NPs in the diet. Despite these promising 
findings, further research is needed to fully assess the potential of 
Zn-NPs to be used in a range of fish species.
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