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Abstract

Background: Sustainable aquaculture depends on innovative feed strategies that enhance fish growth, health, and
environmental safety. Chitosan and selenium nanoparticles have shown promise as bioactive supplements due to their
antioxidant, antimicrobial, and immunostimulatory effects. This study aimed to synthesize nano-selenium-enriched
chitosan particles (Cs-SeNPs) and evaluate their potential in fish feed formulation for Oreochromis niloticus (Nile
tilapia).

Methods: Chitosan-selenite nanoparticles were synthesized using the ionotropic gelation method and characterized by
UV-Vis spectroscopy, FTIR, SEM, XRD, and zeta potential analyses. The nanoparticles were incorporated into fish
feed at varying concentrations and administered to tilapia over 45 days. Growth parameters, feed conversion ratio
(FCR), protein efficiency ratio (PER), and immune responses were measured and statistically analyzed using ANOVA.
Results: The Cs-SeNPs displayed spherical morphology, high colloidal stability (zeta potential —36.4 mV), and distinct
selenium incorporation confirmed by EDX. Fish fed Cs-SeNP-supplemented diets exhibited significant improvements in
weight gain, specific growth rate, and protein efficiency compared to controls (p < 0.05). Enhanced lysozyme activity
and phagocytic response indicated immune stimulation. The combined chitosan—selenium formulation also showed
antimicrobial effects against common fish pathogens.

Conclusion: Nano-selenium-enriched chitosan particles effectively improve growth performance, feed efficiency, and
immune function in Nile tilapia, demonstrating potential as a sustainable feed additive for aquaculture. These findings
support further exploration of Cs-SeNPs as functional nanonutrients to enhance fish health and productivity.

Keywords: Chitosan nanoparticles, Selenium nanoparticles, Nile tilapia, Aquaculture feed, Antioxidant activity,
Nanonutrition

Introduction

Aquaculture, the farming of aquatic species such as fish, molluscs, crustaceans, and aquatic plants, has become one of
the fastest expanding food-producing sectors globally (Anderson et al., 2017; Mustafa et al., 2021). At present, close to
half of the seafood consumed worldwide is derived from aquaculture, making the sector vital for food security and
nutrition, particularly in areas heavily dependent on fish as a major source of protein (Phan et al., 2009; Bostock et al.,
2010; Mair et al., 2023). Nevertheless, intensive practices can lead to ecological problems, including habitat
degradation, water contamination, and heavy reliance on wild-caught fish for feed. Since feed accounts for 50—-70% of
production costs, the development of sustainable, balanced, and cost-efficient alternatives remains one of the major
priorities for long-term growth (Hoerterer et al., 2022; Naylor et al., 2009).

Progress in Aquaculture Feed Formulation

Conventional feeds based on fish meal and fish oil are increasingly being substituted with alternatives such as soybean
meal, insect protein, algae, and microbial sources. These innovations not only address sustainability concerns but also
maintain growth and feed conversion performance (Hasan et al., 2009; Hardy, 1999; Zhou et al., 2018). More recently,
integrated approaches such as “nutritious pond feeds” have been introduced to enhance both fish growth and the
microbial ecosystem within rearing ponds, thereby improving fish health and water quality (Olsen, 2011; Fiorella et al.,
2021).

Role of Nanotechnology in Aquaculture
Nanotechnology has emerged as a novel tool to enhance feed utilization, growth, and disease resistance in fish while
reducing environmental impacts (Peters et al., 2016; Sharjeel et al., 2024). Metal-based nanoparticles, including zinc,
silver, and copper, have demonstrated improved nutrient uptake, antimicrobial activity, and growth responses (Kumar et
al., 2023; Thangapandiyan& Monika, 2020; De Silva et al., 2021; Dawood et al., 2020). Lipid-based carriers such as
nano-emulsions, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs) provide effective delivery of
sensitive compounds like fatty acids and vitamins (Abd El-Hamid et al., 2021; Korni et al., 2023; Patridge et al., 2019).
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Likewise, polymeric nanoparticles—especially chitosan and PLGA-—are increasingly employed for nutrient
encapsulation, vaccine delivery, and controlled drug release (Ghanbary et al., 2022; Joshi et al., 2022). Other
nanoparticle systems, including silica and calcium phosphate, are being evaluated for their roles in antioxidant defense
and skeletal development (Bashar et al., 2021; Terzioglu et al., 2018).

Chitosan Nanoparticles (CNPs)

Chitosan, derived from crustacean shells, is biodegradable, biocompatible, and known for its antimicrobial properties.
When converted into nanoparticles, it gains added advantages such as muco-adhesion and efficient nutrient
encapsulation, making it a highly versatile material (Divya & Jisha, 2018; Bashir et al., 2022). Beyond aquaculture,
CNPs are widely studied for applications in drug delivery, agriculture, food preservation, and water treatment (Garg et
al., 2019; Chouhan & Mandal, 2021; Wang et al., 2023; Olivera et al., 2016). In fish feed, they have been shown to
improve growth performance, immune activity, and feed utilization while reducing antibiotic dependence (Kumaran et
al., 2020; Akter et al., 2023).

Selenium Nanoparticles (SeNPs)

Selenium is a trace mineral with essential roles in antioxidant defense and immune regulation. In nanoparticle form,
selenium becomes more bioavailable and effective, while lowering toxicity risks associated with conventional
supplementation (Xiao et al., 2023). In aquaculture, SeNPs have improved growth, feed conversion, and disease
resistance in species such as tilapia and carp (Sarkar et al., 2015; Dawood et al., 2021). They also have wider
applications in medicine, agriculture, and food preservation due to their antioxidant and antimicrobial properties (Bisht
et al., 2022; Vijayakumar et al., 2022; Bano et al., 2021; Holmes & Gu, 2016).

Chitosan—Selenium Nanoparticle Combinations

The combination of CNPs with SeNPs has gained attention for use in Nile tilapia diets. Together, they enhance selenium
stability, improve absorption, and provide controlled release, which results in better antioxidant activity, immune
responses, and overall survival rates (Yazhiniprabha et al., 2022; Abd El-Naby et al., 2020; Abd-Elraoof et al., 2013;
Chen et al., 2022). This dual supplementation has also been linked to improved muscle quality and resistance to stress
and pathogens (Abdel-Ghany & Salem, 2020; Krishnaraj et al., 2022).

Nile Tilapia (Oreochromis niloticus)

Nile tilapia remains one of the most commercially important species in global aquaculture due to its adaptability, fast
growth, and nutritional value (Gonzales & Brown, 2006; Adel et al., 2015). It is extensively used as a research model in
aquaculture nutrition, toxicology, and genetics (Munguti et al., 2022; Leonard & Skov, 2022; Tesfahun& Temesgen,
2018). Efforts such as the GIFT breeding program have produced strains with significantly higher growth rates (El-
Sayed & Fitzsimmons, 2023), while advances in feed formulations—ranging from plant-based diets to nanoparticle-
based additives—have improved feed efficiency, sustainability, and health outcomes (El-Sayed, 2002; Nyakeya et al.,
2020; Samrongpan et al., 2019).

MATERIALS AND METHODS

Synthesis and Characterization of Chitosan-Selenite Nanoparticles

Materials and reagents

Chitosan (85% deacetylation, Mw 50—190 kDa), Sodium selenite (Na2SeOs) Sodium triphosphate (TPP) and Acetic acid
were procured from Sigma Aldrich India. All the chemicals and reagents used in the present study are of analytical
grade with 99.9% purity standard.

Preparation of Chitosan-selenite nanoparticles

Chitosan-selenite nanoparticles were synthesized using the ionotropic gelation technique. To begin, a chitosan solution
(2.5 mg/mL, pH 4.6) was prepared by dissolving chitosan in a 1% (w/v) acetic acid solution, followed by continuous
stirring at room temperature for 6 hours. Subsequently, a sodium selenite aqueous solution (0.6 mg/mL) was introduced
dropwise into the chitosan solution under stirring conditions at 500 rpm for 2 hours.

Next, a tripolyphosphate (TPP) aqueous solution (0.25 mg/mL) was added dropwise to the chitosan-sodium selenite
mixture, and the suspension was stirred for another 2 hours to form nanoparticles. The resulting suspension was then
subjected to sonication using a Sonic Wave CD-2800 ultrasonic cleaner (60 W, Newtown, CT, USA) for 15 minutes.
Following sonication, the nanoparticle suspension was centrifuged at 13,000 rpm for 30 minutes. Finally, the collected
pellet was lyophilized to obtain chitosan-selenite nanoparticle (Cs-Se NPs) powder.
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Characterization of Chitosan-selenium nanoparticles

UV-Vis Spectroscopy Analysis

The optical properties of the synthesized chitosan-selenium nanoparticles (Ch-SeNPs) were evaluated using UV-visible
(UV-Vis) spectroscopy to confirm their formation and stability. UV-Vis analysis was performed with a
spectrophotometer (Thermofisher, USA), scanning the absorption spectra over a wavelength range of 200—700 nm.

To prepare the sample for analysis, a stable suspension of Ch-SeNPs was obtained by dispersing the nanoparticles in
distilled water through sonication for 10 minutes to ensure uniform dispersion. The sample was transferred to a clean
quartz cuvette with a 1 cm path length. Distilled water was used as the blank for baseline correction during the
measurements. The UV-Vis spectrum of the Ch-SeNPs was carefully analyzed to identify characteristic absorption
peaks. Depending on particle size, shape, and capping agents synthesized nanoparticles exhibit a surface plasmon
resonance (SPR) peak. The presence of the peak confirmed the successful synthesis of selenium nanoparticles stabilized
by chitosan.

In addition to the confirmation of nanoparticle synthesis, the spectrum was monitored for any shifts or changes in the
absorbance peak over time to evaluate the stability of the Ch-SeNPs. A consistent absorption profile without significant
shifts or decreases in intensity indicated good colloidal stability and minimal aggregation of the nanoparticles. This
technique provided a rapid and reliable means of characterizing the optical properties of the Ch-SeNPs, supporting their
potential application in the desired fields.

Fourier-transform infrared spectroscopy (FTIR)

FT-IR spectroscopy (Bruker-2000 USA) was used to analyze the Cs-SeNPs, covering a frequency range from 4000 to
500 cm™. The atomic intuition of all the tests, counting manufactured polymer powdered and hydrogel movies arranged
employing an arrangement casting strategy, was measured utilizing Fourier change infrared (FTIR) spectroscopy. For
the analysis, a small amount of freeze-dried Ch-SeNPswas finely ground and mixed with potassium bromide (KBr) in a
1:100 ratio to form a uniform pellet. The KBr pellet was prepared using a hydraulic press under high pressure. The
prepared pellet was then placed in the sample holder of the spectrometer for scanning.

The resulting FT-IR spectra were analyzed to identify characteristic absorption bands corresponding to various
functional groups. Peaks in the 3200-3500 cm™ range were attributed to the O-H and N-H stretching vibrations,
indicative of hydroxyl and amine groups present in chitosan. The absorption band near 2900 cm™* was assigned to C-H
stretching vibrations. Changes in the fingerprint region (600-900 cm™) confirmed the presence of selenium, suggesting
interactions between chitosan and selenium nanoparticles. Additional shifts or changes in the intensity of peaks,
particularly in the region around 1000-1600 cm™, indicated the binding of selenium to chitosan through functional
groups such as amino (-NHz) or hydroxyl (-OH) groups. This analysis validated the successful stabilization of selenium
nanoparticles by chitosan, highlighting the role of chitosan as a capping agent and its potential functionalization for
various applications.

Scanning electron microscopy (SEM)

The surface morphology and structural details of the synthesized chitosan-selenium nanoparticles (Ch-SeNPs) were
analyzed using a Scanning Electron Microscope (SU8010, Hitachi, Tokyo, Japan) operated at an accelerating voltage of
3.0kV.

To prepare the sample for SEM imaging, a drop of the Ch-SeNP suspension was placed onto a clean aluminum stub and
air-dried at room temperature. The dried sample was then coated with a thin layer of gold using a sputter coater to
enhance electrical conductivity and reduce charging effects during imaging. The SEM micrographs provided detailed
information on the size, shape, and surface morphology of the nanoparticles. The Ch-SeNPs were expected to exhibit a
spherical or nearly spherical shape, with uniform dispersion across the field of view. Any instances of aggregation or
clustering were also noted, offering insights into the stability and dispersity of the nanoparticles.

The high-resolution images obtained at 3.0 kV allowed for precise visualization of the nanoparticle surface, confirming
the successful synthesis and stabilization of selenium nanoparticles by chitosan. These observations were used to
complement data from other characterization techniques and to validate the structural properties of the Ch-SeNPs.

X-Ray Diffraction (XRD) Analysis

The crystalline structure and phase composition of the synthesized chitosan-selenium nanoparticles (Ch-SeNPs) were
analyzed using X-ray Diffraction (XRD). The analysis was conducted using an X-ray diffractometer (Bruker D8
Advance,USA) equipped with Cu-Ka radiation (L = 1.5406 A), operating at a voltage of 40 kV and a current of 30 mA.
The freeze-dried Ch-SeNP powder was spread uniformly onto a sample holder, ensuring a smooth and even surface.
XRD patterns were recorded in the 20 range of 10°-80° at a scanning speed of 2° per minute and a step size of 0.02°.
The obtained diffraction patterns were analyzed to identify characteristic peaks corresponding to selenium nanoparticles
and to evaluate their crystalline nature. Peaks in the XRD spectrum were compared with standard reference data from
the Joint Committee on Powder Diffraction Standards (JCPDS) database to confirm the crystalline phases of selenium.
The broadening of diffraction peaks was used to estimate the crystallite size of the nanoparticles using the Debye-
Scherrer equation:
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Where:

e D is the crystallite size (nm),

k is the shape factor (typically 0.9),

) is the X-ray wavelength (1.5406 A for Cu-Ka),

B is the full-width at half maximum (FWHM) of the diffraction peak (in radians),
0 is the Bragg angle (in degrees).

This analysis confirmed the crystalline nature and size of the selenium nanoparticles, providing essential structural
information for further validation of the synthesis process.

Dynamic Light Scattering (DLS) and Zeta Potential Analysis

The mean diameter and zeta potential (ZP) of the synthesized chitosan-selenium nanoparticles (Ch-SeNPs) were
measured using a dynamic light scattering (DLS) particle size analyzer (ZetaSizer Nano ZS ZEN3600, Malvern
Instrument; Particle Sizing Systems, Inc., Santa Barbara, CA).

To prepare the samples for DLS analysis, a 100-fold serial dilution of the Ch-SeNP suspension was performed using
deionized water to achieve a suitable concentration for measurement. The diluted sample was then transferred to a
disposable polystyrene cuvette for particle size measurement, while the zeta potential was analyzed using a folded
capillary cell. The DLS measurements provided the hydrodynamic diameter (mean particle size) and the polydispersity
index (PDI), which indicated the uniformity of the nanoparticle size distribution. The zeta potential values were used to
assess the surface charge of the nanoparticles, which reflects their colloidal stability. A higher absolute zeta potential
value indicated greater electrostatic stabilization, reducing the likelihood of aggregation in suspension. This analysis
confirmed the size distribution and stability of the Ch-SeNPs, offering critical insights into their suitability for
subsequent applications.

EDX Analysis

The Energy Dispersive X-ray (EDX) analysis was performed to determine the elemental composition of the synthesized
selenium nanoparticles (SeNPs) and the chitosan-based nanocomposites. The analysis was conducted using a scanning
electron microscope (SEM) equipped with an EDX detector, which allowed for the identification and quantification of
the elements present in the nanoparticles.

The EDX spectrum of SeNPs revealed a prominent peak corresponding to selenium, confirming the successful synthesis
of SeNPs. Additional peaks corresponding to oxygen (O) and carbon (C) were also observed, which are indicative of the
presence of the capping agent, likely derived from the polysaccharide-protein complex (PSP) used during the synthesis.
These results support the formation of stable SeNPs with a characteristic elemental profile.

For the Ch-SeNP nanocomposite, the EDX spectrum showed peaks for selenium, carbon, nitrogen (N), and oxygen,
further confirming the successful incorporation of SeNPs into the chitosan matrix. The presence of nitrogen, a key
element in the chitosan structure, was notably evident, demonstrating the integration of chitosan with the nanoparticles.

Growth performance of Oreochromis niloticus using prepared nanoparticle feeds

Feed Preparation and Supplementation

For each experimental treatment, the fish feed was carefully prepared using specific formulations tailored to meet the
nutritional requirements of Oreochromis niloticus. The base feed ingredients consisted of soybean meal, fish meal,
groundnut cake, wheat flour, rice bran, and starch, which were selected to provide essential nutrients for optimal fish
growth and health. These ingredients were thoroughly mixed with lukewarm water to form a consistent mixture. To
enhance the feed's nutritional profile, corn oil, vitamins, and essential minerals were added. For the experimental groups,
nanoparticles such as chitosan or selenium nanoparticles were incorporated into the feed by replacing a portion of the
base feed components at a specific ratio (1:1 w/v). The mixture was thoroughly blended to ensure uniform distribution
of the nanoparticles throughout the feed. The final mixture was shaped into pellets using a pelletizer, dried at 40°C to
remove excess moisture, and stored in airtight containers to prevent degradation, nutrient loss, or moisture absorption.
This preparation method ensured the feed was nutritionally balanced, stable, and suitable for experimental use.
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Fig 1a: Materials for fish diet preparation Fig 1b: Paste formation and pellet making

Initial Parameters

Before the commencement of the experiment, the initial weight and length of all fish were recorded. The fish were
measured using a digital scale for weight determination (accurate to the nearest 0.01 g) and a measuring board for length
(measured from the tip of the snout to the end of the caudal fin). These initial measurements were used to calculate the
weight gain and length gain at the end of the study.

Fig 3A: Initial length of Fish Tank 2Fig 3B: Initial length of Fish Tank 3

Feeding and Tank Maintenance

The fish were fed twice daily, once in the morning and once in the afternoon, at a rate of 3% of their body weight. The
feeding rate was adjusted daily based on the observed growth, ensuring that fish received adequate nutrition throughout
the study. The fish were maintained under controlled conditions with the following water quality parameters: water
temperature was kept at 28°C, pH was maintained at 7.5, and dissolved oxygen levels were kept between 6 and 8 mg/L.
These conditions were regularly monitored to ensure the health and well-being of the fish.

Each tank was equipped with a filtration system to maintain optimal water quality, and 20% of the water was changed
every two days to prevent the buildup of waste products. The water quality parameters were measured at regular
intervals, and any necessary adjustments were made to maintain the ideal conditions for fish growth.

Experiment of treatment groups

The experiment was designed with three treatment groups, each consisting of six different feed formulations, which
were as follows:

1.Experiment 1: Oreochromis niloticus fed with feed containing chitosan nanoparticles (ChNPs).

2.Experiment 2: Oreochromis niloticus fed with feed containing selenium nanoparticles (SeNPs).

3.Experiment 3: Oreochromis niloticus fed with feed containing chitosan-selenium nanoparticles (Ch-SeNPs).

Experiment | Experiment Il

Fig 2A: Experiment 1 Fig 2B: Experiment 2
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Experiment Il -
FIE s

Fig 2C: Experiment 3

(Experiment 1: Feed containing chitosan nanoparticles (ChNPs). Experiment 2: Feed containing selenium nanoparticles
(SeNPs), Experiment 3: Feed containing chitosan-selenium nanoparticles (Ch-SeNPs)).

The experimental setup was designed with a total of 18 tanks, where each treatment group was allocated to six tanks,
with each tank serving as one replicate. Each tank contained 15 fish, and the total number of fish per treatment group
was 90. All fish were selected to be of similar initial size and age to minimize variability in growth performance. The
fish were acclimatized to the laboratory conditions for one week before the start of the experiment.

Growth Performance Measurements

At the end of the 45-day experimental period, all fish were harvested and weighed individually using a digital weighing
scale. The final body weight of each fish was recorded, and weight gain was calculated by subtracting the initial weight
from the final weight. Length measurements were also recorded, using a measuring board, to calculate the length gain
by subtracting the initial length from the final length.

In addition to these basic growth parameters, other performance indices, such as specific growth rate (SGR), feed
conversion ratio (FCR), and survival rate, were also calculated. The SGR was calculated using the formula:

__In (Ws) = In (W)
=SGR T X 100

Where WT is the final weight, Wi is the initial weight, and T is the duration of the experiment in days.
The feed conversion ratio (FCR) was calculated as:
| FCR = Total feed consumed / Total weight Gain |
Finally, the survival rate of the fish was calculated by dividing the number of surviving fish by the initial number of fish
in each tank and multiplying by 100.

Data Analysis

The growth performance data, including final weight, weight gain, length gain, SGR, FCR, and survival rate, were
tabulated and subjected to statistical analysis. The data were analyzed using one-way analysis of variance (ANOVA) to
compare the differences between the experimental groups. A significance level of p < 0.05 was used to determine the
statistical significance of the results.

The non-specific immune response, which includes key immune parameters such as total serum protein, lysozyme
activity, respiratory burst activity, and phagocytic activity, was measured to assess the effects of the nanoparticle-
enriched feeds on the immune function of the fish.

Evaluation of Nonspecific immune response in Oreochromis niloticus

The non-specific immune response, which includes key immune parameters such as total serum protein, lysozyme
activity, respiratory burst activity, and phagocytic activity, was measured to assess the effects of the nanoparticle-
enriched feeds on the immune function of the fish.

1. Total Serum Protein

Blood samples were collected from the caudal vein of the fish using sterilized syringes. The blood was allowed to clot,
and the serum was separated by centrifugation at 4°C. Total serum protein concentrations were determined using the
biuret method, where the serum was reacted with a biuret reagent, and the absorbance was measured
spectrophotometrically at 540 nm.
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Blood samples were collected from the caudal vein of Oreochromis niloticus using sterilized syringes. Fish were
anesthetized with tricaine methanesulfonate (MS-222) before sampling to minimize stress. The collected blood was
transferred into anticoagulant-treated tubes (EDTA tubes) to prevent clotting.

For RBC counts, 10 pL of blood was diluted in a 1:200 ratio using Hayem's solution, and the mixture was loaded into a
Neubauer hemocytometer. RBCs were counted under a microscope, and the total RBC count was calculated using a
standard formula incorporating the dilution factor and hemocytometer grid correction.

For WBC counts, 10 pL of blood was diluted in a 1:20 ratio with Turk's solution, which stains WBC nuclei. The diluted
sample was loaded into a Neubauer hemocytometer, and WBCs were counted in the large corner squares. The WBC
count was similarly calculated using the dilution factor and grid correction.

The RBC and WBC counts were recorded for each fish and expressed as cells per microliter of blood. The mean and
standard deviation of the counts for each treatment group were calculated. Data were statistically analyzed using one-
way analysis of variance (ANOVA) to determine differences between the experimental groups. A significance level of p
< 0.05 was considered statistically significant, and post hoc tests were conducted when necessary.

2. Lysozyme Activity

Lysozyme activity, which is an important component of the innate immune response, was measured using the
turbidimetric assay. The serum was incubated with a suspension of Micrococcus luteus (a bacterial strain), and the
decrease in turbidity, indicative of bacterial lysis, was monitored spectrophotometrically at 450 nm. Lysozyme activity
was calculated based on the rate of change in absorbance.

3. Respiratory Burst Activity

The respiratory burst activity of phagocytes was measured using the reduction of nitroblue tetrazolium (NBT) dye.
Blood samples were collected, and the white blood cells (WBCs) were isolated and incubated with NBT. The respiratory
burst activity was assessed by measuring the reduction of NBT to formazan, which was quantified
spectrophotometrically at 540 nm. A higher reduction of NBT reflects increased respiratory burst activity.

4. Phagocytic Activity

The phagocytic activity was assessed by incubating fish blood cells with fluorescently labeled bacteria (E. coli or S.
aureus). After incubation, the percentage of phagocytic cells was determined using flow cytometry or fluorescence
microscopy. The number of phagocytic cells was expressed as a percentage of the total leukocyte population. The
phagocytic index, representing the number of bacteria engulfed per cell, was also calculated.

5. Sampling and Analysis

Blood samples were collected from a subset of fish (5 per tank) at the end of the 45 days to assess the immune
parameters. Sampling was performed under anesthesia using tricaine methanesulfonate (MS-222) to minimize stress on
the fish. All immune assays were performed in triplicate, and the results were averaged for analysis.

6. Statistical Analysis

The immune response data, including total serum protein, lysozyme activity, respiratory burst activity, and phagocytic
activity, were recorded and analyzed statistically. The data were subjected to one-way analysis of variance (ANOVA) to
determine if there were significant differences between the experimental groups. A significance level of p < 0.05 was
considered statistically significant. If significant differences were observed, Tukey’s post hoc test was performed to
compare the means between groups.

RESULTS AND DISCUSSION
Characterization of synthesized CsSeNPs using various spectroscopic techniques
UV spectroscopy Analysis

“ong

Fig 1A Control Fig 1B CsSeNPs
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UV-Vis spectroscopy was performed to characterize the optical properties of the synthesized selenium nanoparticles
capped with chitosan (CsSeNPs). The UV-vis analysis was taken from 200-700 nm. The UV-Vis absorption spectrum
shows distinct peaks at 375 nm and 549 nm. The peak at 375 nm indicates the excitation of electrons within the
chitosan-stabilized selenium nanoparticles, potentially corresponding to the characteristic absorption of selenium
nanostructures. The absorption at 549 nm suggests possible aggregation or interactions within the nanoparticle matrix,
which may enhance stability and specific optical properties.

These absorption peaks confirm the successful synthesis of selenium nanoparticles within the chitosan matrix, consistent
with previous findings on similar nanocomposites. This characteristic UV-Vis profile supports the potential of CsSeNPs
for biomedical and antioxidant research applications.

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectroscopy was conducted to identify the functional groups present in the synthesized selenium nanoparticles
capped with chitosan (CsSeNPs). The FTIR spectrum exhibits a prominent peak at 3435.56 cm™, which corresponds to
the O-H stretching vibration, indicative of the alcohol group. A peak at 2921.63 cm™ is observed, attributed to the C-H
stretching, suggesting the presence of an alkane group within the nanoparticle structure.
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Fig 2: FTIR Spectrum analysis of synthesized nanoparticles

The peak at 2360.44 cm™ likely represents the C=N stretching vibration, while a signal at 2142.53 cm™ could be
indicative of S-C=N stretching, hinting at an unsaturated functional group as well as a thiocyanate group. A significant
absorption band at 1633.41 cm™ is attributed to the C=O stretching vibration, which is characteristic of amide groups in
chitosan. Meanwhile, the peaks at 1413.57 cm™ and 1322.93 cm™ are associated with O-H bending and C-F stretching,
respectively, further confirming the presence of functional groups from the chitosan and selenium components.
Additional peaks at 1262.18 cm™ and 1027.87 cm™ correspond to C-O and C-N stretching vibrations, characteristic of
polysaccharide and amine functionalities, while the peak at 897.70 cm™ suggests the presence of aromatic C-H binding.
The peaks at 560.22 cm™ and 428.12 cm™* represent metal-oxygen bonds, supporting the integration of selenium within
the nanoparticle matrix.

Overall, the FTIR spectrum confirms the successful incorporation of both chitosan and selenium within the nanoparticle,
aligning with the target composition (Figure 3). These findings are consistent with previous studies on selenium-
chitosan nanoparticles, which reported similar characteristic peaks, particularly about C=0, C-N, and O-H groups,
supporting their potential use as fish feed.
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Scanning electron microscopy (SEM)

Fig 3A: SEM Analysis of CsSeNPs

Scanning Electron Microscopy (SEM) was conducted to examine the microstructure, size, shape, and dispersion patterns
of the synthesized chitosan-selenium nanoparticles (CsSeNPs). Micrographs were acquired at room temperature using
an SU8010 model (Hitachi, Tokyo, Japan) with an accelerating voltage of 3.0 kV.

The SEM images revealed that the CsSeNPs exhibit a dense and highly uniform spherical morphology. The
nanoparticles were well-dispersed across the field, demonstrating minimal aggregation and uniform nanostructure. This
consistent dispersion and morphology indicate successful synthesis, with chitosan effectively stabilizing the selenium
nanoparticles. The spherical shape and uniform distribution of the particles suggest that CsSeNPs could offer enhanced
surface area and stability, making them suitable for various biomedical and antioxidant applications. These SEM
observations provide critical insights into the structural integrity and quality of the synthesized nanoparticles,
confirming their potential for applications where nanoscale uniformity is essential.

XRD Analysis
X-ray Diffraction (XRD) analysis was conducted to investigate the crystalline structure and phase composition of the
synthesized chitosan-selenium nanoparticles (CsSeNPs). The XRD pattern shows prominent diffraction peaks at 20
values of 19.70°, 29.68°, and 38.42°, with corresponding d-spacing values of 4.5022 A, 3.0071 A, and 2.3408 A,
respectively.
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Fig 4: XRD Analysis

The primary peak at 19.70° exhibits the highest intensity (I/Io = 1000.00), with a peak area of 4964.81 and a full width at
half maximum (FWHM) of 3.9527, indicating a well-defined crystalline phase attributed to the chitosan matrix. The
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peak at 29.68° has a relative intensity of 226.32 with an FWHM of 2.2887, suggesting the presence of selenium-based
nanostructures. The third peak at 38.42°, with an intensity of 119.17 and a very narrow FWHM of 0.1772, may
correspond to minor crystalline domains within the nanoparticle structure.

These XRD results confirm the presence of both chitosan and selenium in the nanocomposite, with a degree of
crystallinity that supports the stability and uniformity of the CsSeNPs. The identified crystalline peaks align with the
expected diffraction patterns of chitosan-selenium nanocomposites, verifying the successful synthesis and potential for
applications requiring well-structured nanoscale materials.

Zeta Potential Analysis

The stability and surface charge of the chitosan-selenium nanoparticles (CsSeNPs) were assessed through zeta potential
measurements. The mean zeta potential of the nanoparticles was found to be -36.4 mV, indicating a highly stable
colloidal dispersion.
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This significant negative charge suggests strong electrostatic repulsion between particles, minimizing aggregation and
contributing to the stability of the CsSeNP suspension.

Additionally, the electrophoretic mobility was recorded with a mean value of -0.000282 cm?*Vs. This measurement
further confirms the stability and effective surface charge of the nanoparticles, as the negative zeta potential aligns with
the expectations for chitosan-stabilized selenium nanoparticles, which are suitable for various biomedical and
antioxidant applications due to their enhanced dispersion stability.

EDAX Spectrum Analysis

The high carbon and oxygen content primarily corresponds to the chitosan component, confirming its role as the
stabilizing matrix for the selenium nanoparticles. The presence of selenium (2.9 wt%) indicates the successful
incorporation of selenium into the nanostructure, while the trace amounts of phosphorus, sodium, and zirconium may
reflect additional functionalization or residual elements from the synthesis process.

This elemental profile aligns with the intended composition of CsSeNPs, verifying the successful synthesis and
elemental integrity of the nanoparticles. The EDX analysis supports the formation of a stable chitosan-selenium
nanocomposite, suitable for applications requiring specific elemental compositions for enhanced functionality.

Components NAG loaded CSNPs (g/kg diet)

0.0 (Control) 0.25 0.5 1.0 2.0
Fish Meal 106 106 106 106 106
Soya bean meal 328 328 328 328 328
Chicken meal 150 150 150 150 150
Groundnut cake 201 201 201 201 201
Wheat bran 104 103.75 | 103.5 | 103 102
Codfish oil 21 21 21 21 21
Corn oil 13 13 13 13 13
Vitamins 10 10 10 10 10
Minerals 22 22 22 22 22
Starch 39 39 39 39 39
NAG loaded CSNP’s 0.05 0.25 0.5 1.0 2.0
Total 1000 1000 1000 1000 1000
Proximate Chemical analysis (%)
Dry matter 92.5 91.7 91.8 92.1 91.5
Crude Protein 31.17 32.6 33.15 | 34.19 | 33.25
Ether extract 5.2 5.4 5.4 53 5.3
Total ash 52 5.1 6.4 6.9 6.3
Crude fiber 5.6 5.7 5.8 6.2 6.8
Nitrogen free extract 47.92 47.90 4795 | 4796 | 4793
Gross energy (Kcal/100g) 44.5 446.9 453.1 | 458.4 | 452.1

Table 1 Chemical composition of feed supplements (% dry weight) containing various levels of N-acetyl-D
glucosamine (NAG) loaded chitosan nanoparticles (CSNPs).

Parameters NAG loaded CSNPs (g/kg diet) P- value
0.0 (Control) 0.25 0.5 1.0 2.0

Initial weight (g) 14.30 £0.23 16.63 +£0.14 14.26 +£0.08 14.83 +0.17 16.73 + 0.08 <0.046
Final weight (g) 23.33£0.43* 31.73 £0.44° 34.80 +0.20°¢ 35.3£0.56¢ 35.17 £0.204 <0.0001
Weight gain (2) 8033 £0.66° | 163720370 | 1725£023° | 2047205859 | 2343 £ 0247 <0.0001
Weight gain (%) 58.19 +£5.232 97.35+£3.22° 124.56 £1.91° 133.63 =4.334 133.24 +2.07%¢ <0.0001
Specific growth rate (SGR) (%) 327:0018° | 438001° | 3.53+0.12° 457+0.15° 428 £0.0979 <0.0001
Total food intake (TFI) (g) 29.03 £0.94* 31.21 £0.98° 38.37 £0.68°¢ 41.61 £0.554 39.06 + 0.434 <0.0001
Feed conversion ratio (FCR) (g/g) 3.17 £0.292 3.10+0.11%° 1.73 £0.03%° 1.77 £0.02%° 2.86 +0.03° <0.145
Protein efficiency ratio (PER) (g/g) 3.14 +£0.09* 2.32+£0.04%% | 259+0.11° 3.54+0.23b 1.49 +£0.09° <0.029
Survival rate (%) 100 +0.00 100 + 0.00 100 + 0.00 100 + 0.00 100 £+ 0.00 -
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Table 2: Growth and feed consumption efficiency of O. niloticus supplemented with varying quantitites of N acetyl D
glucosamine (NAG) loaded chitosan nanoparticles (CSNPs)

S. No | Microorganisms Antimicrobial activity
CS (mm) | CSNPs (mm) | NAG loaded CSNPs (mm)
1 Pseudomonas aeruginosa 11£0.3 14+£0.2 22+0.3
2 Streptococcus agalactiae 12+£0.2 18 £0.1 26+0.2
3 Aeromonas hydrophila 10£0.3 13£0.3 23+04
4 Pseudomonas fluorescens | 12 +0.1 12+0.3 17+£0.2
5 Control NA NA NA

Table 3: Antimicrobial assay of chitosan (CS), chitosan nanoparticles (CSNPs), and N-acetyl-D glucosamine (NAG)
loaded chitosan nanoparticles (CSNPs) against selected microbial strains.

Discussion
The rapid expansion of aquaculture has highlighted the critical role of feed innovation in sustaining production while
minimizing ecological burdens. Traditional reliance on fishmeal and fish oil has been challenged by sustainability
concerns, and the use of plant-based proteins, insect meals, and single-cell proteins has emerged as viable alternatives
(Hasan et al., 2009; Hardy, 1999). However, these options still face challenges in digestibility, palatability, and nutrient
balance, making advanced strategies such as nanotechnology increasingly relevant (Olsen, 2011; Fiorella et al.,
2021).Nanoparticle-based interventions have shown considerable promise in enhancing nutrient bioavailability, growth,
immunity, and overall aquaculture sustainability (Peters et al., 2016). Among the different classes of nanoparticles,
metal-based (zinc, silver, copper), lipid-based (nano-emulsions, SLNs, NLCs), and polymeric forms (chitosan, PLGA)
have been successfully incorporated into aquafeeds with beneficial outcomes for fish performance and health (Kumar et
al., 2023; Abd El-Hamid et al., 2021; Ghanbary et al., 2022). While these technologies offer distinct advantages,
potential concerns regarding environmental accumulation and long-term toxicity remain, necessitating careful
evaluation of their safe application (George et al., 2023).
Chitosan nanoparticles (CNPs) stand out for their multifunctional role as immune enhancers, nutrient carriers, and
antimicrobial agents. Their biodegradability and muco-adhesive properties allow controlled nutrient release, reducing
dependency on antibiotics while improving feed conversion and growth performance (Divya & Jisha, 2018; Kumaran et
al., 2020; Akter et al., 2023). Similarly, selenium nanoparticles (SeNPs) have demonstrated superior bioavailability and
antioxidant potential compared to conventional selenium supplements, reducing oxidative stress and enhancing disease
resistance in fish species (Xiao et al., 2023; Dawood et al., 2021).
Notably, the synergistic formulation of chitosan and selenium nanoparticles represents a significant advancement. This
combination improves selenium stability, promotes absorption, and enhances immune responses and muscle quality in
Nile tilapia, while simultaneously reducing risks of toxicity (Yazhiniprabha et al., 2022; Abd-Elraoof et al., 2013; Chen
et al., 2022). These results indicate that nanoparticle-based supplementation not only improves aquaculture productivity
but also offers a sustainable strategy for disease management and environmental protection.Nile tilapia (Oreochromis
niloticus) is a model species that provides an excellent platform to evaluate the impact of feed innovations. Its
adaptability, rapid growth, and economic importance have led to significant genetic, nutritional, and disease-
management research (El-Sayed & Fitzsimmons, 2023; Munguti et al., 2022). The demonstrated benefits of
nanoparticle-enhanced feeds in tilapia production highlight their potential scalability across other aquaculture species.
Despite these promising outcomes, several gaps remain. The ecological implications of nanoparticle accumulation in
aquatic systems, their interactions with gut microbiota, and potential long-term effects on human consumers require
further study. Moreover, the cost-effectiveness of nanoparticle feed additives at commercial scale remains a critical
challenge for widespread adoption. Overall, nanoparticle-based feed supplements, particularly chitosan and selenium
nanoparticles, offer a forward-looking solution to enhance aquaculture productivity, fish welfare, and sustainability.
Their integration into commercial feeds must be accompanied by rigorous safety assessments, life-cycle analyses, and
cost-benefit evaluations to ensure long-term viability. Future research should prioritize optimizing formulations, scaling
up production methods, and investigating the combined effects of nanoparticles with other emerging feed ingredients,
such as insect meals and algae-based proteins.
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