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1. BACKGROUND, JUSTIFICATION AND AIM OF THE STUDY 

Nanotechnology offers innovative approaches to improve animal production by enhancing 

growth performance, feed efficiency, health status, and product quality. In poultry nutrition, 

nanoparticles improve nutrient bioavailability and enable controlled release, while also 

providing antimicrobial effects that may reduce reliance on antibiotics. Nano-minerals such as 

selenium, silver, copper, and iron have demonstrated potential to enhance antioxidant defense, 

immune function, growth, and reproductive performance. Selenium plays a vital role in 

antioxidant protection, thyroid hormone metabolism, and reproduction through its 

incorporation into selenoproteins, including glutathione peroxidases and thioredoxin 

reductases. However, conventional inorganic selenium sources suffer from limited 

bioavailability and narrow safety margins. Selenium nanoparticles (SeNPs) have therefore 

emerged as promising alternatives, offering improved bioavailability, reduced toxicity, and 

enhanced biological efficacy. At the nanoscale, selenium’s surface reactivity and particle 

characteristics strongly influence absorption, tissue distribution, and metabolism. Elemental 

selenium exists primarily in two allotropes: amorphous red and crystalline grey forms, which 

differ in structural stability and reactivity. While grey selenium is often considered biologically 

inert based on bulk selenium studies, this assumption may not apply at the nanoscale, where 

particle size and crystallinity can preserve biological activity. Comparative data on red and grey 

SeNPs, particularly regarding bioavailability, antioxidant function, and tissue targeting, remain 

limited. The Japanese quail (Coturnix japonica) is a suitable avian model for nutritional studies 

due to its rapid growth, efficient feed conversion, and sensitivity to oxidative stress. Therefore, 

this study aimed to evaluate the bioavailability and biological activity of red amorphous and 

grey crystalline selenium nanoparticles in vivo and to determine whether structural 

transformation from red to grey SeNPs alters selenium metabolism, antioxidant defense, and 

organ-specific deposition in poultry. 

➢ Synthesize red (amorphous) and grey (crystalline) selenium nanoparticles and confirm their 

structural distinction at the nanoscale, using complementary physicochemical techniques 

(SEM–EDS, XRD, Raman spectroscopy, and fluorescence analysis), to verify that the materials 

differ in allotropy while retaining identical elemental composition. 

➢ Investigate the influence of selenium nanoparticle allotropy on in vivo selenium metabolism, 

by comparing red and grey selenium nanoparticles with respect to bioavailability, tissue 

distribution, antioxidant activity, and post-withdrawal kinetics in adult male Japanese quails. 
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➢ Examine dose-dependent selenium retention and depletion after dietary withdrawal, in order to 

determine how selenium nanoparticle allotropy and the transformation of red selenium into the 

more stable grey form influence selenium bioavailability, biological efficacy, and the practical 

stability (shelf life) of nano-selenium. 
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2. MATERIALS AND METHODS 

2.1. Production and Characterization of Selenium nanoparticles  

Red amorphous selenium nanoparticles (SeNPs) were synthesized by chemical reduction 

of sodium selenite using ascorbic acid in aqueous solution under continuous stirring at room 

temperature. The formation of red SeNPs was confirmed by the characteristic red coloration of 

the suspension. After centrifugation and washing, the nanoparticles were freeze-dried. Grey 

crystalline SeNPs were obtained by thermal transformation of red SeNPs at 85 °C for 10 min.  

Nanoparticle morphology and elemental composition were examined using scanning electron 

microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDS). Structural 

differences between red and grey SeNPs were confirmed by X-ray diffraction (XRD) and 

Raman spectroscopy. Fluorescence spectroscopy was applied to assess excitation-dependent 

emission behavior, while selenium concentrations were determined by atomic fluorescence 

spectrometry (AFS) following acid digestion. 

2.3. Animal experiments  

2.3.1. General Husbandry and Dietary Management 

All animal experiments were conducted at the University of Debrecen, Hungary, and 

approved by the institutional Ethics Committee (permission No. 4/2021/DEMÁB). Adult male 

Japanese quails (Coturnix japonica) were housed individually under controlled environmental 

conditions (25 ± 2 °C; 16 h light/8 h dark) with ad libitum access to drinking water. Birds 

received a basal diet formulated according to NRC (1994) recommendations, containing a 

background selenium level of 0.21 mg/kg. Selenium nanoparticles were homogeneously 

incorporated into the diets to achieve the required supplementation levels. 

2.3.2. First Animal Experiment: Growth Performance and Tissue Selenium Distribution 

The first experiment was a 28-day feeding trial conducted on 20 adult male Japanese quails (11 

weeks of age). Birds were randomly allocated into five dietary groups (n = 4): control (no 

SeNPs), red SeNPs at 0.26 or 0.71 mg/kg, and grey SeNPs at 0.26 or 0.71 mg/kg. Body weight 

and feed intake were recorded daily. At the end of the experiment, birds were euthanized and 

samples of liver, spleen, kidney, testis, breast muscle, eyes, and blood were collected. Organs 

were weighed to calculate organ indices. All samples were washed with phosphate-buffered 

saline and stored at −80 °C until selenium analysis by atomic fluorescence spectrometry. 
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2.3.3. Second Animal Experiment: Antioxidant Status and Selenium Retention/Depletion 

The second experiment involved 60 adult male Japanese quails (12 weeks of age) assigned to 

five dietary treatments (n = 12): control (no SeNPs), red SeNPs at 0.71 or 5.21 mg/kg, and grey 

SeNPs at 0.71 or 5.21 mg/kg. Birds were fed the experimental diets for 28 days. Thereafter, half 

of the birds from each group were sampled, while the remaining birds underwent a 7-day 

selenium-free withdrawal period before final sampling. Tissue samples (liver, kidney, spleen, 

testis, breast muscle, eyes, and blood) were collected at days 28 and 35. Blood samples were 

centrifuged to obtain serum and red blood cell fractions. Selenium retention and depletion were 

calculated by comparing tissue selenium concentrations before and after the withdrawal period. 

2.3.3.1. Antioxidant Biomarker Analysis 

Antioxidant status was evaluated by measuring glutathione peroxidase (GSH-Px), 

superoxide dismutase (SOD), and total antioxidant capacity (T-AOC) in liver homogenates and 

serum samples. Commercial colorimetric assay kits were used according to the manufacturers’ 

protocols, and absorbance was measured using a microplate reader. 

2.3.3.2. Statistical analysis  

Data are presented as mean ± SEM. Results from the first experiment were analyzed using 

one-way ANOVA, while data from the second experiment were evaluated using one- or two-

way ANOVA, depending on the experimental design. Differences among means were assessed 

using Fisher’s or Tukey’s post hoc tests. Statistical significance was accepted at p < 0.05. 
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3. RESULTS  

3.1. Selenium nanoparticles production  

The chemical reduction of sodium selenite with ascorbic acid resulted in the successful 

formation of selenium nanoparticles, as evidenced by the development of a distinct reddish 

colouration in the reaction mixtures. The appearance of this colour indicated the formation of 

colloidal red selenium nanoparticles and was observed consistently for all prepared 

concentrations. The red SeNPs suspensions remained visually stable during the reaction period, 

with no apparent precipitation at low concentrations of 0.05, 0.5, and 5 mg/L.  Upon thermal 

treatment of the red SeNPs suspensions at 85 °C for 10 min, a clear colour change from red to 

grey was observed, confirming the transformation of amorphous red selenium into the grey 

selenium allotrope. This visual transition was reproducible across all batches, indicating 

effective allotrope conversion under the applied conditions. After purification and freeze-

drying, the red SeNPs were obtained as reddish solid powders, whereas the grey SeNPs formed 

dark grey to black powders, demonstrating that the characteristic colour differences were 

preserved in the solid state. Representative images showing the visual appearance of selenium 

nanoparticles in suspension and after freeze-drying are presented. The marked differences 

between the red and grey forms provide qualitative confirmation of successful synthesis and 

thermal transformation prior to further physicochemical characterization. 

3.2. Characterization of Selenium nanoparticles allotropes  

The physicochemical and optical properties of red and grey selenium nanoparticles (SeNPs) 

were systematically investigated using a combination of scanning electron microscopy (SEM), 

particle size analysis, energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), 

Raman spectroscopy, and fluorescence spectroscopy. This multi-technique approach was 

employed to elucidate allotrope-dependent differences in morphology, structure, elemental 

composition, and optical behaviour. 

3.2.1. SEM-EDS analysis 

To examine allotrope-dependent differences in morphology and particle dimensions, 

scanning electron microscopy (SEM) was employed to characterize the surface structure and 

size distribution of red and grey selenium nanoparticles Figures 1-2. 
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Figure 1: SEM Images of: (A) red SeNPs and diameter distribution histogram 

 

Figure 2: SEM Images of: (B) grey SeNPs and length and width distribution histograms 

SEM analysis revealed clear morphological distinctions between the two selenium 

nanoparticle allotropes. Red SeNPs showed a quasi-spherical to spherical morphology, forming 

compact aggregates of smooth, non-faceted primary particles with a narrow size distribution 

(mean diameter 218 ± 24 nm), characteristic of amorphous systems produced under kinetically 

controlled reduction where isotropic nucleation dominates due to the absence of long-range 

atomic order (Khandsuren & Prokisch, 2021a, 2021b; Li, Zhu, et al., 2024; Tendenedzai et al., 

2022)SEM analysis revealed clear morphological distinctions between the two selenium 

nanoparticle allotropes. Red SeNPs showed a quasi-spherical to spherical morphology, forming 

compact aggregates of smooth, non-faceted primary particles with a narrow size distribution 

(mean diameter 218 ± 24 nm), characteristic of amorphous systems produced under kinetically 

controlled reduction where isotropic nucleation dominates due to the absence of long-range 

atomic order (Khandsuren & Prokisch, 2021a, 2021b; Li et al., 2024; Tendenedzai et al., 2022). 

In contrast, grey SeNPs exhibited a highly anisotropic, needle-like structure, forming 

interconnected networks of elongated nanocrystals with mean lengths of 575 ± 202 nm and 
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widths averaging 33.9 ± 11 nm. This pronounced aspect ratio reflects directional crystal growth 

along the helical Se–Se chains typical of the trigonal crystalline lattice, confirming the 

successful thermal transformation of amorphous red SeNPs into crystalline grey SeNPs 

(Chellapa et al., 2020; Khandsuren & Prokisch, 2021a; L. Ren et al., 2004), Following 

morphological characterization, energy-dispersive X-ray spectroscopy (EDS) was used to 

verify the elemental composition and assess the purity of both red and grey selenium 

nanoparticles Figure 3. 

 

Figure 3: EDS spectra of (A) red SeNPs and (B) grey SeNPs 

EDS analysis confirmed selenium as the dominant elemental constituent in both red and 

grey SeNPs, with a characteristic Se Lα peak at ~1.37 keV observed in all spectra. A carbon 

signal was also detected, which can be attributed to the carbon substrate used during SEM–EDS 

analysis. No additional elemental impurities were detected within the sensitivity limits of the 

technique, indicating comparable elemental purity for both allotropes. Importantly, EDS 

confirmed that the observed differences between red and grey SeNPs arise from structural and 

morphological variations rather than elemental composition. 

3.2.2. XRD analysis  

To determine the structural nature and crystallinity of the synthesized selenium 

nanoparticles, X-ray diffraction (XRD) analysis was performed on both allotropes Figure 4. 
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A B 

Figure 4: XRD patterns of (A) red SeNPs and (B) grey SeNPs 

XRD analysis revealed a fundamental structural distinction between the two selenium 

allotropes. The diffraction pattern of red SeNPs was characterized by broad, diffuse scattering 

features and the absence of sharp Bragg reflections, indicating an amorphous structure with no 

long-range atomic order. A weak hump in the 20–30° 2θ range was attributed to short-range 

atomic correlations typical of amorphous selenium. In contrast, grey SeNPs exhibited multiple 

sharp and intense diffraction peaks across the scanned 2θ range, corresponding to crystalline 

trigonal selenium (t-Se). The narrow peak widths and high intensities confirmed a high degree 

of crystallinity and long-range periodicity. No amorphous halos or secondary phases were 

observed, indicating a complete transformation to the crystalline grey allotrope. These findings 

are in excellent agreement with previous reports describing amorphous red selenium and 

crystalline trigonal grey selenium nanostructures(Alex et al., 2024; Fardsadegh et al., 2019; Y. 

Wang et al., 2012; Xi et al., 2006; Xiong et al., 2006). Together with SEM results, the XRD 

patterns demonstrate that the two SeNPs systems differ fundamentally in atomic ordering, 

which underlies their distinct morphologies. 

3.2.3. Raman spectroscopy 

Raman spectra of selenium are presented in the Figure 5, confirming structural differences 

between red and grey SeNPs. The red SeNPs exhibited characteristic and weak peaks in the 

range of 250–255 cm⁻¹, which are typically associated with the amorphous state of selenium, 

where structural disorder leads to peak broadening and poorly resolved vibrational modes. In 

contrast, the grey SeNPs showed distinct peaks between 230–235 cm⁻¹, corresponding to the 

A₁ vibrational mode of trigonal selenium associated with Se–Se stretching along helical chains. 

The narrow linewidth and high intensity of this peak indicate well-ordered atomic 

arrangements, in excellent agreement with the crystalline structure identified by XRD. 
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Figure 5: Raman spectra of Selenium (redline) Red Se. (blueline) Grey Se 

Similar Raman features for amorphous and crystalline selenium have been reported 

previously (Anupama et al., 2021; Baganich et al., 1991; Goldan et al., 2016; Kizovský et al., 

2021; Tugarova et al., 2018); the amorphous phase typically shows Raman bands around 250 

cm⁻¹, while crystalline selenium occurs in two polymorphic forms: pure trigonal structure, 

characterized by the ~233-237 cm⁻¹ band observed in this study, and the monoclinic crystals, 

which appear near 251 cm⁻¹. Raman spectroscopy, therefore, provides strong complementary 

evidence for the allotrope-dependent structural states of the synthesized SeNPs. The sensitivity 

of selenium Raman bands to environmental and oxidative conditions further reflects the redox-

active nature of selenium (Lopez et al., 1981), emphasizing the usefulness of Raman 

spectroscopy in distinguishing selenium phases at the nanoscale. 

3.2.4. Fluorescence analysis  

The optical properties of the amorphous red selenium nanoparticles and crystalline grey 

selenium nanoparticles were further investigated using excitation–emission fluorescence 

spectroscopy to evaluate their electronic and surface-related states Figure 6-7. 

 
 

A B 

Figure 6: Fluorescence characteristics of red SeNPs at 1000 mg/L: (A) 3D excitation–emission fluorescence 

spectrum of red SeNPs, and (B) 2D emission spectra recorded at different excitation wavelengths 
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The fluorescence characteristics of red SeNPs at 1000 mg/L were evaluated using full scan 

fluorescence analysis Fig. 6-A. A weak fluorescence region was observed with the maximum 

emission around 430–450 nm when excited at ~380 nm. The emission spectra recorded at 

selected excitation wavelengths Fig. 6-B confirmed this behaviour, with the highest 

fluorescence intensity obtained at 380 nm excitation, followed by moderate signals at 360 nm 

and 400 nm, while 340 nm and 420 nm resulted in comparatively weaker emissions. The overall 

low intensity highlights the limited optical response of red SeNPs, distinguishing them from 

grey SeNPs, which displayed stronger fluorescence under similar conditions. 

 

 

A B 

Figure 7: Fluorescence characteristics of grey SeNPs at 1000 mg/L: (a) 3D excitation–emission fluorescence 

spectrum of grey SeNPs, and (b) 2D emission spectra recorded at different excitation wavelengths 

The fluorescence characteristics of grey SeNPs at 1000 mg/L were evaluated using full scan 

fluorescence analysis Fig. 7-A. A well-defined fluorescence region was observed with the 

maximum emission centred around 430–450 nm when excited at ~380–400 nm, indicating 

strong optical activity in the blue region. The emission spectra recorded at selected excitation 

wavelengths Fig. 7-B confirmed this behaviour, with the highest fluorescence intensity obtained 

at 380 nm excitation, followed closely by 400 nm, while 420 nm, 360 nm, and 340 nm resulted 

in comparatively weaker emissions. The variation in intensity across excitation wavelengths 

highlights the excitation-dependent optical response of grey SeNPs. This behaviour is 

consistent with the strong optical activity of grey SeNPs, distinguishing them from red SeNPs, 

which exhibit lower fluorescence intensity under similar conditions. The optical properties of 

the SeNPs further support their nanoscale character. Biosynthesized SeNPs showed strong 

fluorescence activity in the 398–420 nm range, with excitation at 398 nm and emission 

intensities exceeding 800 a.u. (Tripathi et al., 2020). Red SeNPs additionally exhibited an 

absorption band in the UV–Vis spectrum at ~260–270 nm, confirming their distinct optical 

activity (Shahzamani et al., 2022). Such photoluminescence behaviour is strongly size- and 
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surface-dependent, and selenium species are known to emit across the visible to near-infrared 

range (J. Wang et al., 2023). Notably, red SeNPs have been reported to fluoresce near the NIR 

region, making them suitable for biomedical applications such as imaging, diagnostics, and 

intracellular tracking (Khalid et al., 2016). For comparison, selenite itself typically emits at 

~475 nm (Song et al., 2013), highlighting the altered optical behaviour of nano selenium. 

However, the literatures indicate that crystalline selenium nanostructures can indeed display 

significant fluorescence. For example,(Gates et al., 2002) observed optical activity in trigonal 

selenium nanowires, and a more recent work demonstrated that selenium quantum dots with a 

trigonal structure exhibit strong solid-state fluorescence, with emission peaks varying between 

418–449 nm depending on excitation wavelength (Anupama et al., 2021). 

3.2.5. Concentration-Dependent Fluorescence Response 

Fluorescence measurements were performed on red and grey selenium nanoparticles 

(SeNPs). Fluorescence intensity was measured across a concentration range of Se (0–1000 

mg/L) in the sample solution Figure 8. 

 

Figure 8: Fluorescence Intensity of Grey and Red Selenium Nanoparticles at Different Concentrations 

(mg/L) 

Grey SeNPs exhibited a concentration-dependent increase in fluorescence intensity, 

reaching a maximum near 1000 mg/kg, with the relationship well described by a quadratic fit 

(R² = 0.9945). In contrast, red SeNPs showed only a marginal increase in fluorescence intensity 

across the tested concentrations, with considerably lower emission compared to grey SeNPs (R² 

= 0.9984). These findings highlight the stronger optical activity and concentration sensitivity 

of grey SeNPs relative to red SeNPs, suggesting distinct structural or surface-state contributions 

to their fluorescence behaviour (Anupama et al., 2021; Gates et al., 2002). 
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3.3. First Animal Experiment: Growth Performance and Tissue Selenium Distribution 

3.3.1. Growth performance  

Figure 9 exhibits the final live body weight of Japanese quails fed diets supplemented 

with varying amounts of dietary nano-Se. The body weight was significantly affected by the 

nanoparticle treatments, as indicated by the statistical differences between groups; the group 

with treatment 2 (0.5 red nano-Se) achieved the highest BW average The control group (C0) 

showed an intermediate value and did not differ significantly from T2 or T4 as indicated by the 

statistical overlapping. The T1 and  T3 groups (0.05 mg/kg red and grey SeNPs) exhibited 

lowest body weights. These results indicate that selenium nanoparticle supplementation 

influenced body weight in a dose- and form-dependent manner rather than consistently 

improving growth performance across all treatments.. 

 

Figure 9: Influence of Different Levels of Selenium Nanoparticles (SeNPs) Dietary Supplementation on the live 

body weight (g) ± SEM of Adult Japanese Quails. Means with the differing letters are Significantly Different (p < 

0.05). C0: control; T1: 0.05 mg/kg Red SeNP; T2: 0.5 mg/kg Red SeNP; T3: 0.05 mg/kg Grey SeNP; T4: 0.5 

mg/kg Grey SeNP 

The feed intake was measured daily during the 28-day trial for the five groups treated 

with SeNPs supplements. Figure 10 of total feed intake showed that the feed intake is not 

significantly affected by the various selenium doses and forms. All groups consumed 

comparable amounts of food; that indicates that Se did not influence the birds’ appetite and feed 

consumption patterns. However, in the present study, although feed intake remained unchanged 

among treatments, moderate selenium nanoparticle supplementation did not produce a 

consistent improvement in body weight compared with the control group. 
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Figure 10: Impact of Different Doses of Selenium Nanoparticles (SeNPs) Dietary Supplementation on the Average 

feed intake (g) ± SEM of Adult Japanese Quails. Means with the Same letter Are Not Significantly Different (p > 

0.05). C0: control; T1: 0.05 mg/kg Red SeNP; T2: 0.5 mg/kg Red SeNP; T3: 0.05 mg/kg Grey SeNP; T4: 0.5 

mg/kg Grey SeNP. 

Nano selenium supplementation of Japanese quails (Coturnix japonica) with 0.5 mg/kg in 

red and grey forms and with 0.05 mg/kg Grey Se produced treatment-dependent differences in 

body weight; however, these differences did not consistently result in higher body weight 

compared with the control group. This agrees with the research results of (Elkhateeb et al., 

2024; Kaewsatuan et al., 2024; Marković et al., 2018; Reda et al., 2024; Tsekhmistrenko et al., 

2020), which reveal better growth rates in avian species: quails, chickens and broiler treated 

with nanoparticles of Se between the ranges of 0.2, 0.3, 0.4 and 0.6 mg/kg. Meanwhile, the 

recommended level of Se is 0.15 mg/kg in poultry feeding (National Research Council, 1994). 

However, the 0.05 mg/kg of selenium group showed signs of Se deficiency, such as reduced 

body weight boost, Selenite and nano-amorphous selenium may utilize the same transporters 

or absorption pathways (Sindireva et al., 2023). This overlap could lead to competition at the 

cellular or intestinal level, potentially resulting in a physiological response similar to selenium 

deficiency, even under supplementation (Bakke et al., 2010; Schiavon & Pilon-Smits, 2017). It 

was found that nanoelement Se has an identical effect in layer chicks where the growth 

performance was impaired at a level of 0.3 mg/kg (Mohapatra et al., 2014). The body weight 

alterations were most observed due to improved nutrient utilization rather than feed 

consumption. Comparable trend has been reported by Biswas et al. (2006) and Kaewsatuan et 

al. (2024) where selenium treatment enhanced feed efficiency while not affecting total feed 

intake across all treatments. 
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3.3.2. Organ Indices 

The liver index presented in Fig. 11-A had a notable variation among the groups treated 

with SeNPs (p < 0.05). The highest values were recorded in treatment 1 (0.05 Red nano-Se), 

followed by the lowest values in Treatment 2 (0.5 Red nano-Se), T3 (0.05 Grey nano-Se) and 

T4 (0.5 Grey nano-Se), while The control group (C0) showed an intermediate value and did not 

differ significantly from any of the treatments. Fig. 11-B showed the spleen relative weights, 

where there are no significant differences across all treatments (p > 0.05). 

  

A B 

Figure 11: Effects of Dietary Selenium Nanoparticle Supplementation on Liver (A) and Spleen (B) weights 

(Relative to Body Weight) in Adult Japanese Quails ± SEM. Means with the Same superscript are Not Significantly 

Different (p > 0.05) while means with different letters are Significantly Different (p < 0.05). C0: control; T1: 0.05 

mg/kg Red SeNP; T2: 0.5 mg/kg Red SeNP; T3:0.05 mg/kg Grey SeNP; T4: 0.5 mg/kg Grey SeNP 

The liver and spleen indices, representing organ weight relative to body weight, serve as 

indicators of organ function and potential toxicity (Long et al., 2021; Z. Ren et al., 2022). 

Studies have shown that glycine nano-selenium caused no significant changes in these indices, 

confirming its non-toxic nature (Z. Ren et al., 2022). Similarly, nano- and inorganic selenium 

had no adverse effects on heart, liver, or digestive organs in broiler quails, though young quails 

in the fattening phase showed a slight liver index increase with nano-selenium supplementation 

(Khazraei et al., 2022; Alagawany et al., 2021). The spleen index remained within the normal 

range (0.04–0.06%), indicating no immune or tissue damage (Abdel-Moneim et al., 2020; 

Biswas et al., 2006). However, chick quails exhibited a moderate rise in lymphoid organ 

weights (1.8–3%), likely due to enhanced selenium absorption and targeted immune tissue 

delivery (Khazraei et al., 2022). 

3.3.3. Organ-Specific Selenium Uptake 

Selenium (Se) distribution varied across tissues depending on the treatment group and 

tissue type (Fig.12 A–F). 
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Figure 12: Nanoparticle of Selenium distribution on Liver (A), red Blood cellular fraction (B), Kidneys (C), Testis 

(D) and Eyes (E), and Breast (F). Means ± SEM with the Same Superscript Are Not Significantly Different (p > 

0.05), while means with different letters are Significantly Different (p < 0.05). C0: control; T1: 0.05 mg/kg Red 

SeNP; T2: 0.5 mg/kg Red SeNP; T3: 0.05 mg/kg Grey SeNP; T4: 0.5 mg/kg Grey SeNP 

Selenium deposition in quail tissues revealed dose- and form-dependent patterns with 

values well below established toxicity thresholds (0.15–0.50 mg/kg) for poultry (Commission 

Implementing Regulation (EU), 2022; National Research Council, 1994). Liver selenium 

increased significantly with supplementation, reaching the highest levels in grey SeNPs (0.5 

mg/kg), confirming the liver’s role in selenium metabolism and storage (Marković et al., 2018; 

Reda et al., 2024). The greater retention in grey SeNP-treated groups suggests higher 

bioavailability and particle stability (Filipović et al., 2021). Red blood cell Se also rose notably 

in both red and grey SeNP groups, supporting selenium’s role in oxidative stress regulation and 
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erythropoiesis via glutathione peroxidase (GPx) activity (Dehkordi et al., 2017; Sadeghian et 

al., 2012). Conversely, kidney and testis Se levels remained stable, indicating effective 

homeostatic control that prevents toxic buildup (Hadrup & Ravn-Haren, 2023). although other 

studies suggest nano-selenium can enhance reproductive Se content in mammals and birds 

(Abdelnour et al., 2021; Kazaz et al., 2020). Ocular selenium showed little variation, consistent 

with findings in avian and human studies showing tightly regulated Se levels to avoid excess 

accumulation (Christen et al., 2015; McFarland et al., 1970). In breast muscle, Se deposition 

was modest and variable, with low-dose red SeNPs showing the highest incorporation, possibly 

reflecting saturation mechanisms limiting further uptake (Gawor et al., 2020; Zhou & Wang, 

2011). Overall, both selenium nanoparticle forms enhanced Se bioavailability without toxicity, 

indicating efficient absorption, regulated distribution, and tissue-specific selenium homeostasis, 

consistent with prior reports of nano-selenium’s superior biological efficiency (Kralik et al., 

2012; Mahmoud et al., 2024; Zoidis et al., 2014). 

3.4. Second Animal Experiment 

3.4.1. Growth Performance  

Dietary supplementation with red or grey SeNPs did not significantly affect feed intake and 

body weight progress throughout the 28-day feeding period (p > 0.05) (Fig.13-14). The mean 

FI presented in Figure 13 remained comparable between the control and all supplemented 

groups, including the high-dose treatments (5 mg/kg), indicating normal feeding behaviour and 

the absence of overt selenium-induced anorexia. 

C0 T1 T2 T3 T4

0

5

10

15

20

Treatments

F
e

e
d

 i
n

ta
k

e
(g

/b
ir

d
/d

a
y

)

a aa
aa

 

Figure 13: Feed intake of adult male Japanese quails during 28 days of dietary supplementation with selenium 

nanoparticles (n=6). Values are presented as mean ± SEM. No significant differences were observed among 

treatments (p > 0.05) 

The body weight of Japanese quails at Week 1 and Week 4 in the second animal experiment is 

presented in Fig.14. At the beginning of the supplementation period (Week 1), no significant 



18 
 

differences in body weight were observed among the experimental groups, indicating a 

homogeneous initial distribution of birds. After four weeks of feeding with diets supplemented 

with red or grey selenium nanoparticles at 0.5 and 5 mg/kg, body weight had no statistically 

significant differences been detected between the control and any of the SeNPs-treated groups 

(p > 0.05). 

These results demonstrate that dietary supplementation with selenium nanoparticles, 

irrespective of allotrope form or dose, did not significantly influence body weight during the 

experimental period. This suggests that the applied SeNPs levels were physiologically safe and 

did not exert growth-promoting or growth-depressing effects under the present conditions. 

Similar observations have been reported in previous studies, where selenium supplementation 

primarily affected antioxidant status and selenium deposition in tissues rather than overall 

growth performance when basal diets already met selenium requirements(Mahmoud et al., 

2024; Mohapatra et al., 2014). 
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Figure 14: Body weight of Japanese quails in the second animal experiment at Week 1 and Week 4 under different 

dietary selenium nanoparticle treatments. C0: control diet without SeNPs; T1: 0.5 mg/kg red SeNPs; T2: 5 mg/kg 

red SeNPs; T3: 0.5 mg/kg grey SeNPs; T4: 5 mg/kg grey SeNPs. Bars represent mean ± SEM. No significant 

differences among treatments were detected (ns, p > 0.05) 

3.4.2. Selenium distribution among Tissues 

Table 1 shows the selenium distribution in organs of Japanese quails and total selenium content 

after 28 days for both allotropes of SeNPs supplementation. Selenium concentrations varied 

significantly among treatments and organs (p < 0.0001). The red SeNPs treatments (T1 and T2) 

resulted in higher selenium concentrations in several metabolically active tissues, with the 

highest values observed in the T2 group. In this group, selenium levels reached 263.18 µg/kg ± 

26 in red blood fractions, 128.86 µg/kg ± 1.6 in the liver, and 196.93 µg/kg ± 6.2 in breast 

muscle, indicating a dose-dependent increase for red SeNPs. The lower red SeNPs dose (T1) 

also increased selenium concentrations in the spleen, RBFs and breast compared with the 

control. Grey SeNPs supplementation showed a distinct accumulation pattern. The low dose 
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(T3) resulted in lower selenium concentrations in the spleen and testis while maintaining 

comparable breast muscle selenium levels to the red SeNPs groups. At the higher dose (T4), 

grey SeNPs produced marked increases specifically in the spleen and testis, whereas liver 

selenium levels were comparable to those observed in T2. Kidney selenium concentrations 

varied moderately among treatments, with a significant elevation only observed in the T2 group 

relative to the control. Selenium concentrations in the eyes remained relatively stable across all 

treatments. Moreover, the high-dose groups T2 and T4 showed higher total Se levels compared 

with the control. Overall, the groups supplemented with nanoparticles of selenium produced 

the highest selenium accumulation and distribution in different organs; grey SeNPs 

demonstrated a strong dose dependence, with substantial increases observed only at higher 

concentrations in the spleen and testis. 

Table 1: Selenium distribution in organs of Japanese quails and average selenium content after 

28 days of control and SeNPs supplementation (n=6) 

Se 

Content 

(μg.kg−1) 

C T1 T2 T3 T4 p Value 

Spleen 49.3±1.6 c 76.3±6.6 b 67.7±4.6 b 39.1±1.02d 135.2±3.8 a <0.0001 

Kidney 101.3±3.7 b 91.2±4.4 b 114.8±1.5 a 93.4±2.8 b 89.6±4.4 b <0.0001 

Testis 119±5.3 b 112.4±2.5 b 124.2±3.1 b 93.5±4.3 c 151±7.2 a <0.0001 

Eyes 220.4±7.1 a 214.7±6.9 a 240.8±7.7 a 213.4±6.9 a 222.1±4.5 a <0.0001 

RBF (red 

blood 

fraction) 

166.5± 4.9c 195.9±6.7 b 263.2±27 a 160.8± 4 c 162.4±3.8 c <0.0001 

Breast 

muscle 

178.8±1.5 b 186.6±1.6 
ab 

196.9±6.2 a 183.2±2.3 
ab 

192.1±9.7 
ab 

<0.0001 

Liver 96.4±2.3 b 93.1±1.9 b 128.9±1.6 a 92.6±7 b 110.7±7.5 
ab 

<0.0001 

Average 

Se 

content 

133.1± 3.8b 138.6±4.3 b 162.3±6.9 a 125.1±3.9 b 151.9±5.7 a 0.0007 

Data are presented as mean ± SEM. Different superscript letters within each row indicate statistically significant 

differences among dietary treatments (p < 0.05). Total selenium content was analyzed separately; asterisks indicate 

significant differences compared with the control (*** p < 0.001), while ns denotes non-significant differences. 
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Selenium distribution varied markedly between red and grey SeNPs (0.5 mg/kg) Fig. 

15. In the red SeNP group (T1), selenium was highest in the eyes, followed by the red blood 

fraction (RBF) and breast muscle, with lower but uniform levels in the liver, kidney, spleen, 

and testis, indicating balanced systemic deposition. Conversely, in the grey SeNP group (T3), 

selenium followed the order eyes > breast muscle = RBF > liver = kidney = testis > spleen, with 

the lowest levels in the spleen, suggesting reduced selenium accumulation in immune and 

circulating tissues. Overall, red SeNPs promoted broader selenium distribution, while grey 

SeNPs showed more selective, organ-dependent deposition, consistent with differences in 

bioavailability and tissue affinity. 

  

(a) (b) 

Figure 15: Selenium distribution in spleen, kidney, liver, testis, breast muscle, red blood cells (RBCs), and eyes 

of Japanese quails supplemented with red SeNPs ((a): T1, 0.5 mg/kg) and grey SeNPs ((b): T3, 0.5 mg/kg). Bars 

represent mean ± SEM. Different superscript letters within each treatment indicate significant differences in 

selenium concentration among organs (p < 0.05) 

3.4.3. Antioxidant Biomarkers  

After 28 days of supplementation, selenium nanoparticles (SeNPs) markedly influenced 

antioxidant enzyme activity in quails Fig. 16. Hepatic glutathione peroxidase (GPx) activity 

increased significantly in all high-dose groups, with the highest values in T2 (red SeNPs, 5 

ppm) and T4 (grey SeNPs, 5 ppm), confirming a dose-dependent enhancement of GPx-

mediated antioxidant defense. Liver superoxide dismutase (SOD) remained stable across 

treatments, while serum SOD decreased significantly in all SeNP-treated birds compared to 

controls, suggesting reduced oxidative stress and lower systemic demand for SOD activity. 

Liver total antioxidant capacity (TAC) was unchanged, but serum TAC varied significantly, 

peaking in T2 (red SeNPs, 5 ppm) and T3 (grey SeNPs, 0.5 ppm). Overall, red SeNPs at 5 ppm 

produced the strongest improvement in antioxidant status, enhancing both hepatic GPx activity 
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and serum TAC, while grey SeNPs showed slightly lower bioefficacy at high doses, indicating 

form- and dose-dependent antioxidant effects consistent with selenium bioavailability trends. 

 

Figure 16: Antioxidant biomarkers in liver and serum of Japanese quails fed diets supplemented with selenium 

nanoparticles (SeNPs). Data are presented as mean ± SEM. Different superscript letters indicate statistically 

significant differences among dietary treatments (p < 0.05) 

3.4.4. Selenium Retention after Withdrawal & Selenium Depletion Patterns 

Table 2 shows the total retention and depletion rate (in liver, kidney, spleen and red blood 

fraction RBF). The total selenium retention and depletion percentages revealed clear treatment-

dependent patterns. Control birds exhibited the most stable selenium balance (96% retention, 

3.9% depletion), reflecting normal homeostatic regulation. Among the supplemented groups, 

the low-dose treatments (T1 and T3) achieved the highest overall retention (91% and 88%, 

respectively), indicating efficient incorporation and stable maintenance of selenium during the 

withdrawal period. In contrast, higher doses (T2 and T4) showed markedly lower retention 

(78% and 57%). This drop is a direct consequence of the body reaching tissue saturation, which 

subsequently triggers enhanced excretion and biological regulatory mechanisms to rapidly clear 

the excess selenium once supplementation is withdrawn. Red SeNPs displayed higher initial 

bioavailability and retention overall (T1 was 91%), while grey SeNPs followed closely in 
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second place, confirming that both nanoparticle forms lead to efficient selenium incorporation, 

but the clearance rate was primarily governed by the dose. 

Table 3: Total selenium retention and depletion rates in Japanese quails following SeNPs 

supplementation and a 7-day withdrawal period 

 C T1 T2 T3 T4 

TOTAL 

Se RETENTION % 
96% 91% 78% 88% 57% 

TOTAL Se 

DEPLETION % 
4% 9% 22% 12% 43% 

This study confirmed that selenium nanoparticles (SeNPs) exerted form- and dose-

dependent effects on selenium metabolism, antioxidant activity, and retention in adult male 

Japanese quails(Ferroudj et al., 2025; Malik et al., 2025; Urbankova et al., 2021). Red SeNPs, 

particularly at 5 mg/kg (T2), produced the highest selenium deposition in metabolic and 

circulating compartments (liver, RBF, muscle), reflecting their greater solubility and 

bioavailability (Ashraf. S.S., 2021; Filipović et al., 2021). This was accompanied by enhanced 

hepatic GPx activity and serum TAC, demonstrating rapid selenium utilization for antioxidant 

enzyme synthesis (Guleria et al., 2020). Despite supranutritional dosing, no toxicity symptoms 

were observed, consistent with selenium’s safe range for poultry (Burk & Hill, 2015). 

Conversely, grey SeNPs showed slower, more selective accumulation, with low-dose treatment 

(T3) achieving sustained retention and high-dose (T4) leading to saturation and post-withdrawal 

depletion, indicating homeostatic regulation of excess selenium (Ye et al., 2022). Low-dose red 

SeNPs (T1) achieved the highest retention (91%), suggesting superior long-term stability 

(Loeschner et al., 2014). Selenium distribution was tissue-specific: the eyes consistently held 

the highest Se levels, supporting their antioxidant demands (Christen et al., 2015), while the 

spleen and testis accumulated more selenium in grey SeNP groups, consistent with targeted 

immune and reproductive functions (Amini & Mahabadi, 2018). Overall, red SeNPs were more 

effective for rapid antioxidant enhancement and systemic distribution, whereas grey SeNPs 

provided controlled, prolonged release and organ-specific deposition, emphasizing that 

moderate dosing optimizes bioavailability and safety (Selmani et al., 2024; Tışlı et al., 2024).  
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4. CONCLUSIONS, RECOMMENDATIONS 

This study explored how the allotropy of selenium nanoparticles (SeNPs) “specifically 

red (amorphous) and grey (crystalline) forms” affects their physicochemical characteristics 

and biological performance in adult male Japanese quails. By integrating material 

characterization and controlled feeding experiments, the research established clear 

structure–function relationships linking nanoparticle form to selenium bioavailability, tissue 

distribution, antioxidant response, and post-withdrawal kinetics. Physicochemical analyses 

confirmed successful synthesis of two distinct allotropes. Red SeNPs were quasi-spherical 

and amorphous, averaging 218 ± 24 nm in diameter, while grey SeNPs exhibited 

anisotropic, needle-like crystalline morphology (575 ± 202 nm length, 33.9 ± 11 nm width). 

X-ray diffraction and Raman spectroscopy verified the amorphous and trigonal crystal 

structures, respectively, while fluorescence analysis showed enhanced excitation-dependent 

emission for grey SeNPs, reflecting their ordered atomic structure. These findings 

demonstrated that selenium’s nanoscale architecture—not composition alone—governs its 

physical and optical behaviour. Biologically, both SeNP forms were metabolically active 

and safe for poultry use but displayed distinct dynamics. Red SeNPs acted as a rapidly 

bioavailable selenium source, promoting higher selenium deposition in the liver, blood, and 

muscle and enhancing hepatic glutathione peroxidase and total antioxidant capacity. Grey 

SeNPs showed slower and selective accumulation, particularly in spleen and testis, 

suggesting a distinct physiological behaviour rather than biological inactivity. Selenium 

retention was dose dependent: moderate levels (0.5 mg/kg) achieved optimal retention 

(≈91% red, 88% grey), while supranutritional levels reduced retention due to homeostatic 

clearance. Tissue-specific regulation was evident—selenium preferentially accumulated in 

liver, muscle, and ocular tissues but remained tightly controlled in kidney and reproductive 

organs. Growth performance and feed intake were not adversely affected by selenium 

nanoparticle supplementation in either experiment, even at the highest dietary levels 

applied. The results confirm that nanostructure controls selenium metabolism, influencing 

absorption rate, tissue targeting, and antioxidant utilization. Red amorphous SeNPs provide 

faster systemic availability and stronger antioxidant support, while grey crystalline SeNPs 

function as slower and selective selenium reservoirs. Overall, this work demonstrates that 

selenium nanoparticle allotropy is a key determinant of bio functionality in poultry. By 

revealing how structural differences translate into metabolic and physiological outcomes, it 

offers a mechanistic foundation for precision nano-selenium supplementation aimed at 

improving poultry health, product quality, and nutritional biofortification potential. 
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5. NEW SCIENTIFIC RESULTS 

 

2. In adult male Japanese quails, supplementation with amorphous red and crystalline 

grey selenium nanoparticles resulted in markedly different biological responses, 

including selenium bioavailability red SeNPs increased mean of tissue selenium to 

162.3 µg/kg, whereas grey SeNPs reached 151.9 µg/kg, tissue distribution, antioxidant 

activity, and post-withdrawal kinetics, demonstrating that selenium nanoparticle 

allotropy governs in vivo selenium metabolism. 

2. Grey crystalline selenium nanoparticles accumulated in specific organs at 5 mg/kg, 

particularly the spleen increased from 49.3 to 135.2 µg/kg  and testis selenium from 

119.0 to 151.0 µg/kg, and affect hepatic glutathione peroxidase activity depending on 

dosage, indicating biological activity rather than inertness. 

3. Red amorphous SeNPs produced the highest selenium concentrations in metabolically 

active tissues. At 5 mg/kg, selenium increased to 263.2 µg/kg in the red blood fraction, 

128.9 µg/kg in the liver, and 196.9 µg/kg in breast muscle and enhance antioxidant 

capacity suggesting their effectiveness as a selenium source. 

4. After dietary withdrawal, moderate red and grey selenium nanoparticle supplementation 

(0.5 mg/kg) resulted in the highest selenium retention approximately 91% and 88% of 

selenium, respectively, whereas supranutritional doses led to accelerated selenium 

depletion to 22% and 43% respectively, demonstrating a clear dose-dependent 

regulation of selenium homeostasis and showing that higher intake does not ensure 

sustained selenium status. 

5. Selenium deposition followed organ-specific and form-dependent patterns, with 

preferential accumulation of red selenium nanoparticles in metabolically active tissues 

(+34% in liver, +58% in blood, and +10%  in muscles) and targeted deposition of grey 

selenium nanoparticles in spleen (+174%) and testis (+27%), revealing regulated, 

allotrope-dependent selenium targeting in Japanese quails. 
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6. PRACTICAL RESULTS 

 

1) Red amorphous selenium nanoparticles showed high bioavailability and strong antioxidant 

efficacy; therefore, they can be applied as an efficient selenium source to rapidly improve 

selenium status and antioxidant defence in poultry, particularly under intensive production 

or oxidative stress conditions. 

2) The demonstration that grey crystalline selenium nanoparticles are bioactive rather than 

inert indicates that they may serve as stable, sustained-release selenium sources. The red-

to-grey transformation does not eliminate biological activity, supporting the practical 

feasibility and shelf stability of nano-selenium supplements. 

3) The dose-dependent retention and clearance patterns indicate that moderate 

supplementation levels ensure the most efficient selenium utilization, whereas excessive 

doses lead to increased clearance and reduced long-term efficiency. This provides a practical 

basis for optimizing dietary selenium inclusion. 

4) The organ-specific selenium targeting suggests that nanoparticle form can be selected 

according to physiological needs, with red SeNPs favouring systemic tissues and grey 

SeNPs supporting immune- and reproduction-related organs. 

5) The absence of adverse effects on growth performance and feed intake confirms that 

selenium nanoparticles can be safely incorporated into poultry diets under controlled 

conditions, supporting their potential use in commercial feed formulations. 

6) Finally, this study provides a scientific basis for further research on nano-selenium, 

including investigations of gene expression and molecular mechanisms, particularly 

selenoprotein- and antioxidant-related pathways, to clarify how nanoparticle allotropy 

regulates selenium metabolism. The results also support extending this approach to other 

poultry species and livestock. Moreover, exploring combined supplementation strategies, 

such as selenium nanoparticles with vitamin E or other bioactive compounds at varying 

doses, may reveal synergistic effects and improve nutritional efficiency. 
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