


Effects of Dietary Green-Synthesized Copper Oxide Nanoparticles on Physiological Performance and Streptococcus agalactiae Resistance in Oreochromis mossambicus

Abstract
This study assessed the effects of dietary green-synthesized copper oxide nanoparticles (CuO NPs) on physiological responses with growth performance, hematological profile, immune defense, antioxidant status, and disease resistance in tilapia, Oreochromis mossambicus over a 60-day feeding trial. Fingerlings were administered diets supplemented with varying levels of CuO NPs (0, 1, 2, 4, and 8 mg/kg). The results showed that fish in the 4 mg/kg CuO NPs group confirmed significantly enhanced growth performance, with augmented final body weight, weight gain, and specific growth rate, in contrast to the other treatment groups and the control (p<0.05). Hemoglobin (Hb) concentration, red blood cell (RBC) count, and white blood cell (WBC) count were significantly improved in the 4 mg/kg group, suggesting a better physiological status. Additionally, innate immune responses, including serum lysozyme levels, respiratory burst activity, and myeloperoxidase activity, were considerably elevated at this dosage. Superoxide dismutase (SOD) and catalase (CAT), were found to increase, whereas malondialdehyde (MDA) levels reduced, demonstrating a reduction in oxidative stress (p<0.05). Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT), remained within normal ranges, suggesting the absence of hepatic dysfunction. Upon exposure to Streptococcus agalactiae, the fish receiving the 4 mg/kg CuO NPs supplementation showed enriched survival rates relative to both lower and higher dosage groups. Finally, the inclusion of CuO NPs at a dosage of 4 mg/kg effectively enhanced growth, immune response, and antioxidant defenses without adverse effects, indicating its probable potential as a dietary supplement in aquaculture.	Comment by M Z: Please add a more general statement related to your work before starting the goal of your study
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1. Introduction
Nanotechnology has developed as a dynamic field with wide-ranging uses in medicine, environmental remediation, agriculture, and aquaculture (Malik et al., 2023). Among the various nanomaterials, metallic oxide nanoparticles have attracted major attention due to their distinct physicochemical properties, which contain a high surface area, improved catalytic efficiency, and adjustable biological activity (Jagtiani, 2022). Precisely, copper oxide nanoparticles (CuO NPs) are documented for their antimicrobial, antioxidant, and immunomodulatory attributes, thereby standing them as promising candidates for a range of biotechnological applications (Devaraji et al., 2024). Traditional methods for synthesizing nanoparticles, such as chemical and physical techniques, typically rely on toxic reagents, exhibit high energy consumption, and generate environmentally hazardous by-products (Khan et al., 2019). These challenges have provoked the exploration of green synthesis approaches that influence natural systems, including plant extracts, for nanoparticle production. The use of phyto-mediated production presents several benefits, including environmental sustainability, cost-effectiveness, and the incorporation of natural phytochemicals that function as reducing and stabilizing agents (Rani et al., 2023). These biomolecules not only promote nanoparticle formation but also improve their biocompatibility and functional capabilities. The management of electronic waste (e-waste) has become a significant global challenge in current years, mainly due to its accumulative volume and the presence of toxic constituents (Liu et al., 2023). Notably, e-waste serves as a substantial secondary source of valuable metals, mainly copper (Debnath et al., 2018). The process of recovering copper from e-waste and its consequent transformation into functional nanomaterials offers a sustainable approach that merges waste recycling with nanotechnology (Li et al., 2018). This approach aligns with the values of a globular global low-cost by transforming hazardous discarded into high-value products that may have potential biological applications.
The application of plant species such as Mesosphaerum suaveolens for the synthesis of nanoparticles has garnered interest due to its abundant phytochemical composition, which includes flavonoids, phenols, and terpenoids (Almeida-Bezerra et al., 2022). These compounds are instrumental in decreasing metal ions and stabilizing the resultant nanoparticles, thereby improving their physicochemical and biological properties (Gaikwad et al., 2025). Green-synthesized CuO nanoparticles derived from such plant extracts have presented superior antimicrobial activity and lower toxicity when compared to nanoparticles synthesized through conventional methods (Khairy et al., 2024). The integration of copper obtained from e-waste with plant-mediated green synthesis offers a novel and sustainable strategy for the production of CuO nanoparticles with improved functionality. These nanoparticles have showed shown significant potential in biological systems, notably in their roles as growth enhancers and immunostimulants (Rani et al., 2023). For example, in the field of aquaculture, nanoparticles can facilitate better nutrient utilization, influence physiological responses, and bolster disease resistance in fish species such as Oreochromis mossambicus.
Aquaculture systems are frequently faced with challenges posed by bacterial diseases, particularly infections caused by Streptococcus agalactiae, which can result in significant mortality and financial sufferers losses (Van Doan et al., 2022). The restrictions of antibiotic use have led to the necessity for alternative strategies that are both effective and environmentally sustainable. In this context, nanoparticle-based nutritional mediations have increased consideration as a possible solution due to their capability to enhance growth performance, improve hematological parameters, and stimulate innate immune responses (Mahmud et al., 2025). Despite the increasing interest in green nanotechnology, research focusing on the synthesis of CuO nanoparticles from e-waste using plant extracts, alongside inclusive biological evaluations, remains scarce. Exactly, incorporated studies exploring their effects on growth, hematological and immunological responses, and resistance to bacterial infections in fish models are lacking. Thus, the present study seeks to synthesize copper oxide nanoparticles utilizing M. suaveolens leaf extract derived from e-waste copper and to assess their biological efficacy. The research specifically examines their role as a dietary supplement in enhancing growth performance, hematological and immunological parameters, and resistance to infection with Streptococcus agalactiae in tilapia. 	Comment by M Z: I think the introduction is too long and should be shortened. Additionally, your research question or hypothesis is not clearly stated. I highly recommend revising this part to make it clearer.
2. Materials and methods
2.1. Biogenic copper oxide (CuO) nanoparticles
The synthesis and characterization of CuO nanoparticles utilizing the M. suvaleons extract against certain fish bacterial pathogens were previously reported (Purnima Das, 2026). In a subsequent phase of this investigation, the immune responses elicited by the same CuO NPs were assessed in tilapia following infection with S. agalcitae.
2.2 Diet formulation	Comment by M Z: I’m wondering how you verified the effectiveness of your coating method on the food pellets. Did you apply any oil after spraying them with copper oxide nanoparticles?
All ingredients were finely pulverized, sieved (250 µm), and carefully mixed to achieve a uniform basal diet (see Table 1). Then, vegetable oil and a vitamin–mineral premix were integrated, followed by the gradual addition of water (30–35%) to make a dough (Sattanathan et al., 2024). Copper oxide nanoparticles (CuO NPs) were included at concentrations of 0 mg/kg (Control), 1 mg/kg (T1), 2 mg/kg (T2), 4 mg/kg (T3), and 8 mg/kg (T4) of the diet. The appropriate amount of CuO NPs was dispersed in distilled water using ultrasonication and subsequently sprayed onto the feed mixture to ensure uniform distribution. The dough was then pelleted to a size of 2–3 mm and subjected to oven drying at a temperature of 45–50°C.
2.3 Experimental design
Fingerlings of tilapia, O. mossambicus (initial weight: 10.5 ± 0.5 g), were acquired from a local fish farm in Dimpur, Nagaland, and underwent a two weeks acclimatization during which they were provided with a basal diet. Following acclimatization, the fish were randomly assigned to five experimental sets, each consisting of three replicates (25 fish per tank). The treatment groups included: a control group (0 mg/kg CuO NPs), and four experimental groups designated as T1 (1 mg/kg), T2 (2 mg/kg), T3 (4 mg/kg), and T4 (8 mg/kg). The dosages were outlined based on earlier research (Vajargah et al., 2020; EL-Erian et al., 2023). The fish were fed their particular diets at 4% of body weight for 60 days. Body mass measurements were taken at 10-day intervals, with feeding rates adjusted in accordance with these measurements. Water quality parameters were maintained at the following levels: temperature 25 ± 1.4℃, dissolved oxygen 6.4 ± 2.1 mg/L, pH 6.5 ± 1.3, and ammonia levels.	Comment by M Z: Why did you select this species? Tilapia is generally considered a tolerant species, so it may not be representative of more sensitive species.
2.4 Growth parameters 
Upon the conclusion of the 60-day feeding trial, fingerlings of tilapia were subjected to a 24-hour fasting period, after which they were calculated and individually weighed to evaluate growth parameters. The survival rate was recorded for each treatment (Yu et al., 2024).
Weight gain (WG, g) = Final weight − Initial weight
Relative growth rate (RGR, %) = 100 × (Final weight-initial weight)/initial weight
Specific growth rate (SGR) (% day-1) = 100 × (ln (mean final body weight) − ln (mean initial body weight))/days.
Feed conversion ratio (FCR) = dry feed intake/wet weight gain
Survival rate (%) = 100 × (final number of fishes/Initial number of fishes)	Comment by M Z: Do you mean fish abundance?
2.5 sampling 
At specific sampling intervals (14, 28, 48, and 56 days post-feeding), fingerlings were randomly together collected from each treatment group (n = 6 per group). Tilapia fingerlings were anesthetized with MS-222 (20 mg/L) prior to handling (Yu et al., 2024). Blood was collected from the caudal vein using sterile syringes. For hematological analysis, blood was collected without anticoagulant. To obtain serum, blood was collected into heparinized vials (40 IU/mL). The blood samples were centrifuged at 3000 rpm for 5 minutes, and the separated serum was pooled within each treatment group and stored at −20°C for following biochemical and immunological analyses. For antioxidant enzyme assays, three fish per treatment were sacrificed, and liver tissues were excised, rinsed with ice-cold saline, and preserved at −20°C until use. 
2.6 HaematologicalHematological assays
The concentration of hemoglobin (Hb) was estimated utilizing the cyanmethemoglobin method, in which blood samples were diluted in Drabkin’s reagent, and absorbance was observed spectrophotometrically at 540 nm (Pal, 2006). Red blood cell (RBC) and white blood cell (WBC) counts were obtained using a Neubauer hemocytometer. For RBC enumeration, blood was diluted with Hayem’s solution, while WBC counting involved dilution with Turk’s solution. The cells were counted under a light microscope, with values recorded as ×10⁶ cells/mm³ for RBCs and ×10³ cells/mm³ for WBCs. All hematological analyses were conducted in triplicate to ensure accuracy (Blaxhall and Daisley, 1973).
2.7 Serum biochemical indices
Serum AST and ALT activities were assessed using reagent diagnostic kits that employ the colorimetric method, in as described with the manufacturer's procedures (Aly et al., 2025). In summary, serum samples were incubated with specific substrate solutions containing L-aspartate (for AST) or L-alanine (for ALT) along with α-ketoglutarate. The enzymatic reactions yield oxaloacetate or pyruvate, which subsequently react with 2,4-dinitrophenylhydrazine (DNPH) to generate a colored hydrazone complex. Following the addition of an alkaline solution, the absorbance was measured spectrophotometrically at a wavelength of 505 nm. All assays were conducted in triplicate to enhance accuracy.
2.8 Immunological indices
2.8.1 Respiratory Burst Activity 
The respiratory burst activity of phagocytic cells were was analyzed utilizing the nitroblue tetrazolium reagent reduction test, as outlined by Anderson and Siwicki (1995). Initially, heparinized blood was incubated with a 0.2% NBT solution at room temperature for 30 minutes. The reaction was subsequently terminated by the addition of dimethylformamide, monitored by centrifugation at 3000 rpm for 5 minutes. The resultant formazan product was then extracted, and its absorbance was quantified at 540 nm using a microplate reader (Systronics, India).
2.8.2 Serum Lysozyme Activity
Serum lysozyme activity was evaluated using a turbidimetric method with Micrococcus lysodeikticus (0.3 mg/mL) as the substrate. Serum samples were mixed with a bacterial suspension prepared in phosphate buffer at a pH of 6.2. The decrease in absorbance was monitored at 450 nm over a period of 5 minutes at a temperature of 25°C (Parry et al., 1965).
2.8.3 Serum Myeloperoxidase (MPO) Activity
Myeloperoxidase activity was assessed utilizing a tetramethylbenzidine (TMB) methodology. Serum samples were combined with a TMB substrate solution that included hydrogen peroxide and subsequently incubated at ambient temperature. The reaction was terminated through the addition of sulfuric acid (H₂SO₄), and the absorbance was noted at 450 nm. The activity of MPO were was reported in units per mL of serum (Quade and Roth, 1997).
2.9 Liver antioxidant defense
2.9.1 Liver Tissue Preparation
Liver tissues were extracted from anesthetized tilapia fish, subsequently rinsed with ice-cold physiological saline (0.86% NaCl) to eliminate blood, blotted to remove excess moisture, and homogenized in a 0.1 M phosphate buffer (pH 7.4) utilizing a chilled homogenizer at a ratio of 1:10 (w/v) (Yu et al., 2025). The tissue extract was centrifugation centrifuged at 8000 rpm for 30 minutes at -4°C, after which the supernatant was together combined for use in antioxidant assays.
2.9.2 Superoxide Dismutase (SOD) Activity
SOD activity was measured by determining the inhibition of the photochemical reduction. The reaction mixture included sodium carbonate buffer, and tissue supernatant. The reaction was initiated under fluorescent light for 10 minutes and subsequently terminated by turning off the light. Absorbance was recorded at 560 nm, with SOD activity quantified as U/mg protein (Marklund and Marklund, 1974).
2.9.3 Catalase (CAT) Activity
Catalase activity was assessed by quantifying the decomposition of hydrogen peroxide (H₂O₂). The reaction blend encompassed phosphate buffer at pH 7.0 and H₂O₂ at a concentration of 30 mM. The reduction in absorbance was measured at 240 nm (Aebi, 1984).
2.9.4 Lipid Peroxidation (MDA Level)
Malondialdehyde (MDA) content were was measured as thiobarbituric acid reactive substances (TBARS). A liver extract was combined with trichloroacetic acid (TCA) and thiobarbituric acid (TBA) reagent, followed by heating at 95°C for 30 minutes. After the mixture was allowed to cool, it was subjected to centrifugation, and the absorbance of the supernatant was measured at 532 nm (Ohkawa et al., 1979).
2.10 Challenge study
The Streptococcus agalactiae strain was sourced from the RGCA (Rajiv Gandhi Centre for Aquaculture) at Sirkali, Tamil Nadu. The bacterial strain was cultured in tryptic soy broth and incubated at a temperature of 28 °C. Following culturing, the suspension was subjected to centrifugation at 800 × g for 10 min, resulting in a pellet that was then collected. This pellet was washed with phosphate-buffered saline (PBS) and subsequently resuspended in PBS to prepare the necessary challenge dose. For the pathogenicity trial, a total of 180 fingerlings were randomly allocated into five experimental groups, each containing three replicates (12 fish per replicate). After 60 days of dietary treatment with CuO nanoparticles, the fingerlings were challenged intraperitoneal intraperitoneally with 0.1 mL of a 24-hour virulent culture of S. agalactiae at a concentration of 1 × 10⁷ cells per fish. The challenge dose was standardized based on the median lethal dose (LD₅₀), as outlined by He et al. (2021). Following the challenge, the fish were monitored daily for a period of 14 days, during which mortality was recorded (Yu et al., 2026).
2.11 Statistical analysis 
All experimental data were presented as mean ± standard error (SE). Statistical analysis was conducted using one-way analysis of variance (ANOVA) to identify significant differences among the treatment groups with the DMRT test (p<0.05). All data examines were done using SPSS software (version 21).
2. Results
3.1 Growth performance
After 60 days, all CuO nanoparticle–supplemented groups’ revealed considerably improved growth parameters likened to the control (p < 0.05; Table 2). Among treatments, fish fed 4 mg/kg CuO NPs (T3) recorded the highest final body weight (38.42 ± 0.57 g) and final body length (13.62 ± 0.26 cm), followed by T4 (8 mg/kg), T2 (2 mg/kg), and T1 (1 mg/kg). The control group showed the lowest values (25.84 ± 0.50 g and 11.39 ± 0.12 cm, respectively). Similarly, WG, RGR, SGR were significantly enhanced in all treated groups, with maximum values observed in T3 (WG: 27.64 ± 0.83 g; RGR: 257.37 ± 13.87%; SGR: 2.12 ± 0.06%/day). FCR was expressively improved (1 mg/kg) in nanoparticle-treated groups compared to the control, with the best FCR noted in T3 (1.40 ± 0.05). Survival rate was 100% through experimental sets, indicating that dietary inclusion of green-synthesized CuO nanoparticles at the tested levels did not adversely affect fish survival.
3.2 HeamtologicalHematological indices	
In tilapia, dietary CuO nanoparticle supplementation significantly improved hematological parameters compared to the control (p < 0.05). Hemoglobin (Hb) levels increased progressively in all treated groups, with the maximum value documented in the 4 mg/kg group at day 42, followed by a slight decline at day 56 (Fig 1a). Similarly, red blood cell (RBC) counts displayed a substantial dose- and time-dependent rise (p < 0.05), peaking in the 4 mg/kg group at day 42 (2.84 × 10⁶ cells), with a marginal reduction observed at day 56 while remaining above control levels (Fig 1b). White blood cell (WBC) counts also increased significantly in all nanoparticle-treated groups (p < 0.05), reaching a maximum in the 4 mg/kg group at day 42 (39.39 × 10³ cells), indicating enhanced immune status (Fig 1c). A slight decline at day 56 was observed, though values remained significantly higher than the control.
3.3 Serum biochemical indices
In tilapia, serum alanine aminotransferase (ALT) demonstrated a slight but statistically substantial rise during the early phase of exposure to dietary CuO nanoparticles (p > 0.05). On day 14, ALT values varied from 26.60 ± 0.76 U/mL in the control group to 30.83 ± 0.31 U/mL in the group receiving 8 mg/kg (Fig 2a). A comparable pattern was observed on day 28, whereas values stabilized across all treatment groups by days 42 and 56, with no significant differences detected among groups. Aspartate aminotransferase (AST) showed no significant changes among treatments or sampling periods (p > 0.05), remaining consistently within a narrow range of approximately 24.88–27 U/mL throughout the duration of the experiment (Fig 2b). 
3.4 Immunological parameters
The respiratory burst activity, as measured by the NBT assay, was increased across all treated groups, with the maximum response noted in the 4 mg/kg dietary group throughout the experiment, peaking on day 42. The lower dose (1 mg/kg) and the upper dose (8 mg/kg) exhibited comparatively lower activity (Fig 3a). Additionally, serum lysozyme activity significantly increased with CuO NP supplementation up to 4 mg/kg, reaching a peak of 12.02 ± 0.03 U/mL on day 42. A slight decrease was seen on day 56 (10.37 ± 0.22 U/mL), although the values remained considerably greater than those of the control. The 8 mg/kg group displayed reduced lysozyme activity when contrasted with the 4 mg/kg group, indicating a dose-dependent effect (Fig 3b). The maximum MPO level was noted in the 4 mg/kg group on day 42 (174.32 ± 2.53 U/mL), whereas the 8 mg/kg group indicated comparatively lower values, suggesting a diminished immune stimulation at higher dosage levels (Fig 3c).
3.5 Liver antioxidant activity
Dietary supplementation with CuO nanoparticles significantly influenced antioxidant responses. The SOD and CAT exhibited a progressive increase in relation to both dosage and exposure duration, reaching peak levels at 4 mg/kg, particularly noted on day 42 (Fig 4a andb). Following this peak, there was a slight decline in activity observed by day 56; however, levels remained elevated compared to the control group. Conversely, malondialdehyde (MDA) concentrations initially rose by day 14, after which a reduction was observed in the moderate nanoparticle groups (4 mg/kg) in comparison to the higher dose (8 mg/kg). By day 56, MDA levels stabilized across all treatment groups, suggesting an enhancement in antioxidant defense mechanisms and a decrease in lipid peroxidation at optimal CuO nanoparticle inclusion levels (Fig 4c).
3.6 Challenge study
In tilapia infected with S. agalactiae, the supplementation of dietary CuO nanoparticles were significantly decreased in cumulative death when compared to the infected control group. The group receiving 4 mg/kg CuO NPs (T3) showed the highest survival rate, with a mortality rate of 41.6% over a 14-day period following the infection, and no recorded mortality during the initial 4 days post-challenge (Fig 5). Conversely, the groups receiving 1 mg/kg and 8 mg/kg CuO NPs experienced higher mortality rates of 75%, while the infected control group exhibited the highest mortality rate of 83.3%. 
3. Discussion
The current study established that dietary supplementation with green-synthesized copper oxide nanoparticles (CuO NPs) significantly enhanced growth performance in over a 60-day feeding trial. Among the concentrations tested (0, 1, 2, 4, and 8 mg/kg), the diet containing 4 mg/kg CuO NPs yielded the most favorable outcomes, including significant improvements in FBW, WG, RGR, SGR, and FCR compared to both lower and higher inclusion levels. Notably, no mortality occurred in any treatment group during the experimental period, suggesting the biosafety of CuO NPs at the tested dietary levels. The superior growth performance linked to the moderate nanoparticle inclusion (4 mg/kg) may be attributed to enhanced nutrient digestibility, increased enzymatic activity, and improved intestinal absorption efficiency. The elevation ratio of nanoparticles can facilitate better feed utilization and metabolic efficiency in fish (Eker et al., 2024). However, the observed decline in performance at the higher concentration (8 mg/kg) implies a threshold beyond which copper-based nanoparticles may induce mild oxidative stress or metabolic imbalance. It is worth noting that similar dose-dependent responses have been documented in various fish species (Vajargah et al., 2020). 	Comment by M Z: Please add a reference here
In rohu, L. rohita, dietary copper supplementation at 4.52–4.75 mg/kg resulted in improved WG, SGR and FCR (Musharraf and Khan, 2022). Similarly, in larvae, dietary CuO NP supplementation at 2-4 mg/kg enhanced growth and immunity; however, a concentration of 10 mg/kg resulted in hepatotoxic effects and a reduction in SGR (Dawood et al., 2020). These findings correspond with the current study, which identified 4 mg/kg CuO NPs as the optimal inclusion level. Comparable trends have been observed in marine species, with dietary copper nanoparticles at low concentrations (20 mg/kg) improving growth and antioxidant status in Macrobrachium rosenbergii, while higher doses led to increased oxidative stress and reduced survival (Muralisankar et al., 2016). In Danio rerio, CuO NP exposure at sub-toxic levels enhanced metabolic enzyme activity, whereas elevated concentrations disrupted liver function and growth regulation (Aksakal et al., 2019). These studies further substantiate that copper-based nanoparticle supplementation possesses a narrow optimal biological window. The enhanced growth and feed efficiency noted at 4 mg/kg CuO NPs in the present investigation may also be related to their antimicrobial properties, which could help modulate gut microbial balance and reduce pathogenic load, thereby improving nutrient utilization. Although copper is an essential trace element involved in various enzymatic systems such as cytochrome oxidase and superoxide dismutase, excessive levels can lead to the formation of ROS and disrupt cellular homeostasis (Tapiero et al., 2003). Consequently, the decline in performance at 8 mg/kg may be connected to the onset of mild oxidative stress, in line with previous nanoparticle toxicity studies.	Comment by M Z: Please revise this statement. Use the complete name for L. rohita.	Comment by M Z: Please use the italic format for all scientific names	Comment by M Z: If this is the first mentioning please add the full name and follow this rule for all abbreviations.
The current study indicated that the dietary incorporation of green-synthesized CuO nanoparticles (CuO NPs) significantly influenced hematological, immunological, and antioxidant responses in tilapia over a 56-day feeding trial. Among the concentrations evaluated (0, 1, 2, 4, and 8 mg/kg), the diet containing 4 mg/kg CuO NPs consistently led to the most significant improvements in physiological and immune parameters, suggesting an optimal biological threshold for copper nanoparticle supplementation in tilapia. Hb, RBC and WBC counts were significantly elevated in fish administered 4 mg/kg CuO NPs, indicating a stimulation of erythropoiesis and an enhancement of oxygen-carrying capacity. Comparable dose-dependent improvements in hematological parameters have been observed in Labeo rohita, where dietary copper at 3–5 mg/kg resulted in enhanced Hb and RBC levels; however, higher doses (>10 mg/kg) induced hematological stress (Riaz et al., 2020). In Cyprinus carpio, dietary CuO NPs at 2–5 mg/kg improved leukocyte profiles and immune responsiveness, while elevated concentrations were linked to hematological suppression (Dawood et al., 2020). This remarks support for the current findings, suggesting that moderate CuO NP supplementation can enhance blood physiology, while excessive levels may disrupt homeostasis.
Innate immune responses, containing respiratory burst activity, serum lysozyme, and myeloperoxidase (MPO) activity, were considerably heightened in the 4 mg/kg dietary group, indicating improved phagocytic activity and enhanced non-specific immune defense. Similar immunostimulatory effects of copper nanoparticles have been documented in Litopenaeus vannamei at a dietary concentration of 12.48 mg/kg, where elevated lysozyme and respiratory burst activity were associated with increased disease resistance (Shi et al., 2021). Likewise, in Oncorhynchus mykiss, copper-based nanoparticle supplementation at low to moderate levels (1–5 mg/kg) resulted in enhanced serum lysozyme and phagocytic activity, although higher concentrations diminished immune efficiency due to oxidative stress (Garncarek-Musiał et al., 2024). These studies support the current results, confirming that CuO NPs at optimal levels function as immunostimulants, while excessive exposure may lead to immune suppression.
Antioxidant enzyme enzymes such as SOD and CAT showed significant elevation in fish receiving 4 mg/kg CuO NPs, indicating an enhanced capacity for scavenging reactive oxygen species. Concurrently, malondialdehyde (MDA) levels were reduced, suggesting a decrease in lipid peroxidation and oxidative damage. Similar enhancement in antioxidant activity has been reported in Danio rerio exposed to low-dose CuO NPs (2–5 mg/kg), where increased SOD and CAT activity correlated with improved cellular protection (Aksakal et al., 2019). However, higher concentrations of copper nanoparticles (>8–10 mg/kg) have been reported to induce oxidative stress and lipid peroxidation in Ctenopharyngodon idella, underscoring the narrow safety margin of copper-based nanomaterials within aquaculture settings (Vafadarnejad et al., 2018).
Serum biochemical parameters, specifically AST and ALT, showed stability or a slight reduction within the 4 mg/kg group, suggesting that CuO NP supplementation at this optimal dose does not lead to hepatocellular damage. Similar findings have been noted in Carassius auratus, where low dietary copper levels (2–4 mg/kg) resulted in normal liver enzyme profiles, whereas higher doses resulted in increased transaminase activity, indicative of hepatic stress (Shao et al., 2010). This observation reinforces the hepatoprotective safety of CuO NPs when included at moderate levels. However, a challenge study involving Streptococcus agalactiae demonstrated increased cumulative mortality in the CuO NP-treated groups at elevated inclusion levels, particularly at 8 mg/kg. Although moderate supplementation (4 mg/kg) enhanced immune responses, it did not completely mitigate infection-induced mortality, implying that CuO NPs alone may lack the capacity to confer full disease resistance in the context of virulent bacterial challenges. This aligns with previous reports on copper-supplemented tilapia, where dietary copper (3–5 mg/kg) improved immune parameters but failed to fully prevent streptococcal infection under conditions of high pathogen pressure (Gopi et al., 2019). The findings indicate that CuO nanoparticles at a dietary inclusion level of 4 mg/kg may enhance hematological status, innate immunity, and antioxidant defense while preserving hepatic integrity in tilapia. Nonetheless, surpassing this optimal level could lead to physiological imbalances and a reduction in disease resistance. These results emphasize the necessity for dose optimization of copper-based nanoparticles in aquafeeds to maximize health benefits while minimizing potential toxicity.
4. Conclusion
The current study elucidates that dietary supplementation with green-synthesized CuO nanoparticles notably affected growth, physiological, immunological, and antioxidant responses in tilapia during a 60-day feeding trial. Among the concentrations examined (0, 1, 2, 4, and 8 mg/kg), the diet supplemented with 4 mg/kg CuO nanoparticles consistently yielded the most favorable outcomes, enhancing growth parameters and, hematological, immunological indices and antioxidant defenses. Furthermore, it contributed to a reduction in liver enzyme levels were maintained. Although all experimental groups achieved 100% survival throughout the feeding period, the inclusion of CuO nanoparticles enhanced disease resistance, reaching an optimal level as demonstrated by the post-challenge response to Streptococcus agalactiae. Conversely, higher concentrations (8 mg/kg) did not confer additional advantages and, in some instances, led to a decline in physiological performance, suggesting potential dose-dependent effects. 
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Table 1. Feed ingredients and composition of experimental diets 
	Ingredients (g/kg)
	Control
	T1
	T2
	T3
	T4

	Fish meal
	38
	38
	38
	38
	38

	Soybean meal
	22
	22
	22
	22
	22

	Ground nutGroundnut oil cake 
	17.5
	17.3
	17.4
	17.3
	17.1

	Wheat bran
	7.5
	7.5
	7.5
	7.5
	7.5

	Tapioca flour
	5
	5
	5
	5
	5

	Wheat flour
	5
	5
	5
	5
	5

	Vegetable oil
	2.5
	2.5
	2.5
	2.5
	2.5

	Vit & mineral mix (Cu free)*
	2.5
	2.5
	2.5
	2.5
	2.5

	CuO NPs (mg/kg)
	0
	1
	2
	4
	8

	Proximal  compositionProximal composition

	Crude protein (%)
	35.82
	35.98
	35.81
	35.86
	35.73

	Total lipid (%)
	10.09
	10.13
	10.32
	10.61
	10.97

	Moisture (%)
	11.90
	11.53
	11.34
	11.80
	11.43

	Ash (%)
	12.14
	12.28
	12.01
	12.19
	12.04


*Vit A (50,000 IU), Vit D3 (60,000 IU), Vit E (200 mg), Nicotinamide (750 mg), Co (100 mg), Io (300 mg), Fe (1000 mg), Mn (1000 mg), K (150 mg), Se (50 mg), Na (10 mg), S (0.82 %), Zn (10000 mg), Ca (50 %), P (50 %).

Table 2. Growth parameters of tilapia fed CuO for 60 days of the feeding trial
	Parameters
	Control
	T1
	T2
	T3
	T4
	P value

	IBW (g)
	10.72±0.29
	10.4±0.08
	10.43±0.60
	10.77±0.27
	10.37±0.09
	0.845

	FBW (g)
	25.84±0.50
	30.28±0.96
	32.59±0.60
	38.42±0.57
	34.74±0.33
	0.001

	WG (g)
	15.11±0.67
	19.88±1.04
	22.15±1.21
	27.64±0.83
	24.37±0.32
	0.001

	RGR (%)
	141.39±9.40
	191.33±11.53
	215.07±24.41 
	257.37±13.87
	235.10±3.75
	0.002

	SGR (%/day)
	1.46±0.06
	1.77±0.06
	1.90±0.12
	2.12±0.06
	2.01±0.01
	0.018

	FCR
	1.93±0.14
	1.78±0.10
	1.66±0.09
	1.40±0.05
	1.49±0.03
	0.001

	SR (%)
	100±0.0
	100±0.0
	100±0.0
	100±0.0
	100±0.0
	0.001


Values are means ± SE of three replicates. 
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Fig 2. Effect of dietary green synthesis of CuO NPs supplement on serum biochemical indices in tilapia, O. mossambicus. a) ALT; b) AST
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[image: ][image: ][image: ]Fig 3. Effect of dietary green synthesis of CuO NPs supplement on liver antioxidant capacity in tilapia, O. mossambicus. a) SOD; b) CAT; c) MDA(c)
(b)
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[image: ][image: ][image: ]Fig 4. Effect of dietary green synthesis of CuO NPs supplement on immunological indices in tilapia, O. mossambicus. a) RBA; b) lysozyme; c) myeloperoxidase(c)
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[image: ]Fig 5. Cumulative mortality (%) of tilapia fed with CuO NPs different concentrations supplement diets against S. agalacitae infection 
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