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Abstract

This study evaluated the impact of dietary green-synthesized nanoparticles on
innate immune responses in Nile tilapia (Oreochromis niloticus). Plant-based Zinc,
selenium, copper, and manganese nanoparticles were incorporated into diets at 30
mg/kg and 60 mg/kg concentrations and administered over a 28-day feeding trial.
The expression of some selected important immune genes, including IL-1f3, IL-10,
TLR3, IRF3, viperin, and TGF-f3, was assessed in gill and liver tissues using
quantitative real-time PCR. Fish fed nanoparticle supplemented diets exhibited
significant upregulation of pro-inflammatory (IL-1f3), anti-inflammatory (IL-10,
TGF-B), and antiviral (TLR3, IRF3, viperin) genes compared to the control group
(p < 0.05). Gene expression exhibited dose and time dependent patterns showing
significant upregulation as early as day 7 and sustained until days 14, 21, and 28,
particularly at the higher supplementation dose (60 mg/kg). These results suggest
that green-synthesized nanoparticles can modulate innate immunity by enhancing
both inflammatory and regulatory pathways, promoting immune preparedness
without apparent adverse effects. The findings support the potential application of
plant-based nanoparticles as eco-friendly immunostimulants in aquaculture,
offering a promising alternative to antibiotic use.
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Introduction

Worldwide, aquaculture has become one of the fastest-growing food production
sectors, addressing the growing demand for sustainable protein. In Bangladesh, the
fisheries sector plays a critical socio-economic role, contributing 3.57% to GDP and
supporting over 17 million people through employment and livelihoods®. Nile tilapia
(Oreochromis niloticus), known for its rapid growth, environmental tolerance, and consumer
acceptance, has emerged as a dominant species in freshwater aquaculture systems®.
However, intensification of tilapia farming has increased the vulnerability of fish to
bacterial and viral diseases, which are now one of the major constraints to productivity.
Traditional reliance on antibiotics for disease management has led to growing concerns
about antimicrobial resistance (AMR), environmental contamination, and food safety¢4.
Thus, there is an urgent need to explore alternative, eco-friendly strategies to promote fish
health and enhance innate immune defenses.

Nanotechnology offers promising applications in aquaculture, particularly in
improving feed efficiency, enhancing immune responses, and reducing pathogen loads.
Nanoparticles, less then 100 nm in diameter, possess unique physicochemical properties
including increased surface reactivity and enhanced cellular interaction®. These features
allow them to function as efficient carriers of nutrients and immunostimulants®©”. Among
these, green-synthesized nanoparticles produced from biological materials like plant
extracts, stand out due to their biocompatibility, reduced toxicity, and environmental
sustainability®?. Trace elements such aszinc (Zn), selenium (Se), copper (Cu), and
manganese (Mn) are essential micronutrients known to support growth, antioxidant
defense, and immune modulation in fish(0.11),

Like other vertebrates, in fish, the innate immune system is the primary defense
mechanism, comprising physical barriers and immune mediators like cytokines and toll-
like receptors. Nanoparticles have demonstrated the ability to modulate the expression of
key immune genes, thereby enhancing resistance to pathogens. Interleukin-13 (IL-1P) acts
as a pro-inflammatory cytokine, initiating immune signaling and leukocyte activation?.
Interleukin-10 (IL-10) is an anti-inflammatory cytokine that regulates excessive immune
responses®. IRF3 and viperin are crucial in antiviral defense, promoting interferon
production and viral clearance(#15). Transforming growth factor-beta (TGF-f) contributes
to immune regulation and tissue repair(®. Toll-like receptor 3 (TLR3) detects double-
stranded RNA of viral origin, activating downstream immune responses(1?).

Despite these promising findings, most existing studies utilized chemically synthesized
nanoparticles, and limited research has been conducted using plant-based, green-
synthesized nanoparticles in tilapia, a major gap in aquaculture immunological research.
Therefore, the current study aimed to investigate the immune response of Nile tilapia upon
feeding diet supplemented with green-synthesized nanoparticles (Zn, Se, Cu, Mn).
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Materials and Methods

Experimental animals and conditions: Nile tilapia (Oreochromis niloticus) with an average
initial body weight of 12.99 + 2.78 g were obtained from a hatchery in Noakhali, Bangladesh.
The experiment was conducted at Bangladesh Council for Scientific and Industrial
Research, Dhaka, Bangladesh. Before starting the experiment, fish were conditioned for one
week. The experimental design included three dietary treatment groups: a control group
(no nanoparticle supplementation), a low-dose group (30 mg/kg feed), and a high-dose
group (60 mg/kg feed). The doses and combinations (Table 1) were selected based on the
study conducted Khan et al.(%. A total of 370 fishes were allocated in the treatment units.
Each treatment was conducted in triplicate in cemented tanks with a volume of 4.5325 m?
and 30 fish per replicate were allocated. Fish were given control and nanoparticle
supplemented diet at 8% of body weight over a period of 28 days. The diet was divided into
two ration and provided twice at 09:00 am and 04:00 pm.

Green nanoparticle synthesis: The synthesis of CuO, ZnO, MnO: and selenium (Se)
nanoparticles was carried out using eco-friendly techniques. CuO NPs were prepared from
0.05M CuSO4-5H20 and 0.5% chitosan solution. ZnO NPs were synthesized using soluble
starch and Zn(NOs)2. Selenium nanoparticles (SeNPs) were synthesized via a green
synthesis approach using Emblica officinalis fruit extract and 10 mM sodium selenite
(NazSeOs) while MnO: was synthesized from pineapple peels and KMnOsa.

Experimental diets: A commercial starter feed was powdered and divided into three
portions. One portion served as the control diet, while the others were supplemented with
nanoparticles at 30 mg/kg (Dose 1) and 60 mg/kg (Dose 2) (Table 1). The ingredients were
mixed with purified water, re-pelletized, and dried at 60°C. Formulated diets were stored
at room temperature in well ventilation condition.

Table 1. Doses of nanoparticles used in the present study

NPs % infeed Dose 1(mg/kg) Dose 2(mg/kg)

Zn 30 9 18
Se 25 7.5 15
Cu 9 2.7 5.4

Mn 36 10.8 21.6
Total 30 60

Sampling for immune gene expression: Fish from each treatment were sacrificed at 7, 14, 21,
and 28 days post-feeding. Tissue samples (gill, liver, and muscle) were collected aseptically,
immediately immersed in RNA later, and stored at —20°C until RNA extraction. Three fish
per treatment (one from each replicate) per time point were sampled. Before sampling fish
were anesthetized using 2-phenoxyethanol at 600 uL/L according to Sajan et al.(19).
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Extraction of total RNA and synthesis of complementary DNA (cDNA): TRIzol reagent was
used for total RNA extraction. The extraction was performed following the manufacturer
instructions. Briefly, tissue homogenization was done using a mortar and pestle followed
by chloroform phase separation and isopropanol precipitation were conducted to isolate
RNA. RNA was washed with 75% ethanol and air-dried before being resuspended in
nuclease-free water. RNA quantity and purity were measured using a NanoDrop™
spectrophotometer (Thermo Fisher Scientific). Finally, complementary DNA (cDNA) was
synthesized using Takara PrimeScript™ 1st Strand cDNA Synthesis Kit via a two-step RT
protocol involving primer annealing and extension.

Quantitative Real-Time PCR (qPCR): Expression of immune-related genes including IL-
1, IL-10, IRF3, viperin, TGF-f3, and TLR3was quantified using qPCR (Table 2). The (-
actin gene served as the endogenous control. Each 20 pL qPCR reaction contained:10 puL
HiGreen qPCR Master Mix, 0.5 uL of each forward and reverse primer (10 pM), 2 puL diluted
(1:10) cDNA template and 7 uL nuclease free water. The temperature profile included an
initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for
15s, annealing at 56-60°C (varied among primers) for 30s, and extension at 72°C for 30s. A
melt curve analysis was performed at 95°C for 10s, 55°C for 5s, and 95°C for 30s, with a final
cooling step at 40°C for 30s to verify the generation of a single specific amplicon. For real-
time PCR (qPCR) analysis, three samples from each treatment (one from each replicate)
were used with 2 technical replicates of each sample. Thus, a total of 12 fish from each
treatment was used for real-time PCR.

Table 2. List of target primers with amplicon size and accession number used in the study

Gene Sequence (5'---3") Amplicon size (bp)  Accession number

IL-18 F-TGAGAGCCTACTTTAGGATTCTGC 150 XM_005457887.2
R-GCGGCTATTACAACCAATGCT

IRF3 F- GGTACGACACATCAGCGTGC 183 XM_005448320.3
R- CTGGCAACATAGAGCAGCAGTA
Viperin F- ATCAACTTCTCTGGCGGA 161 XM_003453237.3

R- AGATAGACACCATATTTCTGGAC

TGF-3 F- GAGATCCCTGCCAACTTGCT 230 NM_001311325.1
R- TCCCCGACGTTACTCCGTA

TLR3 F-CTGTCCGTCACTCCGAAACA 108 XM_003449728.4
R-CCGGGATTGATCTGCGCTAT

1IL-10 F- CTCAGATGGAGAGCAGAGGTC 134 KP645180.1

R- CTTGATTTGGGTCAGCAGGT
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Data analysis: Relative gene expression was calculated using the 2-2ACT method. Data
were presented as mean + SEM. Statistical analysis was performed using GraphPad Prism
9. One-way ANOVA followed by Tukey’s multiple comparisons test was employed to
evaluate significant differences in gene expression between treatments at p < 0.05.

Results and Discussion

Expression of different genes was evaluated at 7, 14, 21, and 28 days after the fish were
given different dosages of a nanoparticle supplemented diet. The expression of key immune
molecules, including three effector molecules IL-1p, IL-10, and viperin, the transforming
growth factor TGF-3, the integrator protein IRF3, and the receptor protein TLR3, was
examined using RT-qPCR.

Expression of IL-1f (pro-inflammatory cytokine): In the gill of tilapia, atday 7, the
expression of IL-1f3 was significantly upregulated in both dose 1 (p < 0.01) and dose 2
(p<0.05) compared to the control (Fig. 1a). No significant difference was found between the
two doses. However, at day 14, no significant difference was observed across experimental
groups (p > 0.05; Fig. 1b) while at day 21, both doses resulted in significantly elevated IL-1(3
expression (p < 0.05; Fig. 1c), with similar expression between doses. At day 28, dose 1 and
dose 2 showed significant upregulation (p < 0.001; Fig. 1d), with dose 1 showing a
significantly higher response than dose 2 (p < 0.01). The lack of IL-13 upregulation on day
14 may be due to a temporary immune tolerance or regulatory phase following the initial
activation observed on day 7. This transient suppression could result from homeostatic
mechanisms that control inflammation to prevent tissue damage. IL-1(3 expression could be
influenced by cytokine feedback loops or delayed activation of immune cells that do not
peak at day 14 but rather reappear by day 21 or 28@0.
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Fig. 1. IL-1B expression in the gill of Nile tilapia following green-synthesized nanoparticle
supplementation for a period of 28 days. The expression of IL-1p in treatment groups was
presented as fold change compared to control. Bar with different colors with asterisk (*) are
significantly different at p < 0.05, p < 0.01, and p < 0.001which are represented as *, **, and

***, respectively.

In liver, IL-1f3 expression increased significantly at all time points (7, 14, 21, and 28 days)
in both treated groups (p <0.05; Fig. 2a-d), with no significant difference between doses at
any time point.

The expression patterns of IL-13 are consistent with recent reports on selenium
nanoparticles (SeNPs) in tilapia and other species. For example, In a study by Tawfik et al.?)
higher doses (15-60 mg/kg diet) of nanoZnO elevated the expression of IL-13 in tilapia.
However, Husseiny et al.?2 demonstrated that Nile tilapia fed diets containing 1.0 mg/kg
SeNPs exhibited significantly enhanced immunological indices relative to controls.
Similarly, microalga-fabricated SeNPs (0.75-1.5 mg/kg) significantly increased pro-
inflammatory IL-1f3 in tilapia intestines, without elevating TNF-a or TGF-f1, indicating an
immune-priming effect without pathological inflammation@. In European seabass, dietary
SeNPs (0.25-0.5 mg/kg) also upregulated IL-1f5 gene expression in muscle®). This suggests
that the gill, as a frontline mucosal organ, mounted a localized pro-inflammatory response
to the dietary nanoparticles. In contrast, hepatic IL-1 remained relatively controlled,
indicating no systemic inflammatory overload at either 30 or 60 mg/kg. Importantly, the
localized IL-1f induction in gills aligns with findings from other studies where nanoparticle
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exposure stimulated innate immune genes without causing generalized inflammation. For
instance, Ni ef al.® observed that zebrafish exposed to biogenic silver nanoparticles had
significant upregulation of IL-13 (as well as other cytokines) with higher nanoparticle
concentrations and longer exposure times. Similarly, dietary selenium nanoparticles at 1
mg/kg fed to European seabass elevated IL-1(3 expression in the liver, indicating an
immunostimulatory effect of nanoparticle supplementation on pro-inflammatory
cytokines®. Our results are comparable in that the nanoparticle diet prompted IL-1p
expression, particularly in gill tissue, but notably did not trigger uncontrolled inflammation
in systemic organs. This organ specific containment of IL-1f3 is a favorable outcome, as
excessive systemic IL-1(3 could be detrimental. In fact, Al-Wakeel et al.?® reported that green
algae-synthesized selenium nanoparticles fed to tilapia did not induce any significant
increase in hepatic pro-inflammatory cytokine genes, consistent with an absence of overt
inflammatory responses. The ability of our green-synthesized nanoparticles to provoke a
mucosal immune alert (in gills) while avoiding liver inflammation mirrors these
observations and highlights a balanced immune activation.
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Fig. 2. IL-1p expression in the liver of Nile tilapia following green synthesized nanoparticle
supplementation for a period of 28 days. The expression of IL-1 in treatment groups was
presented as fold change compared to control. Bar with different colors with asterisk (*) are
significantly different at p < 0.05, p < 0.01, and p < 0.001which are represented as *, **, and

*** respectively.
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It is also noteworthy that in stress-related scenarios, nanoparticle intervention can
modulate IL-1 dynamics: for example, a chitosan-vitamin C/E nanoparticle diet given to
tilapia prior to osmotic stress was shown to hasten the decline of stress-elevated IL-1f3 in
head-kidney, helping fish recover faster from the inflammatory surge®.

Expression of IL-10 and TGF- (anti-inflammatory cytokines): IL-10 expression in the gill
was significantly upregulated at all time points in both treatment groups compared to the
control (p < 0.05; Fig. 3a—d) in the gill of tilapia. However, no significant difference was
observed between dose 1 and dose 2 at any time.

(a) Expression of IL-10 in Gill (7 days) (b) Expression of IL-10 in Gill (14 days)
6 [ 25 [ . )
: @ Control @ Control
@ M Dose | —— @ Dosc !
Z W Dosc2 EF B Dosc2
-] I
£ 4 z
3 @ 1.5
= o s
& 2
& Z o
o 004
Control Dose 1 Dose 2 Control Dosc 1 Dosc 2
Treatment groups ‘I'reatment groups
(¢) Expression of IL-10 in Gill (21 days) (d) Expression of TL-10 in Gill (28 days)
5m = . .
[ . @ Control [ N @ Conwol
M Dosc 1 M Dosc 1
& Y M Dose 2 % M Dosc2
= 2 F sc 2
3 =
= £ 4+
CREY S
=2 =2
& =
E Y
= 3
2 4 ]
o o
Control Dose 1 Dose 2 Control Dose 1 Dose 2
Treatment groups Treatment groups

Fig. 3. Expression of IL-10 in the gill of Nile tilapia at different time durations. Data were presented
as fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p <0.05 and p < 0.01 which are represented as * and **, respectively.

In case of liver, at day 7, 14 and 28 IL-10 expression was significantly higher in both
treatment groups compared to control (p < 0.05; Fig. 4a, b and d). However, at day 21, only
dose 1 showed significant upregulation (p < 0.05), while dose 2 did not differ from control
(Fig. 4¢).
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Fig. 4. Expression of IL-10 in the liver of Nile tilapia at different time durations. Data were presented
as fold change compared to control. Bar with different colors with asterisk (*) is significantly
different at p < 0.05 which is represented as *.

The expression of TGF-f in the gill was significantly upregulated at all time points

(p <0.05; Fig. 5a—d) in both doses, with no significant difference between them.
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(b) Expression of TGF-§ in Gill (14 days)
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Fig. 5. Expression of TGF-{ in the gill of Nile tilapia at different time durations. Data were presented
as fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p < 0.05 and p < 0.01 which are represented as * and **, respectively.

TGEF-f3 expression in liver showed no significant difference was observed at day
7 (p>0.05; Fig. 6a). From day 14 to 28, both doses showed significant upregulation (p <0.05;
Fig. 6b—d), with no difference between the treatment groups.
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Fig. 6. Expression of TGF-3 in the liver of Nile tilapia at different time durations. Data were presented
as fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p < 0.05 which is represented as *.

The expression pattern of T IL-10 suggests that the green-synthesized nanoparticle diet
not only triggered pro-inflammatory signals at mucosal surfaces but also engaged anti-
inflammatory regulatory mechanisms in internal organs to maintain immune homeostasis.
Elevated hepatic IL-10 could serve to counterbalance the pro-inflammatory signals
emanating from peripheral tissues, preventing systemic inflammation. Such a balancing act
is supported by recent studies where Popoola and Behera®) observed that in rohu carp
(Labeo rohita) fed dietary silver nanoparticles and challenged with bacteria, IL-10 was
significantly upregulated in immune organs (liver, kidney, spleen) of NP-fed fish compared
to controls. Interestingly, their work demonstrated a dose-dependent IL-10 response across
organs — moderate NP inclusion led to the highest IL-10 levels in gills and kidney, whereas
an excessive dose (higher inclusion) somewhat reduced IL-10 expression in gills. We see a
parallel in tilapia where the 60 mg/kg dose (analogous to a high inclusion) yielded strong
IL-10 induction in liver but did not further increase (and possibly leveled off) IL-10 in gills,
implying an optimal dose range for maximizing anti-inflammatory gene induction. Our
findings also resonate with the Ni et al.®® zebrafish study, which reported IL-10 gene
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upregulation alongside IL-1f in fish exposed to biogenic AgNPs, denoting a concurrent
activation of pro- and anti-inflammatory pathways. This concurrent IL-10 elevation is
biologically meaningful as IL-10 is known to prevent excessive inflammation and tissue
damage. The fact that our nanoparticle supplemented fish had increased IL-10 (and TGF-f3)
in the liver suggests the fish mounted an anti-inflammatory response to modulate any
nanoparticle-induced inflammatory signals. This matches the pattern in other nanoparticle
trials where immunostimulant is accompanied by compensatory anti-inflammatory signals.
For example, Elnagar ef al.?) found that tilapia fed a diet enriched with chitosan-based
vitamin C/E nanoparticles showed higher baseline immune gene expression (including IL-
10) and were more resilient to stress, indicating that such supplements can fortify the anti-
inflammatory capacity of fish before or after a stressor.

Expression of TLR3 and IRF3 (viral recognition and signaling):

Expression of TLR3 was significantly upregulated in both doses at all time points
(p <0.05 to p <0.01; Fig. 7a—d). Moreover, at day 21, dose 2 expression was significantly
higher than dose 1 (p < 0.05).
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Fig. 7. Expression of TLR3 in gill of Nile tilapia at different time durations. Data were presented as
fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p < 0.05 and p < 0.01 which are represented as * and **, respectively.
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In the liver of tilapia, at day 7, dose 2 showed significantly higher expression than both
control and dose 1 (p <0.01 and p < 0.05, respectively; Fig. 8a). On the other hand, at day
14, only dose 2 was significantly upregulated (p < 0.05). At days 21 and 28, both doses
showed significant upregulation (p < 0.05), with no difference between them (Fig. 8c—d).
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Fig. 8. Expression of TLR3 in the liver of Nile tilapia at different time durations. Data were presented
as fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p <0.05, p <0.01 which are represented as * and **, respectively.

In the gill of tilapia, at day 7, IRF3 expression was significantly higher in dose 2
(p <0.01), and higher than dose 1 (p < 0.05; Fig. 9a) while at day 14, no significant changes
were observed (p > 0.05; Fig. 9b). However, at day 21, both doses significantly upregulated
IRF3 expression (p < 0.05; Fig. 9c), with dose 2 higher than dose 1 (p < 0.01). At day 28, only
dose 2 showed a significant increase (p < 0.01; Fig. 9d).
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Fig. 9. Expression of IRF3 in the gill of Nile tilapia at different time durations. Data were presented as
fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p <0.05 and p < 0.01 which are represented as * and **, respectively.

The expression of IRF3 in the liver increased significantly in tilapia fed diet
supplemented nanoparticles at 60mg/kg (dose 2) and 30mg/kg(dose 1) at day 7 than fish
fed control diet (p < 0.05; Fig. 10a). However, at day 14, both doses showed significant
upregulation (p <0.05; Fig. 10b). At day 21, only dose 2 was significantly elevated (p < 0.01),
and it was also significantly higher than dose 1 (p < 0.05; Fig. 10c). However, at day 28, both
doses showed upregulation (p < 0.01), with dose 2 remaining significantly higher (p < 0.05;
Fig. 10d). These findings indicate that green-synthesized nanoparticles might prime the
antiviral defenses in the gill to recognize viral intruders more readily (via higher TLR3),
and the liver is prepared to amplify antiviral signaling cascades (via IRF3) if needed.
Comparisons to literature reveal that few studies have directly measured such genes in
nanoparticle trials, making our observations relatively novel. However, indirect evidence
from related research supports our results. In the zebrafish study by Ni et al.? with
abalone-viscera-synthesized AgNPs, while TLR3/IRF3 were not measured, other antiviral
cytokines like IL-12 and an interferon-stimulated gene (defensin, DEFB1) were significantly
upregulated, especially at higher NP doses. This implies activation of the interferon
pathway, consistent with what an IRF3 increase would suggest. Moreover, Gonzélez-
Fernandez and Cuesta® investigated how nanomaterials affect antiviral responses in fish
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and found that toxic nanoplastics had the opposite effect when European seabass were
exposed to functionalized nanoplastic particles, the normal upregulation of TLRs and IRF-
related genes during a viral infection was markedly suppressed, leading to a blunted
interferon response. In that study, high concentrations of nanoplastics down-regulated
TLR3 and IRF3-associated signaling, correlating with increased viral susceptibility
(nodavirus replication) in the fish. Our findings stand in stark contrast to those results.
Instead of suppressing antiviral pathways, the green-synthesized nanoparticles in our trial
appear to enhance them or keep them primed. The elevated gill TLR3 in NP-fed tilapia may
improve early detection of viruses at entry points, while increased IRF3 in the liver could
facilitate a swift interferon-mediated response, should a viral challenge occur. This
proactive antiviral posture is a novel finding for fish nanoparticle nutrition, highlighting a
potential benefit beyond general immunity. To our knowledge, this is one of the first
demonstrations that a nanoparticle supplement can modulate genes like IRF3, viperin, and
TLRs in fish. It opens a discussion on using such functional feeds to bolster resistance
against viral diseases in aquaculture.
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Fig. 10. Expression of IRF3 in the liver of Nile at different time durations. Data were presented as fold
change compared to control. Bar with different colors with asterisk (*) are significantly
different at p <0.05 and p < 0.01 which are represented as * and **, respectively.
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Viperin (interferon stimulated gene) expression: In the gill of tilapia, at day 7, both doses
significantly increased viperin expression (p < 0.05), with dose 2 higher than dose 1
(p<0.05; Fig. 11a). However, at days 14 and 21, both doses maintained significantly elevated
levels (p < 0.05; Fig. 11b—c), with no difference between doses. On the other hand, at day 28,
both doses showed significant upregulation (p <0.01), and dose 1 had a higher response
(p <0.05; Fig. 11d).
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Fig. 11. Expression of viperin in the gill of Nile tilapia at different time durations. Data were presented
as fold change compared to control. Bar with different colors with asterisk (*) are significantly
different at p <0.05 and p < 0.01which are represented as * and **, respectively.

Expression of viperin in the liver of tilapia significantly increased in both doses at all
time points (p <0.05; Fig. 12a—d). No differences were observed between doses at any point.
The pattern of expression of viperin implies that the systemic interferon response (reflected
by liver viperin) is more sensitive to dietary nanoparticle stimulation than mucosal
interferon response in gills. It is possible that any interferon produced in response to
nanoparticle stimuli predominantly affected internal organs like liver and spleen, thereby
inducing viperin there, while the gill, constantly exposed to waterborne microbes and
particles, may require a stronger or longer stimulation to significantly elevate viperin.
Nevertheless, even a slight increase in gill viperin at 60 mg/kg suggests some enhancement
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of local antiviral capacity. The role of viperin has been studied in viral infections and
vaccine contexts in fish. Generally, higher viperin indicates an ongoing antiviral state. The
fact that our NP-fed fish upregulated viperin without any viral infection indicates an innate
immune priming effect. This could be considered analogous to an “immune training”
phenomenon where exposure to benign immunostimulants (like plant-capped
nanoparticles) readies the immune system for future challenges. Our findings extend the
current knowledge of nanoparticle immunomodulation by demonstrating for the first time
that a dietary nanoparticle can elevate an ISG (viperin) in a food fish species. By
incorporating viperin (and TLR3, IRF3) into our assessments, we reveal an additional layer
of immune modulation.
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Fig. 12. Expression of viperin in the liver of Nile tilapia at different time durations. Data were
presented as fold change compared to control. Bar with different colors with asterisk (*) are
significantly different at p <0.05 and p <0.01 which are represented as * and **, respectively.

In the present study, we used green-synthesized nanoparticle formulation, which
showed robust activation of both pro- and anti-inflammatory markers. Upregulation of IL-
1B and IRF3/viperin suggests enhanced antiviral and general innate defenses, while
elevated IL-10 and TGF-p likely provide regulatory feedback to limit excessive
inflammation. Such balanced cytokine responses mirror natural antiviral pathways: for
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example, viperin is classically induced via TLR3/RIG-I engagement of IRF3¢0. The
simultaneous rise in TLR3, IRF3 and viperin transcripts implies that nanoparticle diet may
prime the interferon-mediated antiviral system which aligns with the notion that
nanoparticles can “re-balance” pro- and anti-inflammatory signaling, enhancing immunity
without causing chronic stress326),

Dose-dependence emerged as a clear theme. Higher nanoparticle doses generally
induced stronger gene expression. In our study, the greatest upregulation of immune genes
was seen at the highest supplementation level. This agrees with the literature: for instance,
Zahran ef al.® reported a nine- to ten-fold increase in intestinal IL-1p and IL-8 at 1.5 mg/kg
SeNPs and only three- to five-fold at 0.75 mg/kg. Similarly, Abd El-Kader ef al.?% found
peak immune gene induction in European seabass at 0.5 mg/kg SeNPs, with diminished
returns at 1.0 mg/kg. Such non-linear responses suggest that moderate nanoparticle dosing
often maximizes benefit. Too low a dose may fail to elicit strong effects, while very high
doses could saturate transporters or risk toxicity®). In all cases, careful dose optimization
is required.

From a sustainability standpoint, these findings are encouraging. Nanoparticle-
enriched feeds can contribute to sustainable aquaculture by enhancing immune
competence meaning healthier stocks with reduced need for antibiotics or
chemotherapeutics, supporting environmentally friendly practices®%». However, as noted
in recent reviews by Dube®), the potential toxicity and long-term impacts of nanoparticles
must be carefully assessed. Our study used green synthesis methods, which are thought to
yield more biocompatible particles, but rigorous safety evaluation (including impacts on
gut microbiota, non-target organisms, and food chain transfer) will be essential before
widespread adoption.

Conclusion

The findings of the present study indicate that green-synthesized dietary nanoparticles
significantly enhance the innate immune response of Nile tilapia in a dose-dependent
manner. Fish receiving nanoparticle-supplemented diets showed marked upregulation of
multiple innate immune genes (IL-13, IL-10, IRF3, viperin, TGF-3, TLR3) in both liver and
gill tissues over 28 days. Overall, our results suggest that properly formulated nano-
enhanced diets could play a valuable role in sustainable aquaculture. By improving innate
disease resistance, green-synthesized nanoparticles help meet production goals while
minimizing environmental impact. Future work should focus on refining optimal dosages,
understanding the mechanistic basis of the immune modulation, and ensuring the long-
term safety of these dietary interventions in tilapia aquaculture.



Nanoparticle induced immune response in tilapia 135

Acknowledgement

This research project was funded by the University Grants Commission of Bangladesh
(ID: Reg/Admin-3/9015; fiscal year 2024-245). The authors are also grateful to the University
of Dhaka, Bangladesh for supporting the research project.

Declaration of generative Al

The authors used ChatGPT for language improvement and readability of the
manuscript.

References

1. Shamsuzzaman MM, MM Islam, NJ Tania and PP Barman 2017. Fisheries resources of Bangladesh:
Present status and future direction. Aquaculture and Fisheries, 2(4):145-156.

2. Rahman MM, MY Hossain, S Parween and MMR Khan 2021. Development of tilapia aquaculture
in Bangladesh: Status and future prospects. Aquaculture Reports, 19:100611.

3. Kim SR, L Nonaka and S Suzuki 2004. Occurrence of tetracycline resistance genes tet(M) and tet(S)
in bacteria from marine aquaculture sites. FEMS Microbiology Letters, 237(1):147-156.

4. Lupin HM 2009. Use of chemicals in aquaculture in Asia. FAO/NACA, Bangkok.

5. Laurent S, D Forge, M Port, A Roch, C Robic, L Vander Elst and RN Muller 2008. Magneticiron
oxide nanoparticles: Synthesis, stabilization, vectorization, physicochemical characterizations,
and biological applications. Chemical Reviews, 108(6):2064-2110.

6. Buzea C, II Pacheco and K Robbie 2007. Nanomaterials and nanoparticles: Sources and toxicity.
Biointerphases, 2(4):MR17-MR71.

7. Jeevanandam ], A Barhoum, YS Chan, A Dufresne and MK Danquah 2018. Review on
nanoparticles and nanostructured materials: history, sources, toxicity and regulations.
Beilstein Journal of Nanotechnology, 9:1050-1074.

8. Iravani S 2011. Green synthesis of metal nanoparticles using plants. Green Chemistry, 13(10):2638.

9. Makarov VV, AJ Love, OV Sinitsyna, SS Makarova, IV Yaminsky, ME Taliansky and NO Kalinina
2014. “Green” nanotechnologies: Synthesis of metal nanoparticles using plants. Acta
Naturae, 6(1):35-44.

10. Zhou X, Y Wang, Q Gu and W Li 2009. Effects of different dietary selenium sources (selenium
nanoparticle and selenomethionine) on growth performance, muscle composition and
glutathione peroxidase enzyme activity of crucian carp (Carassius auratus gibelio).
Aquaculture, 291(1-2):78-81.

11. Zahran E, E Risha, F Abdelhamid, H Mahgoub and A Neamat-Allah 2018. Dietary inclusion of
selenium nanoparticles enhances the immunity and antioxidative responses of Nile tilapia
(Oreochromis niloticus). Fish & Shellfish Immunology, 80:268-276.

12. Tassakka ACMA & M Sakai 2003. The in vitro effect of CpG-ODNs on the innate immune response
of common carp, Cyprinus carpio L. Aquaculture, 220(1-4):27-36.



136

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ferdous et. al.

Sabat R, G Grutz, K Warszawska, S Kirsch, E Witte, K Wolk and ] Geginat 2010. Biology of
interleukin-10. Cytokine & Growth Factor Reviews, 21(5):331-344.

Yoneyama M, W Suhara and T Fujita 2002. Control of IRF-3 activation by phosphorylation. Journal
of Interferon & Cytokine Research: The Official Journal of the International Society for
Interferon and Cytokine Research, 22(1):73-76.

Helbig K], and MR Beard 2014. The role of viperin in the innate antiviral response. Journal of
Molecular Biology, 426:1210-1219.

Zhu X, S Tian, Z Cai and ] Fang 2012. Effects of silver nanoparticles on the development and gene
expression of zebrafish embryos. Archives of Environmental Contamination and
Toxicology, 62(3):423-430.

Matsuo A, H Oshiumi, T Tsujita, H Mitani, H Kasai, M Yoshimizu and M Matsumoto 2008. Teleost
TLR22 recognizes RNA duplex to induce IFN and protect cells from birnaviruses. Journal
of Immunology, 181(5):3474-3485.

Khan MZH, MMM Hossain, M Khan, MS Ali, S Aktar, M Moniruzzaman and M Khan 2020.
Influence of nanoparticle-based nano-nutrients on the growth performance and physiological
parameters in tilapia (Oreochromis niloticus). RSC advances, 10(50):pp. 29918-29922.

Sajan S, VR Sreenath, TA Mercy and S Syama 2013. The efficacy of 2-phenoxyethanol as anaesthetic
for juvenile Pearl spot, Etroplus suratensis (Bloch). Asian Fisheries Science, 26(3):pp. 176-82.

Dobrovolskaia MA, and SE McNeil 2007. Immunological properties of engineered nanomaterials.
Nature Nanotechnology, 2(8):469-478.

Tawfik M, M Moustafa, IMK Abumourad, E El-Meliegy and M Refai 2017. Evaluation of nano zinc
oxide feed additive on tilapia growth and immunity. In 15th international conference on
environmental science and technology, Rhodes, Greece, 1342(1):pp. 1-9.

Husseiny WA, ES Mahrous, MS Yusuf, SM Farouk and A Elaswad 2024. Selenium nanoparticles
enhance growth, health, and gene expression in the Nile tilapia. Egyptian Journal of Aquatic
Biology & Fisheries, 28(4):1107-1127.

Zahran E, S Elbahnaswy, F Ahmed, E Risha, AT Mansour, AS Alqahtani, W Awadin and MG El
Sebaei 2024. Dietary microalgal-fabricated selenium nanoparticles improve Nile
tilapia biochemical indices, immune-related gene expression, and intestinal immunity. BMC
Veterinary Research, 20:107.

Abd El-Kader MF, AFF El-Bab, M Shoukry, AAA Abdel-Warith, EM Younis, EM Moustafa, HB
El-Sawy, HA Ahmed, HV Doan, and MAO Dawood 2020. Evaluating the possible feeding
strategies of selenium nanoparticles on the growth rate and wellbeing of European seabass
(Dicentrarchus labrax). Aquaculture Reports, 18:100539.

Ni] ZYang, Y Zhang, Y Ma, H Xiong and W Jian 2022. Aaqueous exposure to silver nanoparticles
synthesized by abalone viscera hydrolysates promotes the growth, immunity and gut health
of zebrafish (Danio rerio). Frontiers in Microbiology, 13:1048216.

Al-Wakeel AH, S Elbahnaswy, EA Eldessouki, E Risha and E Zahran 2024. Dietary biogenic
selenium nanoparticles improve growth and immune-antioxidant indices without inducing
inflammatory responses in Nile tilapia. Scientific Reports. 14(1):21990.



Nanoparticle induced immune response in tilapia 137

27. Popoola OM and BK Behera 2023. Influence of Silver Nanoparticle Supplementation on Growth
Performance, Immune Response, Tissue Biopsy, and Gene Transcription in the Aeromonas
carviae Challenged Labeo rohita. Aquaculture Studies, 24(4):1833.

28. Elnagar MA, RH Khalil, TS Talaat and AH Sherif 2024. A blend of chitosan-vitamin C and vitamin
E nanoparticles robust the immunosuppressed status in Nile tilapia treated with salt. BMC
Veterinary Research, 20(1):331.

29. Gonzalez-Fernandez C and A Cuesta 2022. Nanoplastics increase fish susceptibility to nodavirus
infection and reduce antiviral immune responses. International Journal of Molecular
Sciences, 23(3):1483.

30. Kembou-Ringert JE, D Steinhagen, KD Thompson, JM Daly and M Adamek 2023. Immune
responses to Tilapia Lake virus infection: what we know and what we don’t know. Frontiers
in Immunology. 14:1240094.

31. Dube E 2024. Nanoparticle-enhanced fish feed: Benefits and challenges. Fishes, 9(8):322.

32. Fajardo C, G Martinez-Rodriguez, ] Blasco, J]M Mancera, B Thomas and M De Donato 2022.
Nanotechnology in  aquaculture:  Applications, perspectives and regulatory
challenges. Aquaculture and Fisheries, 7(1):185-200.

(Manuscript Received on 24 February, 2025; Accepted on 29 June, 2025)



