



Biogenic Calcium Oxide Nanoparticles Encapsulated with Bos frontalis Biofluid Distillate Enhance Digestive Activity and Muscle Composition in Oreochromis mossambicus
Abstract

The current study evaluated the impact of dietary supplementation with Mithun urine distillate (MUD) encapsulated calcium oxide (CaO) nanoparticles on digestive enzyme activity and tissue biochemical parameters in tilapia (Oreochromis mossambicus). Healthy fingerlings (10 ± 0.5 g) were randomly allocated to five treatment groups, each triplicate, and were providing diets comprising (Control as basal diet) 0 (control), (T1) 100, (T2) 200, (T3) 400, and (T4) 600 mg/kg of MUD-encapsulated CaO nanoparticles over a period of 60 days. The fish were fed at a rate of 4% of their body weight, and the growth conditions were maintained under optimal water quality parameters. At the conclusion of the experimental period, digestive enzyme activities and the proximate composition of the dorsal muscle were evaluated. The findings indicated a significant increase (p < 0.05) in digestive enzyme activities, including amylase, protease, and lipase, in the fish that received diets supplemented with nanoparticles compared to the control group. Among the treatment levels, the supplementation of 400 mg/kg produced the highest enzyme activity, suggesting enhanced digestive efficiency. Additionally, tissue biochemical parameters demonstrated considerable improvement, evidenced by elevated crude protein content and optimized lipid levels in the treated groups. These enhancements in proximate composition imply improved nutrient assimilation and metabolic efficiency. It is noteworthy that higher inclusion levels (600 mg/kg) did not confer additional benefits, indicating a dose-dependent response. In summary, dietary supplementation with 400 mg/kg of MUD-encapsulated CaO nanoparticles significantly enhances digestive enzyme activity and tissue biochemical indices in O. mossambicus, illustrating its potential as an innovative and environmentally friendly feed additive for sustainable aquaculture practices.
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1. Introduction
Aquaculture has emerged as one of the fastest-growing sectors in worldwide nutrients production, considerably contributing to food safety and food sustainability (Dewali et al., 2023). Among the species cultivated, tilapia (Oreochromis spp) is widely cultivated due to its fast growth rate, flexibility, and financial value (Arumugam et al., 2023). However, the increase of aquaculture practices has introduced challenges, including reduced feed efficiency, metabolic stress, and increased susceptibility to diseases, which highlight the need for innovative nutritional strategies to improve fish health and productivity. Recently, nanotechnology has been documented as a valued tool in aquaculture, giving new methods for improving feed utilization, nutrient delivery, and the biological performance of cultivated fish species (Dube, 2024). Nanoparticles, generally less than 100 nanometers in size, exhibit distinctive physicochemical properties, such as high surface area and increased reactivity, which improve their bioavailability and collaboration with biotic systems. These features reduce those suitable applicants for dietary supplementation, drug delivery, and water quality management within aquaculture practices (Thangapandiyan et al., 2020).
Various studies have showed the helpful stimulus of dietary nanoparticles on growth performance, digestive physiology, and immune responses in fish (Thangapandiyan et al., 2020; Dube, 2024). For example, the addition of chitosan nanoparticles has been found to significantly enhance growth, feed efficiency, and the activity of digestive enzymes such as amylase and lipase in tilapia (Hossam-Elden et al., 2024). Similarly, curcumin nanoparticles have been associated with increased digestive enzyme activity, improved hematological parameters, and higher antioxidant status in tilapia, suggesting improvements in metabolic efficacy (Abdel-Tawwab et al., 2022). Additionally, zinc oxide nanoparticles have been found to positively affect haemato-biochemical parameters, immune responses in tilapia, underscoring the potential role of metal-based nanoparticles as efficient feed additives (Zahran et al., 2024). 
Calcium oxide (CaO) nanoparticles found a possibly valued yet not enough inspected kind of nanomaterials within the realm of aquaculture nutrition (Khalid et al., 2025). Calcium, a critical mineral, plays a vital role in numerous physiological functions, including skeletal development, muscle contraction, enzymatic activation, and osmoregulation (Rajagopal, S., Ponnusamy, 2017). CaO particles at the nanoscale may prove enhanced solubility and bioavailability, which could lead to boosted calcium absorption and metabolic processes. Also, metal-based nanoparticles have stored notice in fish nutrition due to their capacity to increase health and enhance disease resistance (Dube, 2024). Nevertheless, the direct use of nanoparticles may current challenges such as aggregation, instability, and potential toxicity, particularly at higher applications.
Encapsulation methods have been advanced to report the current limits connected with nanoparticles by attractive their stability, and targeted delivery (Bhat et al., 2025). There is a growing interest in using natural bio resources as eco-friendly encapsulating agents. Within this outline, animal-derived bioactive materials have confirmed possible due to their plentiful conformation of minerals, enzymes, and organic compounds (Sridharamurthy et al., 2016). Mithun (Bos frontalis), a semi-domesticated bovine species indigenous to Northeast India, produces urine that has been traditionally recognized for its therapeutic and antimicrobial properties (Pelesinou et al., 2023). The distillate derived from Mithun urine contains bioactive compounds that may improve numerous metabolic and physiological roles, thereby serving as a potential natural carrier for nanoparticle encapsulation. The encapsulation of CaO nanoparticles using Mithun urine distillate presents an advanced method that integrates nanotechnology with conventional bioresources. This methodology may enhance the constancy of nanoparticles, reduce their toxicity, and increase bioavailability through the synergistic effects of the bioactive compounds involved in encapsulation. Encapsulated systems of this nature are anticipated to facilitate the controlled release of nanoparticles within the gastrointestinal tract, thus enhancing nutrient integration and metabolic efficiency. Consequently, this study search for to assess the influences of dietary supplementation of Mithun urine distillate-encapsulated CaO nanoparticles on digestive enzyme activity and tissue biochemical parameters in O. mossambicus. 
2. Materials and methods
2.1 Mithun urine distillate (MUD) encapsulated CaO nanoparticles 
The synthesis and characterization of MUD-encapsulated CaO nanoparticles were reported, highlighting the use of mithun urine distillate (MUD) as a supplemental diet to enhance the immune response in tilapia against Streptococcus agalactiae infection (Pelesinou et al., 2024). In the continuation of this study, the same MUD-encapsulated CaO nanoparticles were evaluated in tilapia for their effects on digestive enzyme activity and tissue biochemical indices. The surface morphology of the MUD-encapsulated calcium oxide (CaO) nanoparticles was analyzed using scanning electron microscopy (SEM). The outer coating formed a continuous yet delicate matrix around the CaO nanoparticles, suggesting successful encapsulation (Fig 1).
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Fig.1. SEM image of MUD encapsulation of CaO NPs
2.2. Diet preparation

Four experimental feed diets were framed utilizing MUD-encapsulated CaO nanoparticles (NPs). Each diet was mixed at varying levels: the control group contained 0 mg/kg, while the experimental groups contained T1: 100 mg/kg, T2: 200 mg/kg, T3: 400 mg/kg, and T4: 600 mg/kg of MUD-encapsulated CaO NPs. These diets were made by mixing the nanoparticles with a basal diet considered by a crude protein content of 35% and a crude lipid content of 8.5%, in accordance with the protocols recognized by Sattanathan et al. (2024) and Hossam-Elden et al. (2024). Then, the experimental diets underwent air-drying and were stored at -20°C for further analysis.
2.3 Experimental fish
Healthy, disease free tilapia, O. mossambicus, with an average initial body weight of approximately 10 ± 0.5 g, were acquired from a local fish farm, Dimapur, Nagaland, India and transported to the laboratory under conditions of aeration. Upon their arrival, the fish were carefully placed into cement tanks (1500 L) and underwent a 14-day acclimatization period. Throughout period, the fish were providing with a basal diet ad libitum twice daily, facilitating their adaptation to the experimental conditions and reducing handling stress. The tanks were preserved under ambient photoperiod conditions. Water quality parameters were monitored regularly and kept within optimal ranges beneficial for tilapia culture. Parameters such as temperature (25 ± 1.2℃) pH (7.4 ± 0.3), dissolved oxygen (7.4 ± 2.3 mg/L), and ammonia (<0.02 mg/L) were periodically assessed to ensure a stable rearing environment. Partial water exchange was performed as required to uphold water quality and eliminate accumulated waste materials.
2.4 Experimental design
A completely randomized design was utilized in this research to measure the effect of dietary supplementation with MUD encapsulated CaO nanoparticles on                        O. mossambicus. Five experimental groups were formed, including control group and four treatment groups. Each treatment group was replicated three times, with 25 fish placed in each tank to maintain a consistent stocking density across all experimental units. The control group was administered a basal diet devoid of nanoparticle supplementation, while the treatment groups received diets enhanced with MUD-encapsulated CaO nanoparticles at concentrations of 100, 200, 400, and 600 mg/kg feed, respectively. The feeding trial lasted for 60 days. Fish were fed at a rate of 4% of their body weight per day, distributed in two equal portions provided in the morning and evening. The feeding rate was recalibrated every 15 days according to the average body weight of the fish in each tank to ensure precise feed distribution and reduce feed wastage. All experimental groups were kept under uniform environmental and management conditions throughout the duration of the study, thereby ensuring that any observed outcomes could be attributed to the dietary interventions.
2.5 Sample Collection and Tissue Analysis

At the conclusion of the 60-day feeding trial, the experimental fish underwent a 24-hour fast to remove gut matters and decrease variability in digestive enzyme activity. The fingerlings were then anesthetized with tricaine methane sulfonate (MS-222) at a concentration of 20 mg/L (Yu et al., 2024). After immobilization, the fish were exactly dissected under sterile conditions. The intestine was removed and prompt administered for the analysis of digestive enzyme activities, specifically protease, amylase, and lipase. Moreover, dorsal muscle tissue was collected for the valuation of proximate composition parameters, including moisture, crude protein, lipid, and ash content. 
2.6 Digestive enzyme activity

2.6.1 Preparation of Intestinal Extract

The removed intestinal tissues were washed extensively with ice-cold physiological saline (0.9% NaCl) to remove any following feed bits and rubbish. Subsequent this, the washed muscles were weighed. 20 grams of  intestinal tissue was then homogenized in ice-cold phosphate buffer (0.1 M, pH 7.0) utilizing a glass homogenizer (Yousefi et al., 2025). Then, the homogenate was centrifuged at 5000 rpm for 30 minutes at 4°C, and the resulting supernatant was collected to serve as the crude enzyme extract for the valuation of digestive enzyme activities.
2.6.2 Amylase Activity

Amylase activity was measured in agreement with the methodology proven by Bernfeld (1955), utilizing starch as the substrate. The reaction mixture comprised the enzyme extract and a soluble starch solution formulated in phosphate buffer. Following incubation at 37°C for a determined period, the reaction was halted through the introduction of dinitro salicylic acid (DNS) reagent. The mixture was then heated in a boiling water bath, allowed to cool, and the absorbance was measured at 540 nm using a spectrophotometer. Amylase activity was quantified as micromoles of maltose produced per minute per milligram of protein.
2.6.3 Protease Activity

Protease activity was evaluated utilizing the methodology recognized by Lowry et al. (1951), with slight modifications, using casein as the substrate. The reaction mixture, which comprised the enzyme extract and casein solution, was incubated at a temperature of 37°C. The reaction was halted through the introduction of trichloroacetic acid (TCA), followed by centrifugation to remove undigested protein. The absorbance of the resultant supernatant was noted at a wavelength of 660 nm subsequent to the addition of Folin Ciocalteu reagent. The activity of the protease was calculated as micrograms of tyrosine released per minute per milligram of protein.
2.6.3 Lipase Activity

Lipase activity was assessed employing the method established by Cherry and Crandall (1932), with slight modifications. The assay utilized an olive oil emulsion as the substrate for hydrolysis. The reaction mixture, comprising the enzyme extract and the substrate, was incubated at 37°C. The fatty acids released during the reaction were titrated with sodium hydroxide, using phenolphthalein as an indicator. Lipase activity was quantified as micromoles of fatty acids released per minute per milligram of protein.
2.7 Proximal Composition 

Dorsal muscle samples of tilapia were examined for their proximate composition, which includes moisture, crude protein, crude lipid, and ash content, in accord with the standard techniques delineated by AOAC (2016). Moisture content was measured by drying a known weight of muscle tissue in a hot air oven at 105°C until a constant weight was accomplished. The weight loss was noted and stated as a percentage of the initial sample weight. Crude protein content was measured using the Kjeldahl method, which includes digestion, distillation, and titration to ascertain total nitrogen content. The nitrogen value obtained was multiplied by a conversion factor of 6.25 to derive the crude protein, with results expressed as a %. Crude lipid content was measured through Soxhlet extraction, utilizing petroleum ether as the solvent. The lipid fraction extracted was enumerated by gravimetric analysis and expressed as a percentage of dry weight. Ash content was determined by incinerating the dried samples in a muffle furnace at 550°C for a duration of 4–6 hours until a constant weight was reached. The remaining inorganic residue was weighed and expressed as a percentage (Yu et al., 2025). 
2.8 Statistical analysis

All experimental data collected in the current study were presented as mean ± standard error (SE) based on triplicate measurements. Statistical analyses were conducted utilizing appropriate software (e.g., SPSS version 21.0 or its equivalent). The data underwent one-way analysis of variance (ANOVA) to ascertain significant differences between the control and treatment groups. In instances where significant differences were detected, means were compared through Duncan’s Multiple Range Test (DMRT) to delineate specific differences among treatment groups. A probability level of P < 0.05 was established to denote statistical significance. 
3. Results

3.1 Lipase activity

Lipase activity showed a considerable increase in all treated groups in comparison to the control group, which registered an activity of 30.56 ± 0.02 U mg⁻¹ protein. The highest lipase activity was recorded in the T2 group at 36.32 ± 0.29 U mg⁻¹ protein, followed closely by the T3 and T1 groups. The observed effects were statistically significant (P < 0.05; Fig 2a).
3.2 Amylase activity

Amylase activity demonstrated a significant improvement across the treatments (P < 0.05; Fig 2b), with the maximum activity noticed in T2 (64.64 ± 0.58 U mg⁻¹ protein) in comparison to the control group (62.87 ± 0.38 U mg⁻¹ protein). Contrariwise, improved inclusion levels in T3 and T4 indicated a slight reduction in activity relative to T2.
3.3 Protease activity

Protease activity exhibited a significant increase (P = 0.02; Fig 2c), with the highest value observed in T2 (43.28 ± 0.38 U mg⁻¹ protein), followed by T3 and T4, while the lowest activity was recorded in the control group (38.54 ± 0.05 U mg⁻¹ protein).  
3.4 Proximate composition
The proximal composition of dorsal muscle in tilapia was significantly affected by the dietary supplementation of MUD-encapsulated CaO nanoparticles (Table 1). The crude protein content showed a significant increase (P < 0.001) in all treatment groups when compared to the control group (30.20 ± 0.35%), with the maximum level detected in T3 (400 mg/kg) at 33.03 ± 0.26%, closely followed by T2. The crude lipid content also confirmed a significant increase (P < 0.001), peaking at T3 (18.77 ± 0.15%) as compared to the control (17.26 ± 0.60%), while a slight reduction was noted at the highest inclusion level (T4). The moisture content exhibited a marginal yet significant rise across the treatments (P < 0.001), with the highest amount recorded in T3 (7.73 ± 0.06%). Ash content was significantly greater in all supplemented groups (P < 0.001), reaching a maximum in T1 (4.73 ± 0.02%), followed by T4 and T2, in comparison to the control (3.49 ± 0.02%).
4. Discussion
The current study demonstrated that dietary supplementation with MUD encapsulated CaO nanoparticles considerably improved the activity of digestive enzymes and enhanced biochemical indices in tilapia, especially at a dosage of 400 mg/kg diet. The observed increases in amylase, protease, and lipase activities indicate an enhancement in digestive efficiency and nutrient assimilation, which may be attributed to the better bioavailability and controlled release of the MUD encapsulated CaO nanoparticles within the gastrointestinal tract. Similar findings have been reported in other fish species receiving supplementation with various metal and bioactive nanoparticles. For example, dietary supplementation of zinc oxide nanoparticles (ZnO NPs) at dosages of 20–50 mg/kg diet in Nile tilapia (O. niloticus) considerably stimulated digestive enzyme activities and growth performance, suggesting improved nutrient utilization efficiency (Abdel-Tawwab et al., 2019). Also, curcumin nanoparticles administered at 100–200 mg/kg diet in O. niloticus improved intestinal enzyme activities and antioxidant status, indicating improvements in gut health and metabolic regulation (Abdel-Ghany et al., 2023).
In common carp (Cyprinus carpio), the combination of silver nanoparticles (AgNPs) at low dietary levels (1–5 mg/kg) has been shown to enhance digestive enzyme secretion and immune response. However, higher dosages have been connected to a decline in physiological performance, maybe due to nanoparticle toxicity (Khorshidi et al., 2023). Similarly, the adding of chitosan nanoparticles at 5 g/kg in the diet of O. niloticus significantly augmented the activity of amylase and protease, which further substantiates the role of nano-carriers in improving digestive physiology (Hossam-Elden et al., 2024). These results are consistent with research on nano-mineral supplementation in catfish (Clarias gariepinus), where iron oxide nanoparticles (Fe₂O₃ NPs) at dietary levels of 30–60 mg/kg enhanced digestive efficiency and muscle biochemical composition. This enhancement has been attributed to better mineral absorption and metabolic activation at the nanoscale (Nwanna et al., 2025). Nonetheless, in numerous studies, higher levels of nanoparticle addition have been associated with decreased performance, underscoring a dose-dependent response. This remark aligns with the present result that 600 mg/kg of CaO NPs did not lead to further improvement of physiological parameters beyond the optimal level of 400 mg/kg.
The experimental improvement in muscle biochemical composition in the current study, mainly the rise in crude protein content, may be related with elevated proteolytic activity and improved nutrient integration efficiency. Comparable increases in muscle protein content have been documented in Labeo rohita when fed selenium nanoparticles at a concentration of 1–2 mg/kg in their diet, with improved protein metabolism and growth performance noted (Ahmad et al., 2022). The balanced lipid profile identified in this research further recommends improved energy utilization, aligning with the findings in Cyprinus carpio that were fed nanoparticle diets based on nano-selenium (Saffari et al., 2018). The enhanced performance of MUD-encapsulated CaO nanoparticles, as compared to traditional nanoparticle systems, may be attributed to the synergistic effects of the organic encapsulating matrix. The bioactive components within MUD likely played a role in improving nanoparticle stability, minimizing aggregation, and enhancing gastrointestinal absorption. Moreover, this encapsulation approach may have facilitated a slow-release mechanism, promoting sustained calcium availability at the absorption site, thus improving metabolic efficiency. The present outcomes align with earlier studies concerning nanoparticle-based dietary supplementation in fish, affirming that sufficiently dosed nanoparticles can improve digestive physiology and tissue biochemical status. Nevertheless, excessive inclusion levels may result in reduced effectiveness or potential toxicity, highlighting the requirement of optimizing nanoparticle dosage for safe and effective applications in aquaculture.
Conclusion

The present study demonstrates that the incorporation of Mithun urine distillate (MUD) encapsulated calcium oxide (CaO) nanoparticles as a dietary supplement effect in a significant improvement of digestive enzyme activity and biochemical parameters in tilapia. Among the various dosages evaluated, 400 mg/kg was recognized as the most effective, leading to notable increases in the activities of amylase, protease, and lipase, which suggests an improvement in digestive efficiency and nutrient utilization. Also, the observed increase in crude protein content and balanced lipid levels in the dorsal muscle indicates enhanced metabolic performance and better physiological condition of the fish. 
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Table 1. The dorsal muscle proximal composition (%) of tilapia, O. mossambicus fed MUD encapsulated CaO NPs 

	Parameters (%)
	Control 
	T1 
	T2 
	T3 
	T4 

	Crude protein
	30.20±0.35a
	31.9±0.50 b
	32.9±0.41 c
	33.03±0.26 d
	31.98±0.03b

	Crude lipid
	17.26±0.60a
	18.25±0.04c
	18.49±0.06c
	18.77±0.15d
	17.97±0.29b

	Moisture
	7.40±0.15a
	7.46±0.06b
	7.66±0.13c
	7.73±0.06d
	7.66±0.13c

	Ash
	3.49±0.02 a
	4.73±0.02 d
	4.6±0.08 c
	4.56±0.08 b
	4.7±0.05 d


Values are means ± SE of three replicates.
Fig 2. Intestinal digestive enzyme activity of tilapia, O. mossambicus fed MUD encapsulated CaO NPs. a) lipase activity; b) amylase activity; c) protease activity. Values are means ± SE of three replicates.
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