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Abstract 

Background Feed supplements, including essential trace elements are believed to play an important role in aug-
menting fish immune response. In this context, selenium nanoparticles (SeNPs) in fish diets via a green biosynthesis 
strategy have attracted considerable interest. In this investigation, selenium nanoparticles (SeNPs, 79.26 nm) synthe-
sized from the green microalga Pediastrum boryanum were incorporated into Nile tilapia diets to explore its beneficial 
effects on the immune defense and intestinal integrity, in comparison with control basal diets containing inorganic 
Se source. Nile tilapia (No. 180, 54–57 g) were fed on three formulated diets at concentrations of 0, 0.75, and 1.5 mg/
kg of SeNPs for 8 weeks. After the trial completion, tissue bioaccumulation, biochemical indices, antioxidant and pro-
inflammatory cytokine-related genes, and intestinal histological examination were analyzed.

Results Our finding revealed that dietary SeNPs significantly decreased (P < 0.05) serum alkaline phosphatase (ALP), 
lactate dehydrogenase (LDH), and cholesterol, while increasing (P < 0.05) high-density lipoproteins (HDL). The Se con-
centration in the muscle tissues showed a dose-dependent increase. SeNPs at a dose of 1.5 mg/kg significantly upreg-
ulated intestinal interleukin 8 (IL-8) and interleukin 1 beta (IL-1β) gene transcription compared with the control diet. 
Glutathione reductase (GSR) and glutathione synthetase (GSS) genes were significantly upregulated in both SeNPs-
supplemented groups compared with the control. No apoptotic changes or cell damages were observed as indicated 
by proliferating cell nuclear antigen (PCNA) and caspase-3 gene expression and evidenced histopathologically. SeNPs 
supplementation positively affects mucin-producing goblet cells (GCs), particularly at dose of 1.5 mg/kg.

Conclusion Therefore, these results suggest that Green synthesized SeNPs supplementation has promising effects 
on enhancing Nile tilapia immunity and maintaining their intestinal health.
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Introduction
With aquaculture intensification and the increasing 
probability of disease outbreaks, new strategies have 
been implemented to overcome these challenges [1]. 
One of these strategies is to use feed supplementation, 
and recently nanoparticles (NPs) dietary supplemen-
tations have been paid great attention owing to their 
greater benefits for fish [2]. Green biosynthesis of met-
als NPs is more promising than the chemically synthe-
sized ones since a biogenic approach requires non-toxic 
solvents, low temperatures, and inexpensive biodegrad-
able reducing agents. In general, nanoparticles (NPs) 
produced by biological organisms show better physico-
chemical characteristics, such as smaller size, large sur-
face area, high stability, and minimal cytotoxicity [3, 4]. 
In addition, they are not harmful to the environment 
because living organisms, such as fungi, algae, bacteria, 
and plants, can reduce and stabilize metals used as a 
method of detoxification [5, 6].

Selenium (Se) is a dietary trace mineral involved in the 
metabolism of living organisms. The optimal necessities 
of Se fluctuated from 0.15 to 0.7 mg/ kg in many fish spe-
cies [7]. It plays a pivotal role in antioxidant resistance 
and the regulation of metabolic pathways such as thyroid 
hormones, cellular growth, and immune capacity [8]. It 
also acts as a shelter against oxidative stress because it 
is essential for the production of selenoenzymes such 
as glutathione peroxidase (GPx) and selenocysteine 
[9]. The primary consequences of selenium deficiency 
in fish include increased susceptibility to pathogens, 
growth scarcity, immunosuppression, and inflammatory 
diseases [10, 11]. However, high Se concentrations and 
long-term Se supplementation are associated with toxic-
ity [12]. In the natural environment, selenium is present 
in inorganic forms, such as selenite Se (IV) and selenate 
Se (VI) ions, and as an organic species with direct Se-C 
bonds (methylated compounds, selenoamino acids, and 
selenoproteins) [13]. This immensity of Se’s benefits 
rendered its incorporation into fish diets via green bio-
synthesis as nano-selenium essential [5, 13, 14]. Moreo-
ver, as a component of proteins such as selenoproteins, 
Se can improve the process of digestion, leading to 
an increase in goblet cells, which is linked to mucosal 
immunity [15]. Mucosal barriers and the antioxidant 
system have a pivotal roles of aquatic animals’ disease 
resistance and are classified as components of the innate 
immune system [16].

SeNPs Biosynthesis using plants had been investi-
gated in many literature, however, using microalgae to 
green synthesize SeNPs is more preferable, considering 
their rapid growth and ability to double their mass faster 
than higher plants, besides; their capabilities to reduce 
metal ions [17, 18], due to the formation of biomolecular 

complexes with metal-chelating biomolecules in algal 
extracts (e.g., polysaccharides, peptides, and pigments) 
for capping metal nanoparticles [19, 20]. In this context, 
members of the genus Pediastrum (Sphaeropleales, Hyd-
rodictyaceae), unicellular and colonial chlorophytes, are 
promising microalgae for biotechnological, food, indus-
trial, and pharmaceutical applications [21, 22]. The most 
widely distributed species in eutrophic freshwater and 
sediments from the Cretaceous of Egypt is Pediastrum 
boryanum (P. boryanum, Turpin) [23]. The green micro-
alga P. boryanum produces higher levels of secondary 
metabolites, such as carotenoids, polyunsaturated fatty 
acids, vitamins, carotenoid pigments, and polyphenols, 
demonstrating a notable inhibitory effect on lipid peroxi-
dation [24]. Prior studies have examined the impacts of 
SeNPs produced from various microalgae strains, includ-
ing Spirulina platensis-SeNPs and numerous cyanobacte-
rial strains [25, 26]. Nevertheless, no research has been 
conducted on the SeNPs synthesized using the green 
microalga P. boryanum. Therefore, it is noteworthy to 
explore how might these NPs-based microalgae contrib-
ute to augment Nile tilapia immune response and thus 
control diseases in tilapia farming system.

The farmed Nile tilapia, Oreochromis niloticus, mainly 
contributes to the animal protein supply and food safety 
for millions of Egyptian populations, as this fish was pro-
duced nationally by 66% of the total cultured fish species 
and 43% of the total fish consumption in Egypt in 2019 
[27, 28]. Therefore, we aimed to explore the potential 
impact of P. boryanum-derived biosynthesized SeNPs 
on Nile tilapia’s immune response via selected biomark-
ers, including serum biochemical parameters, and sets 
of selected functional related-genes expression, besides, 
intestinal integrity. To the best of our knowledge, P. bory-
anum is a novel green microalga that has not previously 
been studied in fish.

Material and methods
Ethical approval
The experiment was conducted following the protocol 
involving the use of animals that were approved by the 
Mansoura University Animal Care and Use Committee 
(VM.R.23.12.135). All fish handling procedures and regu-
lations followed the ARRIVE guidelines for Animal Care 
and Use. Furthermore, all relevant organisational and 
government rules and regulations governing the ethi-
cal use of experimental animals were followed. Written 
informed owner consent has been obtained in this study.

Preparation of Pediastrum boryanum extract
The selected microalga, P. boryanum powder (National 
Research Centre, Cairo, Egypt), was subjected to extrac-
tion according to previously described methods [29], 
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with a slight modification to be convenient for the newly 
invented device, namely the El-Ghamry and El-Khateeb 
Bio-Nano Apparatus. This instrument consists of ten 
units, starting from the solvent unit to the extraction, 
biosynthesis, and control panel units, as detailed in a pre-
vious study [30]. Briefly, the microalgal plant (100 g) was 
dissolved in the first solvent unit containing 1 L distilled 
water (DW) using a magnetic stirrer (Lss Egypt, Cairo, 
Egypt). The dissolved solution was boiled in the extrac-
tion unit at 70  °C for 2  h. The P. boryanum extract was 
filtered through Whatman filter paper using a Büchner 
funnel. The volume of the filtrates was adjusted to 1 L in a 
volumetric bottle with deionized DW. Finally, part of this 
extract was directly transferred to the biosynthesis unit 
to further generate Se nanoparticles.

Synthesis of selenium nanoparticles (SeNPs)
The biological synthesis of the metal nanoparticles was 
performed according to previously reported procedures 
[6, 31] with some modifications to fit the newly invented 
apparatus [30]. This step was performed in the biosynthe-
sis unit, in which an aqueous solution of 1 L of selenium 
(IV) oxide (Sublimed, Merck, Darmstadt, Germany) 
was added slowly dropwise to 1 L of the prepared algal 
extract solution under magnetic stirring. After continu-
ous stirring of the mixture for an extra two hours at room 
temperature, the mixed solution was automatically trans-
ferred to the irradiation unit for UV irradiation using a 
reduction factor lamp (Vilber Lourmat-6. LC, France) at 
a wavelength (λ = 254 nm) for 20 min, according to a pre-
viously reported method [32]. The synthesized nanopar-
ticles were filtered through Whatman no. 1 filter paper 
(Whatman International Ltd., Kent, UK) and then trans-
ferred to the product storage unit, where the final prod-
uct of Se nanoparticles was stored at − 18  °C for further 
experiments.

Characterization of SeNPs
The morphological features (e.g., particle size, shape, 
and surface nature) of the SeNPs were examined using 
transmission electron microscopy (TEM) (JEOL TEM-
2100, Tokyo, Japan) at the Electron Microscope Unit, 
Mansoura University, Egypt, as described in a previous 
study [6]. A drop of the prepared solution was spread 
onto a carbon-coated copper grid, which was then dried 
at room temperature and photographed under a micro-
scope at 200 nm magnification value. The samples were 
subjected to crystallographic analysis using powder X-ray 
diffraction (XRD). Scanning mode X-ray diffraction pat-
terns were captured using a Bruker D2 Phaser analytical 
instrument set at 30  kV and 10  mA current with Cu K 
radiation (λ = 1.54060 Ω). The intensities ranging from 5° 
to 79.93° were measured at two angles. A comparison was 

made between the diffraction intensities and the standard 
JCPDS files. The surface charge and stability of the pre-
pared selenium nanoparticles were characterized using a 
zeta potential analyzer (Malvern Zetasizer® Version 2.3, 
Kassel, Germany) in the same Electron Microscope Unit, 
which depends on electrophoretic light scattering [33].

Experimental rearing and feeding regimes of Nile tilapia
The basal ingredients of the fish feed were prepared 
at the laboratory of the Department of Nutrition, Fac-
ulty of Veterinary Medicine, Mansoura University. The 
SeNPs were individually incorporated into the basal diet 
at three different concentrations, 0, 0.75, and 1.5 mg/kg. 
The three diets were formulated according to NRC [34], 
as presented in Table 1. The experimental groups were as 
follows: the control group was fed a basal diet (containing 
Se in the mineral mix (inorganic form  Na2Seo3 as 0.2 mg/
Kg diet),  SeNPs0.75 group was fed a mineral premix Se- 
free diet supplemented with SeNPs at 0.75  mg/kg body 
weight, and  SeNPs1.5 group was fed a mineral premix 

Table 1 Formulation and proximate composition of basal and 
experimental diets

a The levels of the micro minerals &vitamins for tilapia are covered by 
supplementation of trace minerals & vitamins premixes as recommended by 
NRC (2011). Vitamins premix (IU or mg/kg diet); vit. A 5000, Vit.D3 1000, vit. 
E 20, vit. k3 2, vit. B1 2, vit. B2 5, vit. B6 1.5, vit. B12 0.02, Pantothenic acid 10, 
Folic acid 1, Biotin 0.15, Niacin 30. Mineral mixture (mg/kg diet); Fe 40, Mn 80, 
Cu 4, Zn 50, I 0.5, Co 0.2 & Se 0.2. *Analysed. **DE calculated according to M 
Jobling [92]The Gross energy calculated according to NRC (2011), as follow: 
CP × 5.64 + EE × 9.44 + NFE × 4.11; whereas [Nitrogen free extract (NFE) = [100-
(CP + EE + CF + Ash)]. The DE was calculated according to Jobling, (1983), as 
follows: Digestible energy = gross energy X 0.75

Ingredients (%) Control SeNPs0.75 SeNPs1.5

Yellow corn 19.5 19.5 19.5

Soybean meal 20 20 20

Fish meal 20 20 20

Corn gluten 3 3 3

Gelatin 2 2 2

Sunflower oil 3.50 3.50 3.50

Wheat bran 30.16 30.16 30.16

Minerals and vitamins  premixa 1 1 1

Salt 0.30 0.30 0.30

Vitamin C 0.12 0.12 0.12

Dicalcium phosphate 0.10 0.10 0.10

Methionine 0.32 0.32 0.32

SeNPs (mg/kg) 0 0.75 1.5

Proximate analysis (% dry matter basis)
 Crude Protein* 32.04 32.04 32.04

 Lipid* 7.06 7.06 7.06

 Ca* 1.17 1.17 1.17

 P* 0.53 0.53 0.53

 DE (Digestable Energy)** (kcal/kg) 3016 3016 3016

 Se content (mg/Kg) 0.2 0.75 1.5



Page 4 of 15Zahran et al. BMC Veterinary Research          (2024) 20:107 

Se- free diet supplemented with SeNPs at 1.5 mg/kg body 
weight. SeNPs suspensions at concentrations of 0.75 and 
1.5 SeNPs mg/kg feed were gradually added and thor-
oughly mixed with the ingredients of the basal diet. All 
dietary components were mixed with gelatin, and steri-
lized water was added until the formation of a stiff paste. 
The paste was pelleted into 3-mm-diameter pellets using 
a meat mincer (ME605131 1600-Watt, Moulinex, Groupe 
SEB, France). Finally, the pellets were oven-dried at 50 °C 
for 24 h before being placed in a plastic bag and stored at 
4 °C until use.

A total of 180 apparently healthy Nile tilapia, with an 
average body weight of 54–57 g, were cultured in a pri-
vate fish farm, Lake Manzala, Bahr El-Baqar drain, Egypt, 
and were used in this study. The fish were randomly 
distributed into three experimental groups in tripli-
cate (20 fish/hapa). They were allocated into nine hapas 
(200 × 500 × 100  cm3, 10  m3) for each experiment, where 
the water quality parameters were monitored biweekly 
at a temperature of 26  °C, the dissolved oxygen ranged 
from to 6.7–6.9 mg/liter, and the pH level was adjusted to 
7.3 ± 0.2. The water exchange (10%) was performed daily. 
During the acclimatization period, fish were fed a basal 
diet twice (at 9 a.m. and 4 p.m., respectively) per day at 
3% of their biomass (on a dry matter basis). The fish were 
weighed every 2  weeks to readjust the feeding quantity. 
The experiment lasted for 8 weeks.

Serum and tissue sampling
After the fish were anesthetized with clove oil at 60 mg/L, 
blood samples were collected from the caudal vessels 
of six fish per group using non-heparinized disposable 
syringes for serum separation, centrifuged at 1198 × g 
for 15 min at 4  °C, and stored at – 20  °C for analysis of 
biochemical parameters and lipid profile. For digestive 
enzyme analysis, part of the intestinal tissue was sepa-
rated, washed many times with cold 0.9% NaCl solution, 
and stored at – 80 °C. Next, 100 mg of the intestine was 
collected in Eppendorf tubes containing 500 µL of RNA 
later® (Sigma) solution and stored at – 20 °C for estima-
tion of gene expression. In addition, intestinal samples 
were dissected and placed in a 10% neutral buffered for-
maldehyde solution for histomorphometric analyses.

Determination of serum biochemical assays
Serum alkaline phosphatase (ALP, Elitech Group Inc., 
55,230, Envoy500, California, USA) and lactate dehydro-
genase (LDH, Elitech Group Inc., 55,395, USA) activities 
were quantitatively determined according to the manu-
facturers’ instructions. In addition, the lipoprotein pro-
file, including cholesterol, triglycerides (TG), low-density 
lipoproteins (LDL), and high-density lipoproteins (HDL), 
were measured calorimetrically using diagnostic reagent 

kits (SPINREACT Diagnostics, S.A./S.A.U Ctra., Santa 
Coloma, Spain), according to the standard protocol for 
their specific pamphlets [35–38].

Estimation of Se mineral contents in fish diets 
and musculature
The Se content of the test diets and muscles was assessed 
by the digestion of samples in nitric acid (AOAC 1998). 
Samples were collected at random and dried for 48 h at 
105  °C. The samples were digested with concentrated 
 H2SO4. Se concentrations in the fish musculature were 
determined using an atomic absorption spectrophotom-
eter (PG990, UK) following the standard method [39].

RNA extraction, complementary DNA synthesis, 
and qRT‑PCR
Total RNA was manually extracted from 100 mg of each 
intestinal sample from each group (control, SeNPs0.75, 
SeNPs1.5) using a handheld homogenizer to homogenize 
the tissue immersed in one mL Genzol™ (Geneaid Bio-
tech Ltd., Taiwan) without DNase treatment. The pellet 
was dissolved in TE buffer (pH 8.0) as described previ-
ously [40]. The RNA quantity was estimated using a 
NanoDrop spectrophotometer (Q5000/Quawell, Massa-
chusetts, USA). Complementary DNA (cDNA) contain-
ing 1 μg of total RNA was synthesized using a TOPscript™ 
RT DryMIX(dT18) cDNA Synthesis Kit (Enzynomics Co 
Ltd, Daejeon, Republic of Korea) according to the manu-
facturer’s protocol. The specific primers used to amplify 
the selected genes of Nile tilapia with antioxidant genes: 
Glutathione peroxidase (GPx), Glutathione-S-transferase 
(GST), Glutathione reductase (GSR), and Glutathione 
synthetase (GSS); pro-inflammatory genes, Tumor 
necrosis factor-alpha (TNF-α), Interleukin 8 (IL-8), and 
Interleukin 1 beta (IL-1β); anti-inflammatory genes, 
Transforming Growth Factor-β (TGF-β); apoptotic and 
regulatory-related genes, proliferating cell nuclear anti-
gen (PCNA) and caspase-3, in addition to the β-actin as 
a housekeeping gene were described elsewhere [41–43]. 
The QuantStudio™ 1 Real-Time PCR System (Applied 
Biosystems™ Thermo Fisher Scientific, USA) was used 
to quantify the expression of genes using Solg™ 2X Real-
Time PCR Smart mix (Including SYBR® Green) (SolGent 
Co., Ltd. Yuseong-gu, Daejeon, Korea). The thermocy-
cling conditions were as follows: 95 °C for 20 s, followed 
by 40 cycles of denaturation at 60 °C for 40 s, and elonga-
tion at 72 °C for 30 s.

Histochemical differentiation of the intestinal 
mucin‑producing goblet cells
The intestinal tissue samples were fixed in 10% neutral 
buffered formalin for 24  h, embedded in paraffin wax, 
and sectioned at 5  µm. Selected slides were routinely 
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stained with Hematoxylin and Eosin (H&E), according 
to KS Suvarna, C Layton and JD Bancroft [44] and were 
examined under a light microscope (Olympus CX 31). 
Goblet cells (GCs) in the intestine were semi-quantified 
as previously described by Ahmed et al. [45], with minor 
modifications. In brief, intestinal samples were stained 
with Alcian Blue AB (pH 2.5) and Periodic-Acid Schiff 
(PAS) double staining for GCs differentiation, according 
to Padra et al. [46]. Mucin-free and mucin-filled GCs in 
intact villi along 5000 µm length of the mucosal epithe-
lium were counted in triplicate slides per treated group 
[47]. The differential count of mucin-producing GCs 
depended on their visible color under a light microscope 
(Olympus CX 31). Acid mucin-producing GCs were 
stained blue with AB (pH 2.5), neutral mucin-producing 
GCs were stained pink with PAS, mixed mucin-pro-
ducing GCs were double stained and appeared purple, 
whereas mucin-free GCs were negatively stained. Trip-
licate blinded fields (40 ×) per examined section were 
surveyed, and the obtained data were expressed as mean 
percentage ± SD.

Statistical analysis
The data were first checked for normality and homoge-
neity using Kolmogorov–Smirnov and Levene’s tests, 

respectively. One-way analysis of variance (ANOVA) 
was used to determine the significance of the group vari-
ables using GraphPad® statistics package version 8.4.2. 
(GraphPad Software, Inc., USA). Individual fold-change 
values were normalized and anchored to the lowest value 
recorded in each data set before Log2 transformed, as 
previously described [48]. The significance level was set 
at P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). All data are 
presented as mean ± SEM.

Results
Characterization of SeNPs
The morphology and size of the prepared selenium nano-
particles from P. boryanum were determined using TEM. 
The formed nanoparticles exhibited spherical and tetrag-
onal shapes at a higher spatial resolution (200 nm). The 
size of the selenium particles ranged from 72.16  nm to 
89.45  nm (Fig.  1A). The selenium particles synthesized 
with the algal extract had zeta potentials of − 11.7  mV 
(Fig. 1 B), showing a higher degree of stability, as nano-
particles had zeta potential values greater than − 25 mV. 
Additionally, the results were interpreted. The nature 
of a double layer of ions on the surface of the nanopar-
ticles allows more diffusion into the solution. The XRD 
pattern of the selenium dioxide nanoparticles (Fig.  1C) 

Fig. 1 Transmission electron microscope micrographs and zeta potential graphs of the prepared selenium nanoparticles of the Pediastrum 
boryanum extract. A TEM micrographs and size distributions for biosynthesized selenium nanoparticles by P. boryanum extract at a 200 nm 
magnification value. B Zeta potential of the prepared nano-selenium synthesized by P. boryanum extract. C X-ray diffraction (XRD) pattern of SeNPs
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shows peaks that correspond to the atomic planes in the 
crystal structure. The predominant phase of Se dioxide is 
α-SeO2, which has a monoclinic crystal structure. α-SeO2 
nanoparticles exhibit several peaks, the strongest peaks 
in the XRD pattern of α-SeO2 nanoparticles are at 21°, 
29°, and 34 suggesting that the α-SeO2 nanoparticles in 
the sample are orientated parallel to the sample surface, 
with planes (110), (121), (021), and (201).

Selenium content in fish diet and musculature
Selenium content in fish diets was determined to be 
0.22  mg/kg (a commercial diet used as a inorganic Se), 
0.79 mg/kg  (SeNPs0.75), and 1.8 mg/kg  (SeNPs1.5). These 
values were marginally higher than the specified concen-
trations, owing to the presence of trace amounts of Se 
in these ingredients. Se content in fish musculature was 
increased by SeNPs supplementation in the fish diets 
(Fig. 2). It exhibited a dose-related increment, being sig-
nificantly higher in fish fed 0.75 and 1.5  mg (P < 0.05) 
compared with the values of fish fed the control diet.

Serum biochemical indices
ALP enzyme activity was significantly lower (over 1.5-
fold decrease) in fish fed both doses of SeNPs (0.75 and 
1.5 mg/kg Body weight) than in fish fed the control diet 
(P < 0.05). No significant alterations were observed in 
the activity of ALP between the two levels of SeNPs. 
Additionally, LDH enzyme had a notably lower value in 
the group of fish fed 1.5 mg SeNPs/kg compared to fish 
fed the basal diet (nearly threefold decrease, P < 0.05) 
and  SeNPs0.75 fish group (over threefold decrease, 
P < 0.01), without statistical changes between the latter 

(P > 0.05) (Fig. 3A). Cholesterol levels were significantly 
lower in the  SeNPs0.75 & 1.5 fish groups (nearly threefold 
decrease, P < 0.05, and 1.5-fold decrease, respectively). 
A marked decrease in cholesterol levels was observed 
in the  SeNPs0.75 fish group compared to the  SeNPs1.5 
fish group (0.5- fold decrease, P < 0.05). No significant 
difference was observed in the values of Triglyceride 
(TG) between the control and SeNPs-treated groups 
(Fig. 3B). A notable increase in HDL levels was observed 
in the  SeNPs1.5 fish group compared to the control (1.5-
fold increase, P < 0.01) and  SeNPs0.75 fish groups (nearly 
twofold increase, P < 0.001). Nevertheless, there was 
a notable decrease in LDL levels in the  SeNPs1.5 fish 
group compared to that in the  SeNPs0.75 fish group 
(nearly twofold increase, P < 0.05). However, no notable 
changes in LDL levels were detected compared with the 
control diet (Fig. 3B).

Intestinal genes expression
SeNPs1.5 fish group exhibited a significant upregulation 
in the transcription of intestinal IL-1β and IL-8 genes 
(ninefold increase, P < 0.01; tenfold increase, P < 0.05), 
respectively, compared to the control fish group (Fig. 4). 
Furthermore, IL-1β was significantly upregulated 
 SeNPs1.5 fish group compared to that in the  SeNPs0.75 fish 
group (threefold increase, P < 0.05) (Fig.  4A). However, 
TNF-α and TGF-β gene transcription showed no nota-
ble changes (P > 0.05) between the SeNPs and control 
fish groups (Fig. 4A). Concerning the antioxidant genes, 
the  SeNPs1.5 fish group displayed significant upregula-
tion of the intestinal GST (sevenfold increase, P < 0.01) 
and GPx (eightfold increase, P < 0.05) genes compared to 
fish fed the control diet. However, no significant changes 
were observed in other groups (Fig.  4B). Interestingly, 
the expression of intestinal GSS and GSR were in simi-
lar trend, where significant upregulations were noticed 
in  SeNPs0.75 & 1.5 fish groups (fourfold increase, P < 0.05; 
sixfold increase, P < 0.01) in case of GSS and (sevenfold 
increase, P < 0.05; tenfold increase, P < 0.01) compared to 
the control (Fig. 4B). PCNA and caspase-3 gene expres-
sion exhibited no significant changes (P > 0.05) among 
groups (Fig. 4C).

Histomorphometric analysis
No histopathologic lesions were detected in all groups 
of tilapia-fed basal diets or diets supplemented with 
SeNPs at either dose (Fig. 5). Likewise, the number of 
mucins-producing GCs significantly increased from 
28.78 ± 0.83 in control fish group to 44.78 ± 0.97 and 
54.56 ± 0.53 (P < 0.05) in the  SeNPs0.75 &1.5 fish groups, 
respectively. In contrast, mucin-free GCs signifi-
cantly decreased (P < 0.05) to 14.11 ± 0.6 in the intes-
tines of the  SeNPs1.5 fish group, and 16.11 ± 0.78 in 

Fig. 2 Se content in muscle tissue of Nile tilapia fed on different 
levels of SeNPs. Data were represented as Mean ± SEM (n = 3). 
Values with a different letter superscript are significantly different 
between groups (ANOVA with post hoc Tukey test, *P (< 0.05), **P 
(< 0.01). ***P (< 0.001)
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the  SeNPs0.75 fish group from 29.11 ± 0.93 of the con-
trol un-supplemented fish. Among GCs, acid mucin-
producing GCs significantly increased (39.56 ± 0.53, 
P < 0.05) in the fish fed on  SeNPs1.5 fish group, followed 
by the  SeNPs0.75 fish group (27.89 ± 0.78), as compared 

with the control un-supplemented fish (20.56 ± 0.88), 
while the number of neutral mucin-producing GCs 
decreased significantly (5.78 ± 0.83, P < 0.05) in the 
intestines of the  SeNPs1.5 fish group, followed by the 
 SeNPs1.5 fish group (7.78 ± 0.83) compared to the 

Fig. 3 Serum biochemical indices of Nile tilapia supplemented with biosynthesized selenium nanoparticles (0, 0.75, and 1.5 mg SeNPs/kg) 
for 8 weeks (N = 6). A Liver enzymes activity, alkaline phosphatase (ALP) and lactate dehydrogenase (LDH). B Lipid profile, cholesterol, TG, LDL, 
and HDL. Data were expressed as Mean ± SEM. Values with a different letter superscript are significantly different between groups. Asterisks indicate 
levels of significance (ANOVA with post hoc Tukey test, *P < 0.05; **P < 0.01; ***P < 0.001)

(See figure on next page.)
Fig. 4 Comparative intestinal gene expression of (A) pro-inflammatory genes (e.g., TNF-α, IL-8, and IL-1β), and anti-inflammatory gene (TGF-β), 
(B) antioxidant genes (e.g., GPx, GST, GSR, and GSS), and (C) regulatory and apoptotic-related genes (PCNA and caspse-3) of Nile tilapia fed 
biosynthesized SeNPs (0, 0.75, and 1.5 mg SeNPs/kg) for eight weeks (N = 6). The qPCR detected transcript levels were normalized to the expression 
of a reference gene, Nile tilapia β-actin, and presented as Mean ± SEM. The values with a different letter superscript are significantly different 
between groups. Asterisks indicate levels of significance (ANOVA with post hoc Tukey test, *P < 0.05; **P < 0.01; ***P < 0.001)
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Fig. 4 (See legend on previous page.)
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control (9.44 ± 0.53). However, SeNPs supplementa-
tion did not significantly affect the number of mixed 
mucin-producing GCs (P > 0.19) (Fig. 6A & B).

Discussion
Selenium nanoparticles have small particle size and 
large surface characteristics, which potentiate higher 
permeability and availability in the body of fish [6]. 
TEM analysis confirmed the green biosynthesis of 
SeNPs using P. boryanum, which could be used for the 
biological reduction and stabilization of selenium metal 
ions due to phenolic compounds found in this micro-
alga: gallic, protocatechuic, chlorogenic, hydroxy-
benzoic, and vanillic [49], which have participated as 
biological reducing agents in salted ions and converted 
into nanoparticles, subsequently stabilizing these parti-
cles are marked by zeta potential values [5, 6, 50]. Thus, 
the green route for biosynthesis of nano-selenium from 
algal extracts is an economically viable mechanism that 
contributes to stable selenium nanoparticle formation 
[51]. The major site of fish digestion and immunity is 
the intestinal tract, which elucidates absorption and 
health status, as the intestine is widely related to the 
teleost intestinal immune barrier [52]. In the present 
study, little information was available on the effects of 

dietary microalgae derived SeNPs supplementation on 
the physiological, intestinal immune, and antioxidant 
capacities correlated with the histological parameters 
of Nile tilapia.

Se supplementation in a fish diet is essential to evalu-
ate the optimum requirements for dietary Se levels to 
maintain the health status and subsequent a better stress 
resistance capability of fish [53]. In addition, commercial 
diets of cultured fish may not satisfy their demand for 
selenium because of the low availability of Se from fish-
meal diets, as well as the effects of various environmen-
tal stressors in reared water [54]. In the present study, 
dietary inclusion of two concentrations of SeNPs (0.75 
and 1.5 mg/kg) was provided to Nile tilapia to investigate 
the assimilation of Se in the muscle tissue and the overall 
effects on immune response in comparison with the nor-
mal inorganic Se source present in the mineral premix of 
the basal diets. In general, many studies have documented 
Se requirements of many fish species ranging from 0.2 
to 12  mg/kg, which could be related to physiological 
changes in fish, Se concentrations in cultured water, time 
of exposure, and Se sources (organic, inorganic, or nano 
form) [53, 55, 56]. For Nile tilapia, dietary optimum levels 
of seleno-methionine were determined at 1.06–2.06 mg/
kg diet for 10  weeks, having a beneficial effect on the 

Fig. 5 Photomicrographs of H&E-counter stained transverse sections from the intestine of non-supplemented Nile tilapia or supplemented 
with biosynthesized selenium nanoparticle (SeNPs) at  SeNPs0.75 mg/Kg or  SeNPs1.5 mg/Kg showing no structural damage. Low magnification (X10, 
bar 100 µm). Control = group fed basal diet;  SeNPs0.75 = group fed basal diet with the addition of 0.75 mg/kg SeNPs; and  SeNPs1.5 = group fed basal 
diet with the addition of 1.5 mg/kg SeNPs
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tissue bioavailability and antioxidant enzymes activity, 
whereas higher dietary Se levels between 6.31–14.7  mg 
/kg diet revealed selenium toxicity via impairment in 
most of the physiological indices and retarded growth 
[57]. Furthermore, a previous study evaluated the opti-
mum dietary Se requirement of tilapia at 1.23 mg nano-
Se/kg feed for 90 days to enhance growth and expression 
of immune-related genes [58]. The Se concentrations of 
this study are in favor of those reports, and the optimum 
Se concentration was close to 1.0–2.0 mg/kg of Se, which 
was informed to provide a beneficial impact on tilapia 
and to avoid potential harmful outcomes from higher 
inclusion Se level in Nile tilapia.

Se levels in different fish tissues have been shown to be 
remarkable indices for evaluating the status and bioavail-
ability of Se [57]. In particular, bioaccumulation of Se in 
fish fillets is important because of its prospective influ-
ence on consumers [59]. Likewise, it has been empha-
sized that Se supplementation in nanoparticle form in 
fish diets is more bioavailable and well-assimilated by 
fish than other sources of Se [58, 60]. According to our 
observations, Se concentrations in the musculature of 
Nile tilapia notably increased in a dose-dependent man-
ner. Higher musculature Se concentrations with increas-
ing dietary Se levels have been assayed in a variety of fish 
species [60–62]. Similarly, the musculature Se content 

of Nile tilapia fed 0.30  mg/kg Se for 10  weeks signifi-
cantly increased [57]. Se content in the muscle tissue of 
Nile tilapia was significantly increased proportionally by 
dietary nano-Se supplementation (0.5, 0.1, 0.2  mg/kg) 
for 90 days [58]. These findings suggest that fish dietary 
nano-Se is efficient absorbed and bioavailability, that 
underscores the benefits of utilizing a Se-derived product 
to enhance Se levels.

Serum enzyme activities provide a critical evaluation of 
the health status of liver damage and cellular membranes 
of aquatic species [63]. Therefore, changes in serum bio-
chemical parameters are frequently the first measurable 
indicators of ecological stress [64]. Se plays a vital role in 
regulating hepatic functions in the detoxification process, 
and biochemical indices are markedly influenced by a 
nutritionally balanced aquafeed and its content [65]. The 
present study showed a significant decrease in the serum 
levels of ALP in  SeNPs0.75 and  SeNPs1.5, while LDH was 
significantly reduced in  SeNPs1.5, compared to the con-
trol group. Numerous studies have reported the effects 
of SeNPs on serum enzyme activities in various species. 
The first report indicated a marked reduction in serum 
AST, ALT, and ALP levels in Nile tilapias supplemented 
with a 0.7 mg/kg SeNPs diet for 9 weeks [8]. In addition, 
there was no significant difference in ALP serum activ-
ity among experimental common carp fed 0.5, 1, or 2 mg 

Fig. 6 Differential count of the goblet cells (GCs) in the intestine of Nile tilapia fed on  SeNPs0.75 mg/Kg, or  SeNPs1.5 mg/Kg feed or basal diets 
for 8 weeks. A. AB & PAS double staining showing color differentiation of four types of the GCs, including mucin-free (negative stain), acid 
mucin-producing (blue, A), neutral mucin-producing (pink, N), and mixed mucin-producing cells (purple, M). B Bars demonstrate the statistical 
analysis of the intestinal goblet cells count of non-supplemented Nile tilapia or fed with  SeNPs0.75 mg/Kg, or  SeNPs1.5 mg/Kg supplemented diets. 
Data were expressed as Mean ± SEM. Values with a different letter superscript are significantly different between groups
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nano-Se/kg diets for 8 weeks [61]. However, this enzyme 
was markedly reduced in Nile tilapia fed 0.5, 1, and 2 mg 
nano-Se/kg diets for 90 d [66]. Our results are also simi-
lar to a previous report on common carp fed nano-sele-
nium (0.7 mg/kg for 8 weeks, showing the lowest values 
of LDH compared with the control [67]. These results 
suggest that the fish were not stressed with the supple-
mented SeNPs doses and imposed no devastating effects 
on their hepatic health status.

As observed, cholesterol levels were significantly 
decreased in both SeNPs doses, while higher HDL levels 
were observed only in  SeNPs1.5 fish group. These find-
ings confirmed the potential role in regulation of lipid 
metabolism, where Se as antioxidant agent diminish the 
ROS production, which is required for the adipocyte-
differentiation markers such as peroxisome proliferator-
activated receptor (PPARγ), and thus disrupting with 
lipid deposition without cytotoxic effects [68]. Our find-
ings were consistent with previous studies used nano-
Se supplementation, like in Common carp fed on 2 and 
0.7 mg nano-Se/kg for 8 weeks [9, 61], grass carp fed on 
at 0.3 mg/kg and 1.2 mg/kg [69], and Asian seabass (Lates 
calcarifer) fed Se on 4 mg/kg for four weeks [70]. On con-
trary, no significant differences were observed in total 
cholesterol and TG serum levels in Nile tilapia fed dietary 
chemically synthesized SeNPs (1 mg/kg) for two months 
[71]. These discrepancies could be related to different fish 
age, SeNPs dosage and synthesis method.

In the current study, upregulation of IL-1β and IL-8 were 
observed, suggesting a better immune response after high-
dose SeNPs supplementation, with no evidence of inflam-
matory changes as reflected by the mRNA levels of TNF-α 
and TGF-β1, coupled with normal histological intestinal 
morphometry in the present study. This finding implies 
that SeNPs potentially exert an immunomodulatory effect, 
that is indirectly related to its antioxidant activity reflected 
by upregulation of antioxidant-related genes expression. 
The glutathione family is required for strengthening the 
immune functions, including the proliferation of cells and 
activation of T cells and polymorphonuclear leukocytes 
in vivo [72]. In addition, As Se decreases ROS production, 
it inhibits the  NFkβ cascade [72, 73], with subsequent sup-
pression of pro-inflammatory cytokines like TNF-α and 
TGF-β1 as shown herein. In accordance with these find-
ings, increased IL-1β and IL-8 expression was observed 
after dietary supplementation of selenium-loaded chi-
tosan nanoparticles (SeChNPs) in the liver and spleen of 
Nile Tilapia (Oreochromis niloticus) in a dose-dependent 
manner (0.5, 1, and 2 g/kg) [74]. Consistent with our find-
ings, H Jingyuan, L Yan, P Wenjing, J Wenqiang, L Bo, M 
Linghong, Z Qunlang, L Hualiang and G Xianping [75] 
observed no significant alterations in the mRNA lev-
els of TGF-β1, and TNF-α after dietary supplementation 

of different levels of selenium (0.10, 0.42, 0.67, 1.06 and 
1.46 mg Se/kg) in juvenile blunt snout bream.

The expression of the antioxidant GST, GSS, GSR, 
and GPx genes was upregulated in the intestine of 
Nile tilapia-supplemented biosynthesized Se nano-
particles. Many reports have also positively elucidated 
the effect of SeNPs in enhancing the capacity of anti-
oxidative enzymes (SOD, CAT, and GPx) in grass carp 
(Ctenopharyngodon idella) [69], Asian seabass [54], Nile 
tilapia [65, 76], common carp [9, 61], and European sea-
bass (Dicentrarchus labrax) [77]. More specifically, Se 
nanoparticles can reinforce the intestinal antioxidant 
capacity, as elemental Se plays a pivotal role in building 
selenoproteins, functional components of GSH, and GPx 
enzymes, which prohibit cellular membrane peroxida-
tion by catalyzing the removal of reactive oxygen spe-
cies (ROS) in the fish body [11, 63, 78]. GPx-containing 
selenol is oxidized by  H2O2 or other oxidants, which 
generates selenenic acid (GPx-SeOH). Subsequently, 
GPx-SeOH is converted into selenol. Subsequently, sele-
nenyl sulfide (GPx-SeSG) is produced by the reaction 
between GPx-SeOH and GSH, which reduces GPx-SeSG 
to selenol [63, 79]. Additionally, nanoparticle forms of 
Se have been shown to promote GPx gene expression 
through the formation of selenophosphate [80]. There-
fore, these enzymes have been noted as indicators of the 
effects of selenium on antioxidant mechanisms in fish 
[67]. Besides, the P. boryanum extracts showed the high-
est radical scavenging activity among Chloromonas cf. 
reticulata and Chloroidium saccharophilum microalgae 
due to the presence of Catechin, epicatechin, gallic acid, 
and vanillic phenolic compounds in P. boryanum micro-
alga as natural antioxidants, neutralizing the reactive 
species of oxygen and nitrogen, subsequently prohibiting 
the lipid oxidative damage [81, 82]. Microalgal P. bory-
anum derived polysaccharides contribute to the modu-
lation of antioxidant function regulation and increasing 
immunity response [49, 72].

As noted in the current study, the intestinal tran-
scriptional levels of PCNA and caspase-3 in Nile tilapia 
remained unchanged after eight weeks of supplemen-
tation with biosynthesized SeNPs. Our findings are 
consistent with the protective effect of supplemented 
manganese nanoparticles (Mn-NPs) evidenced by the 
downregulation of caspase gene expression in Pan-
gasianodon hypophthalmus fish [83], and in Aeromonas-
challenged Nile tilapia dietary Se-loaded chitosan 
nanoparticles (0.5  g/kg), compared with control group 
[74]. The obtained data suggest a key role of Se in sus-
taining intestinal epithelial proliferation without apop-
totic modifications, as previously documented [84], 
highlighting the role of SeNPs as powerful antioxidant 
agents, eliminating reactive oxygen species (ROS), which 
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is linked to mitochondria-mediated apoptosis, caspase-3 
activation, and cleavage of poly (ADP-ribose) polymer-
ase-1 (PARP) [85].

Our investigations revealed a significant increase in 
the number of mucin-producing GCs in the intestine of 
Nile tilapia fed SeNPs-supplemented diets  (SeNPs1.5 or 
 SeNPs0.75) compared to that in control non-supplemented 
fish. The secreted intestinal mucin is made of glycopro-
teins and contains a number of bioactive molecules [86]. 
Intestinal mucin-filled GCs indicate mucin production, a 
potential component of the intestinal innate gut immune 
system [87]. In this study, a significant higher number of 
GCs producing acid mucins, which are sulfated intestinal 
mucins, was observed with no changes GCs producing 
mixed or neutral mucins. Sulfated mucins are resistant to 
lysis by host proteases and bacterial glycosidases thus con-
ferring protection to the intestinal mucosa [47, 88], while 
neutral and mixed mucins participate in lubrication and 
osmoregulation [89]. Our results were consistent with 
those reported by S Ghaniem, E Nassef, AI Zaineldin, A 
Bakr and S Hegazi [90], who reported an increasing num-
ber of GCs in the anterior and posterior intestines of Nile 
tilapia fed SeNPs-supplemented diets (1  mg/kg diet) for 
65 days. Upon integrating these findings with the intestinal 
cytokine and antioxidant-related gene expression, it is pos-
sible to deduce that SeNPs, as effective antioxidant agents, 
possess the capacity to mitigate intestinal inflammation 
and reduce the production of intestinal ROS. These effects 
are indirectly associated with the development of goblet 
cells and the promotion of mucus layer formation, which 
protects intestinal tissues [88, 91].

Conclusions
In the current study, biochemical indices, Se bioavailabil-
ity, expression patterns of intestinal antioxidant-related 
genes, IL-8 and IL1β immune regulating genes, and gob-
let cell proliferation were enhanced by the incorpora-
tion of SeNPs in Nile tilapia diet, particularly at dose of 
1.5 mg/kg diet. Further, SeNPs supplementation did not 
induce any damage as indicated by levels of PCNA and 
apoptotic genes expression. Therefore, incorporation of 
biogenic SeNPs into aquafeeds could potentially improve 
Nile tilapia immunity and sustainability.

Abbreviations
AOAC  Association of official analytical chemists
DW  Distilled water
GPx  Glutathione peroxidase
GSR  Glutathione reductase
GSS  Glutathione synthetase
GST  Glutathione-S-transferase
GCs  Goblet cells
HDL  High-density lipoproteins
IL-1β  Interleukin-1β
IL-8  Interleukin 8

K  Condition factor
LDH  Lactate dehydrogenase
LDL  Low-density lipoproteins
MS-222  Tricaine methanesulfonate
NPs  Nanoparticles
NF-κB  Nuclear transcription factor-κB
NRC  National Research Council
P. boryanum  Pediastrum boryanum
ROS  Reactive oxygen species
SeNPs  Selenium nanoparticles
ALP  Serum alkaline phosphatase
SGR  Specific growth rate
TG  Triglycerides
TGF-β1  Transforming growth factor-β1
TNF-α  Tumor necrosis factor-α
TEM  Transmission electron microscopy
XRD  X-ray diffraction

Acknowledgements
The authors would like to thank the organizations and individuals who pro-
vided in-kind support for this study.

Authors’ contributions
E.Z: conceptualization, investigation, methodology, formal analysis, validation, 
review, editing, and correspondence. S.E.: Methodology, investigation, and 
writing of the original draft. F.A: Histopathological examination, investigation, 
and contributed to writing the original draft. E.R., A.T.M., A.S.A., and M.G.E.: The 
investigation, and resources. W.A.: Histopathological analysis. All authors have 
read and approved the final manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB). This research received no specific grants from any funding agency in the 
public, commercial, or not-for-profit sectors.

Availability of data and materials
All data supporting the findings of this study are available within the paper.

Declarations

Ethics approval and consent to participate
The experiment was conducted following the protocol involving the use of 
animals that were approved by the Mansoura University Animal Care and Use 
Committee (VM.R.23.12.135). All fish handling procedures and regulations 
followed the ARRIVE guidelines for Animal Care and Use. Furthermore, all 
relevant organisational and government rules and regulations governing the 
ethical use of experimental animals were followed. Written informed consent 
was obtained from owner of animals involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Aquatic Animal Medicine, Faculty of Veterinary Medicine, 
Mansoura University, Mansoura 35516, Egypt. 2 Department of Zoology, 
Faculty of Science, Sohag University, Sohag 82524, Egypt. 3 Department 
of Clinical Pathology, Faculty of Veterinary Medicine, Mansoura University, 
Mansoura 35516, Egypt. 4 Animal and Fish Production Department, Col-
lege of Agricultural and Food Sciences, King Faisal University, P.O. Box 420, 
Al-Ahsa 31982, Saudi Arabia. 5 Fish and Animal Production Department, Faculty 
of Agriculture (Saba Basha), Alexandria University, Alexandria 21531, Egypt. 
6 Department of Chemistry, College of Science, Imam Mohammad Ibn Saud 
Islamic University (IMSIU), P.O. Box, Riyadh 9095011623, Saudi Arabia. 7 Depart-
ment of Pathology, Faculty of Veterinary Medicine, Mansoura University, Man-
soura 35516, Egypt. 8 Department of Biomedical Sciences, College of Veterinary 
Medicine, King Faisal University, Al-Ahsa 31982, Saudi Arabia. 9 Department 



Page 13 of 15Zahran et al. BMC Veterinary Research          (2024) 20:107  

of Biochemistry and Molecular Biology, Faculty of Veterinary Medicine, Man-
soura University, Mansoura 35516, Egypt. 

Received: 25 January 2024   Accepted: 4 March 2024

References
 1. Laktuka K, Kalnbalkite A, Sniega L, Logins K, Lauka D. Towards the Sustain-

able Intensification of Aquaculture: Exploring Possible Ways Forward. 
Sustainability. 2023;15(24):16952.

 2. Fajardo C, Martinez-Rodriguez G, Blasco J, Mancera JM, Thomas B, De 
Donato M. Nanotechnology in aquaculture: Applications, perspectives 
and regulatory challenges. Aquaculture and Fisheries. 2022;7(2):185–200.

 3. Chugh D, Viswamalya V, Das B. Green synthesis of silver nanoparticles 
with algae and the importance of capping agents in the process. Journal 
of Genetic Engineering and Biotechnology. 2021;19(1):1–21.

 4. Aboyewa JA, Sibuyi NR, Meyer M, Oguntibeju OO. Green synthesis of 
metallic nanoparticles using some selected medicinal plants from south-
ern africa and their biological applications. Plants. 2021;10(9):1929.

 5. Pyrzynska K, Sentkowska A. Biosynthesis of selenium nanoparticles using 
plant extracts. J Nanostruct Chem. 2022;12:467–80. https:// doi. org/ 10. 
1007/ s40097- 021- 00435-4.

 6. El-Zayat MM, Eraqi MM, Alrefai H, El-Khateeb AY, Ibrahim MA, Aljohani HM, 
Aljohani MM, Elshaer MM. The antimicrobial, antioxidant, and anticancer 
activity of greenly synthesized selenium and zinc composite nanoparti-
cles using Ephedra aphylla extract. Biomolecules. 2021;11(3):470.

 7. Jobling M. National Research Council (NRC): Nutrient requirements of fish 
and shrimp. Aquacult Int. 2012;20(3):601–2.

 8. Neamat-Allah AN, Mahmoud EA. Abd El Hakim Y: Efficacy of dietary 
Nano-selenium on growth, immune response, antioxidant, transcrip-
tomic profile and resistance of Nile tilapia, Oreochromis niloticus against 
Streptococcus iniae infection. Fish Shellfish Immunol. 2019;94:280–7.

 9. Saffari S, Keyvanshokooh S, Zakeri M, Johari SA, Pasha-Zanoosi H, 
Mozanzadeh MT. Effects of dietary organic, inorganic, and nanoparticu-
late selenium sources on growth, hemato-immunological, and serum 
biochemical parameters of common carp (Cyprinus carpio). Fish Physiol 
Biochem. 2018;44:1087–97.

 10. Sarkar B, Bhattacharjee S, Daware A, Tribedi P, Krishnani K, Minhas P. 
Selenium nanoparticles for stress-resilient fish and livestock. Nanoscale 
Res Lett. 2015;10:1–14.

 11. Khalil HS, Maulu S, Verdegem M, Abdel-Tawwab M. Embracing 
nanotechnology for selenium application in aquafeeds. Rev Aquac. 
2023;15(1):112–29.

 12. Rayman MP, Winther KH, Pastor-Barriuso R, Cold F, Thvilum M, Stranges 
S, Guallar E, Cold S. Effect of long-term selenium supplementation on 
mortality: results from a multiple-dose, randomised controlled trial. Free 
Radical Biol Med. 2018;127:46–54.

 13. White PJ. Selenium metabolism in plants. Biochim Biophys Acta Gen Subj. 
2018;1862(11):2333–42.

 14. Husen A, Siddiqi KS. Plants and microbes assisted selenium nanoparticles: 
characterization and application. J Nanobiotechnol. 2014;12(1):1–10.

 15. Picchietti S, Nuñez-Ortiz N, Stocchi V, Randelli E, Buonocore F, Guerra L, 
Scapigliati G. Evolution of lymphocytes. Immunoglobulin T of the teleost 
sea bass (Dicentrarchus labrax): Quantitation of gene expressing and 
immunoreactive cells. Fish Shellfish Immunol. 2017;63:40–52.

 16. Brinchmann MF, Patel DM, Pinto N, Iversen MH. Functional aspects of fish 
mucosal lectins—interaction with non-self. Molecules. 2018;23(5):1119.

 17. Jacob JM, Ravindran R, Narayanan M, Samuel SM, Pugazhendhi A, Kumar 
G. Microalgae: A prospective low cost green alternative for nanoparticle 
synthesis. Curr Opin Environ Sci Health. 2021;20: 100163.

 18. Mukherjee A, Sarkar D, Sasmal S. A review of green synthesis of metal 
nanoparticles using algae. Front Microbiol. 2021;12: 693899.

 19. Huq MA. Biogenic silver nanoparticles synthesized by Lysinibacillus 
xylanilyticus MAHUQ-40 to control antibiotic-resistant human pathogens 
Vibrio parahaemolyticus and Salmonella Typhimurium. Front Bioeng 
Biotechnol. 2020;8: 597502.

 20. Bulgariu L, Bulgariu D. Bioremediation of Toxic Heavy Metals Using 
Marine Algae Biomass. In: Naushad M, Lichtfouse E, editors. Green 
Materials for Wastewater Treatment. Environmental Chemistry for a 

Sustainable World, vol 38. Cham: Springer; 2020. https:// doi. org/ 10. 1007/ 
978-3- 030- 17724-9_4.

 21. Lee S-H, Kim A-D, Kang M-C, Lee J-B, Jeon Y-J. Potential antioxidant activi-
ties of enzymatic digests from fresh water microalgae Pediastrum duplex 
and Dactylococcopsis fascicularis. Algae. 2009;24(3):169–77.

 22. Fonseca AF. Corrêa da Silva M, da Silva M, Almeida K, Tavella R, Silva-Júnior 
F, Giroldo D, Dora C, Muccillo-Baisch A: Evaluation of acute toxicity of the 
microalgae Pediastrum boryanum. Vittalle. 2016;28:90–102.

 23. El-Noamani ZM, Saleh A. Cretaceous algal palynomorphs from northeast 
Sinai, Egypt: Systematics and paleoenvironmental implications. Egypt J 
Bot. 2018;58(1):63–72.

 24. Goiris K, Muylaert K, Fraeye I, Foubert I, De Brabanter J, De Cooman L. 
Antioxidant potential of microalgae in relation to their phenolic and 
carotenoid content. J Appl Phycol. 2012;24:1477–86.

 25. ElSaied BE, Diab AM, Tayel AA, Alghuthaymi MA, Moussa SH. Potent 
antibacterial action of phycosynthesized selenium nanoparticles using 
Spirulina platensis extract. Green Process Synth. 2021;10(1):49–60.

 26. Afzal B, Yasin D, Husain S, Zaki A, Srivastava P, Kumar R, Fatma T. Screening 
of cyanobacterial strains for the selenium nanoparticles synthesis and 
their anti-oxidant activity. Biocatal Agric Biotechnol. 2019;21: 101307.

 27. El-Sayed AFM, Fitzsimmons K. From Africa to the world—The journey of 
Nile tilapia. Rev Aquac. 2023;15:6–21.

 28. Zahran E, Elbahnaswy S, Ibrahim I, Khaled AA. Nannochloropsis oculata 
enhances immune response, transcription of stress, and cytokine genes 
in Nile tilapia subjected to air exposure stress. Aquac Reports. 2021;21: 
100911.

 29. Dent M, Dragović-Uzelac V, Penić M, Bosiljkov T, Levaj B. The effect of 
extraction solvents, temperature and time on the composition and 
mass fraction of polyphenols in Dalmatian wild sage (Salvia officinalis L.) 
extracts. Food Technology Biotechnol. 2013;51(1):84–91.

 30. El-Ghamry A, El-Khateeb A, Mosa AA, El-Ramady H. Bio-Nano Fertilizers 
Preparation Using a Fully-Automated Apparatus: A Case Study of Nano-
Selenium. Environ Biodivers Soil Secur. 2021;2021(5):171–83.

 31. Devasenan S, Beevi NH, Jayanthi S. Green synthesis and characterization 
of zinc nanoparticle using Andrographis paniculata leaf extract. Int J 
Pharm Sci Rev Res. 2016;39(1):243–7.

 32. Supraja S, Ali SM, Chakravarthy N. Jaya Prakash Priya A, Sagadevan E, Kasi-
nathan M, Sindhu S, Arumugam P: Green synthesis of silver nanoparticles 
from Cynodon dactylon leaf extract. Int J Chem Tech. 2013;5(1):271–7.

 33. Bhattacharjee S. DLS and zeta potential–what they are and what they are 
not? J Control Release. 2016;235:337–51.

 34. NRC: Nutrient requirements of fish and shrimp: National academies 
press; 2011.

 35. Wikinski R, Schreier LE, Rosental S. New method for isolating and quan-
tifying intermediate and beta-very-low-density lipoprotein cholesterol. 
Clin Chem. 1991;37(11):1913–6.

 36. Bucolo G, David H. Quantitative determination of serum triglycerides by 
the use of enzymes. Clin Chem. 1973;19(5):476–82.

 37. Grove TH. Effect of reagent pH on determination of high-density 
lipoprotein cholesterol by precipitation with sodium phosphotungstate-
magnesium. Clin Chem. 1979;25(4):560–4.

 38. Naito HK. 18th Annual Symposium, National Academy of Clinical Bio-
chemistry: Atherogenesis: Current Topics on Etiology and Risk Factors. 
Clin Chem. 1995;41(1):132–3.

 39. Ajtony Z, Szoboszlai N, Bella Z, Bolla S, Szakál P, Bencs L. Determination of 
total selenium content in cereals and bakery products by flow injection 
hydride generation graphite furnace atomic absorption spectrometry 
applying in-situ trapping on iridium-treated graphite platforms. Micro-
chim Acta. 2005;150:1–8.

 40. Gorgoglione B, Zahran E, Taylor NG, Feist SW, Zou J, Secombes CJ. 
Comparative study of CXC chemokines modulation in brown trout 
(Salmo trutta) following infection with a bacterial or viral pathogen. Mol 
Immunol. 2016;71:64–77.

 41. El-Son MA, Elshopakey GE, Rezk S, Eldessouki EA, Elbahnaswy S. Dietary 
mixed Bacillus strains promoted the growth indices, enzymatic profile, 
intestinal immunity, and liver and intestinal histomorphology of Nile 
tilapia Oreochromis niloticus. Aquaculture Reports. 2022;27: 101385.

 42. Zahran E, Elbahnaswy S, Ahmed F, Ibrahim I, Khaled AA, Eldessouki 
EA. Nutritional and immunological evaluation of Nannochloropsis 
oculata as a potential Nile tilapia-aquafeed supplement. BMC Vet Res. 
2023;19(1):1–18.

https://doi.org/10.1007/s40097-021-00435-4
https://doi.org/10.1007/s40097-021-00435-4
https://doi.org/10.1007/978-3-030-17724-9_4
https://doi.org/10.1007/978-3-030-17724-9_4


Page 14 of 15Zahran et al. BMC Veterinary Research          (2024) 20:107 

 43. Zahran E, Elbahnaswy S, Risha E, El-Matbouli M. Antioxidative and immu-
noprotective potential of Chlorella vulgaris dietary supplementation 
against chlorpyrifos-induced toxicity in Nile tilapia. Fish Physiol Biochem. 
2020;46:1549–60.

 44. Suvarna KS, Layton C, Bancroft JD. Bancroft’s theory and practice of histo-
logical techniques. Elsevier health sciences; 2018.

 45. Ahmed F, Soliman FM, Adly MA, Soliman HA, El-Matbouli M, Saleh M. 
Dietary chitosan nanoparticles: Potential role in modulation of rainbow 
trout (Oncorhynchus mykiss) antibacterial defense and intestinal immu-
nity against enteric redmouth disease. Mar Drugs. 2021;19(2):72.

 46. Padra JT, Sundh H, Jin C, Karlsson NG, Sundell K, Lindén SK. Aeromonas 
salmonicida binds differentially to mucins isolated from skin and intesti-
nal regions of Atlantic salmon in an N-acetylneuraminic acid-dependent 
manner. Infect Immun. 2014;82(12):5235–45.

 47. Jung-Schroers V, Adamek M, Harris S, Syakuri H, Jung A, Irnazarow I, Stein-
hagen D. Response of the intestinal mucosal barrier of carp (Cyprinus 
carpio) to a bacterial challenge by Aeromonas hydrophila intubation after 
feeding with β-1, 3/1, 6-glucan. J Fish Dis. 2018;41(7):1077–92.

 48. Wang T, Gorgoglione B, Maehr T, Holland JW, Vecino JLG, Wadsworth S, 
Secombes CJ: Fish suppressors of cytokine signaling (SOCS): gene discov-
ery, modulation of expression and function. Journal of signal transduc-
tion 2011, 2011.

 49. Silva MGCd, Hort MA, Hädrich G, Bosco LD, Vaz GR, Silva MMAd, Tavella 
RA, Badiale-Furlong E, Silva Júnior FMRd, Dora CL: Anti-inflammatory and 
Antioxidant Effects of the Microalga Pediastrum boryanum in Carra-
geenan-Induced Rat Paw Edema. Braz Arch Biol Technol 2022, 64.

 50. Egorova E, Revina A. Synthesis of metallic nanoparticles in reverse 
micelles in the presence of quercetin. Colloids Surf Physicochem Eng 
Aspects. 2000;168(1):87–96.

 51. Rajashree R: Marine biomolecule mediated synthesis of selenium nano-
particles and their antimicrobial efficiency against fish and crustacean 
pathogens. 2022.

 52. Ellis A. Immunity to bacteria in fish. Fish Shellfish Immunol. 
1999;9(4):291–308.

 53. Wang L, Sagada G, Wang R, Li P, Xu B, Zhang C, Qiao J, Yan Y. Different 
forms of selenium supplementation in fish feed: The bioavailability, nutri-
tional functions, and potential toxicity. Aquaculture. 2022;549: 737819.

 54. Longbaf Dezfouli M, Ghaedtaheri A, Keyvanshokooh S, Salati AP, Mousavi 
SM, Pasha-Zanoosi H. Combined or individual effects of dietary magne-
sium and selenium nanoparticles on growth performance, immunity, 
blood biochemistry and antioxidant status of Asian seabass (Lates calcari-
fer) reared in freshwater. Aquac Nutr. 2019;25(6):1422–30.

 55. Antony Jesu Prabhu P, Schrama JW, Kaushik SJ. Mineral requirements of 
fish: a systematic review. Rev Aquac. 2016;8(2):172–219.

 56. Zhu Y, Chen Y, Liu Y, Yang H, Liang G, Tian L. Effect of dietary selenium 
level on growth performance, body composition and hepatic glu-
tathione peroxidase activities of largemouth bass Micropterus salmoide. 
Aquac Res. 2012;43(11):1660–8.

 57. Lee S, Nambi RW, Won S, Katya K, Bai SC. Dietary selenium requirement 
and toxicity levels in juvenile Nile tilapia. Oreochromis niloticus Aquacul-
ture. 2016;464:153–8.

 58. Rathore S, Murthy H, Girisha S, Nithin M, Nasren S, Mamun M, Puneeth 
T, Rakesh K, Kumar B, Pai M. Supplementation of nano-selenium in fish 
diet: Impact on selenium assimilation and immune-regulated selenopro-
teome expression in monosex Nile tilapia (Oreochromis niloticus). Comp 
Biochem Physiol C: Toxicol Pharmacol. 2021;240: 108907.

 59. Pacitti D, Lawan MM, Sweetman J, Martin SA, Feldmann J, Secombes CJ. 
Selenium supplementation in fish: A combined chemical and biomolecu-
lar study to understand Sel-Plex assimilation and impact on selenopro-
teome expression in rainbow trout (Oncorhynchus mykiss). PLoS ONE. 
2015;10(5): e0127041.

 60. Dawood MA, Koshio S, Zaineldin AI, Van Doan H, Ahmed HA, Elsabagh M, 
Abdel-Daim MM. An evaluation of dietary selenium nanoparticles for red 
sea bream (Pagrus major) aquaculture: growth, tissue bioaccumulation, 
and antioxidative responses. Environ Sci Pollut Res. 2019;26:30876–84.

 61. Ashouri S, Keyvanshokooh S, Salati AP, Johari SA, Pasha-Zanoosi H. Effects 
of different levels of dietary selenium nanoparticles on growth perfor-
mance, muscle composition, blood biochemical profiles and antioxidant 
status of common carp (Cyprinus carpio). Aquaculture. 2015;446:25–9.

 62. Domínguez D, Sehnine Z, Castro P, Robaina L, Fontanillas R, Prabhu PAJ, 
Izquierdo M. Optimum selenium levels in diets high in plant-based 

feedstuffs for gilthead sea bream (Sparus aurata) fingerlings. Aquac Nutr. 
2020;26(2):579–89.

 63. Çiçek S, Özoğul F. Effects of selenium nanoparticles on growth perfor-
mance, hematological, serum biochemical parameters, and antioxidant 
status in fish. Anim Feed Sci Technol. 2021;281: 115099.

 64. Barcellos LJG, Kreutz LC, de Souza C, Rodrigues LB, Fioreze I, Quevedo 
RM, Cericato L, Soso AB, Fagundes M, Conrad J, et al. Hematological 
changes in jundiá (Rhamdia quelen Quoy and Gaimard Pimelodidae) 
after acute and chronic stress caused by usual aquacultural manage-
ment, with emphasis on immunosuppressive effects. Aquaculture. 
2004;237(1):229–36.

 65. Dawood MA, Basuini MFE, Yilmaz S, Abdel-Latif HM, Kari ZA, Abdul 
Razab MKA, Ahmed HA, Alagawany M, Gewaily MS. Selenium nanopar-
ticles as a natural antioxidant and metabolic regulator in aquaculture: a 
review. Antioxidants. 2021;10(9):1364.

 66. Rathore SS, Murthy HS. Mamun MA-A, Nasren S, Rakesh K, Kumar BTN, 
Abhiman PB, Khandagale AS: Nano-selenium supplementation to 
ameliorate nutrition physiology, immune response, antioxidant system 
and disease resistance against Aeromonas hydrophila in monosex Nile 
tilapia (Oreochromis niloticus). Biol Trace Elem Res. 2021;199:3073–88.

 67. Saffari S, Keyvanshokooh S, Zakeri M, Johari S, Pasha-Zanoosi H. Effects 
of different dietary selenium sources (sodium selenite, selenomethio-
nine and nanoselenium) on growth performance, muscle composition, 
blood enzymes and antioxidant status of common carp (Cyprinus 
carpio). Aquac Nutr. 2017;23(3):611–7.

 68. El-Magd NFA, Barbosa PO, Nick J, Covalero V, Grignetti G, Bermano G. 
Selenium, as selenite, prevents adipogenesis by modulating seleno-
proteins gene expression and oxidative stress–related genes. Nutrition. 
2022;93: 111424.

 69. Liu G, Yu H, Wang C, Li P, Liu S, Zhang X, Zhang C, Qi M, Ji H. Nano-sele-
nium supplements in high-fat diets relieve hepatopancreas injury and 
improve survival of grass carp Ctenopharyngodon Idella by reducing 
lipid deposition. Aquaculture. 2021;538: 736580.

 70. Deilamy Pour H, Mousavi SM, Zakeri M, Keyvanshokooh S, Kochanian 
P. Synergistic effects of selenium and magnesium nanoparticles on 
growth, digestive enzymes, some serum biochemical parameters 
and immunity of Asian sea bass (Lates calcarifer). Biol Trace Elem Res. 
2021;199(8):3102–11.

 71. Al-Deriny SH, Dawood MA, Elbialy ZI, El-Tras WF, Mohamed RA. 
Selenium nanoparticles and spirulina alleviate growth performance, 
hemato-biochemical, immune-related genes, and heat shock 
protein in Nile tilapia (Oreochromis niloticus). Biol Trace Elem Res. 
2020;198:661–8.

 72. Xia IF, Kong H-K, Wu MM, Lu Y, Wong K-H, Kwok KW. Selenium Nano-
particles (SeNPs) immunomodulation is more than redox improve-
ment: serum proteomics and transcriptomic analyses. Antioxidants. 
2022;11(5):964.

 73. Martínez-Esquivias F, Perez-Larios A, Guzmán-Flores JM. Effect of 
Administration of Selenium Nanoparticles Synthesized Using Onion 
Extract on Biochemical and Inflammatory Parameters in Mice Fed with 
High-Fructose Diet: In Vivo and In Silico Analysis. Biol Trace Elem Res. 
2024;202:558–68. https:// doi. org/ 10. 1007/ s12011- 023- 03685-1.

 74. Ibrahim D, Neamat-Allah AN, Ibrahim SM, Eissa HM, Fawzey M, Mostafa 
DI, Abd El-Kader SA, Khater S, Khater SI. Dual effect of Selenium loaded 
Chitosan Nanoparticles on growth, antioxidant, immune related genes 
expression, transcriptomics modulation of caspase 1, cytochrome P450 
and heat shock protein and Aeromonas hydrophila resistance of Nile 
Tilapia (Oreochromis niloticus). Fish Shellfish Immunol. 2021;110:91–9.

 75. Jingyuan H, Yan L, Wenjing P, Wenqiang J, Bo L, Linghong M, Qunlang 
Z, Hualiang L, Xianping G. Dietary selenium enhances the growth and 
anti-oxidant capacity of juvenile blunt snout bream (Megalobrama 
amblycephala). Fish Shellfish Immunol. 2020;101:115–25.

 76. Dawood MA, Zommara M, Eweedah NM, Helal AI. Synergistic effects of 
selenium nanoparticles and vitamin E on growth, immune-related gene 
expression, and regulation of antioxidant status of Nile tilapia (Oreo-
chromis niloticus). Biol Trace Elem Res. 2020;195:624–35.

 77. Abd El-Kader MF, Fath El-Bab AF, Abd-Elghany MF. Abdel-Warith A-WA, 
Younis EM, Dawood MA: Selenium nanoparticles act potentially on the 
growth performance, hemato-biochemical indices, antioxidative, and 
immune-related genes of European seabass (Dicentrarchus labrax). Biol 
Trace Elem Res. 2021;199:3126–34.

https://doi.org/10.1007/s12011-023-03685-1


Page 15 of 15Zahran et al. BMC Veterinary Research          (2024) 20:107  

 78. Cardoso BR, Hare DJ, Bush AI, Roberts BR. Glutathione peroxidase 4: a 
new player in neurodegeneration? Mol Psychiatry. 2017;22(3):328–35.

 79. Zhang Y, Roh YJ, Han S-J, Park I, Lee HM, Ok YS, Lee BC, Lee S-R. Role of 
selenoproteins in redox regulation of signaling and the antioxidant 
system: A review. Antioxidants. 2020;9(5):383.

 80. Mehdi Y, Hornick J-L, Istasse L, Dufrasne I. Selenium in the environ-
ment, metabolism and involvement in body functions. Molecules. 
2013;18(3):3292–311.

 81. Santiago-Díaz P, Rivero A, Rico M, Gómez-Pinchetti JL. Characterization 
of novel selected microalgae for antioxidant activity and polyphenols, 
amino acids, and carbohydrates. Mar Drugs. 2021;20(1):40.

 82. Corrêa da Silva MG. Pires Ferreira S, Dora CL, Hort MA, Giroldo D, Prates 
DF, Radmann EM, Bemvenuti RH, Costa JAV, Badiale-Furlong E: Phenolic 
compounds and antioxidant capacity of Pediastrum boryanum (Chloro-
coccales) biomass. Int J Environ Health Res. 2022;32(1):168–80.

 83. Kumar N, Thorat ST, Singh AK, Kochewad SA, Reddy KS. Manganese 
nanoparticles control the gene regulations against multiple stresses in 
Pangasianodon hypophthalmus. Sci Rep. 2023;13(1):15900.

 84. Rehman HFu, Zaneb H, Masood S, Yousaf MS, Hayat K, Majeed KA, 
Zeeshan M, Ashraf S, Khan I, Khan A. Effect of selenium nanoparticles 
and mannan oligosaccharide supplementation on growth performance, 
stress indicators, and intestinal microarchitecture of broilers reared under 
high stocking density. Animals. 2022;12(21):2910.

 85. Sonkusre P. Specificity of biogenic selenium nanoparticles for prostate 
cancer therapy with reduced risk of toxicity: an in vitro and in vivo study. 
Front Oncol. 2020;9:1541.

 86. Liu S, Yu H, Li P, Wang C, Liu G, Zhang X, Zhang C, Qi M, Ji H. Dietary nano-
selenium alleviated intestinal damage of juvenile grass carp (Ctenophar-
yngodon idella) induced by high-fat diet: Insight from intestinal 
morphology, tight junction, inflammation, anti-oxidization and intestinal 
microbiota. Animal Nutrition. 2022;8:235–48.

 87. Khan I, Zaneb H, Masood S, Ashraf S, Rehman HF, Tahir SK, Rehman HU, 
Khan A, Taj R, Rahman SU. Supplementation of Selenium Nanoparticles-
Loaded Chitosan Improves Production Performance, Intestinal Morphol-
ogy, and Gut Microflora in Broiler Chickens. J Poult Sci. 2021;59(3):272–81.

 88. Hamidian G, Zirak K, Sheikhzadeh N, Khani Oushani A, Shabanzadeh S, 
Divband B. Intestinal histology and stereology in rainbow trout (Onco-
rhynchus mykiss) administrated with nanochitosan/zeolite and chitosan/
zeolite composites. Aquac Res. 2018;49(5):1803–15.

 89. Verdugo P. Goblet cells secretion and mucogenesis. Annu Rev Physiol. 
1990;52(1):157–76.

 90. Ghaniem S, Nassef E, Zaineldin AI, Bakr A, Hegazi S. A comparison of the 
beneficial effects of inorganic, organic, and elemental nano-selenium 
on Nile tilapia: growth, immunity, oxidative status, gut morphology, and 
immune gene expression. Biol Trace Elem Res. 2022;200(12):5226–41.

 91. Chen Y, Wu W, Zhou H, Liu X, Li S, Guo Y, Li Y, Wang Y, Yuan J. Selenium 
nanoparticles improved intestinal health through modulation of the 
NLRP3 signaling pathway. Front Nutr. 2022;9: 907386.

 92. Jobling M. A short review and critique of methodology used in fish 
growth and nutrition studies. J Fish Biol. 1983;23(6):685–703.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Dietary microalgal-fabricated selenium nanoparticles improve Nile tilapia biochemical indices, immune-related gene expression, and intestinal immunity
	Abstract 
	Background 
	Results 
	Conclusion 

	Introduction
	Material and methods
	Ethical approval
	Preparation of Pediastrum boryanum extract
	Synthesis of selenium nanoparticles (SeNPs)
	Characterization of SeNPs
	Experimental rearing and feeding regimes of Nile tilapia
	Serum and tissue sampling
	Determination of serum biochemical assays
	Estimation of Se mineral contents in fish diets and musculature
	RNA extraction, complementary DNA synthesis, and qRT-PCR
	Histochemical differentiation of the intestinal mucin-producing goblet cells
	Statistical analysis

	Results
	Characterization of SeNPs
	Selenium content in fish diet and musculature
	Serum biochemical indices
	Intestinal genes expression
	Histomorphometric analysis

	Discussion
	Conclusions
	Acknowledgements
	References


