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Abstract The present study aimed to examine indi-
vidual nutritional and ameliorative effects of silica 
nanoparticles  (SiO2NPs) and natural zeolite nanopar-
ticles (ZeNPs) and their potential role as carriers to 
alter the bioavailability of curcumin. Common carps 
(Cyprinus carpio) were fed during 60 days with a 
control diet, and curcumin, turmeric,  SiO2NPs, cur-
cumin-loaded  SiO2NPs, ZeNPs, and curcumin-loaded 

ZeNPs each at 1, 50, 6.15, 7.15, 39, and 40 g/kg diet, 
respectively. The highest weight gain (WG) and spe-
cific growth rate (SGR) were observed in fish fed 
with turmeric (P < 0.05). Moreover, dietary curcumin 
and ZeNPs increased the content of monounsaturated 
fatty acids (P < 0.05). After exposure to silver nano-
particles (AgNPs), the lowest amount of aspartate 
aminotransferase (AST) was obtained in fish fed with 
curcumin (P < 0.05). In addition, alanine aminotrans-
ferase (ALT) decreased significantly in the negative 
control, curcumin, and curcumin-loaded  SiO2NPs 
treatments in comparison to the positive control 
group (P < 0.05). The lowest silver accumulation was 
observed in the negative control and  SiO2NPs groups 
(P < 0.05). This experiment demonstrated that while 
the nanoencapsulation of curcumin on  SiO2NPs and 
ZeNPs did not enhanced the impact of curcumin on 
the growth and biochemical factors of carps, it can 
still be considered a potential dietary supplement 
for enhancing growth and antioxidant indices when 
added individually to the diet.

Keywords Clinoptilolite · Curcuma longa · Feed 
additive · Nanocarriers · Bioaccumulation · Nano-
silver

Introduction

The application of bioactive compounds extracted 
from plants has rapidly increased in the aquaculture 

Highlights  
• SiO2NPs and ZeNPs were used as nanocarriers of 
curcumin in fish diets.
• Growth indices, biochemical factors, and fatty acids were 
measured after feeding trial.
• Liver enzymes, antioxidant status, and Ag accumulation 
were analyzed after AgNPs exposure.
• Curcumin was more effective when it was supplemented 
without nanocarriers.
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industry during the past 25 years. These phytochemi-
cals, due to the high quantity and variety, can be 
extracted and used as feed additives in the formula-
tion of diets in aquaculture. Since feed represents the 
most high-cost section of fisheries, developing new 
strategies improves feed efficiency and allows us to 
use sustainable additives sources (Hasan 2001; Shi 
et al. 2020).

Recently, curcumin, a polyphenol micronutri-
ent obtained from C. longa, has been one of the 
main focus of attention due to its various biologi-
cal activities (Akdemir et al. 2017; Alagawany et al. 
2021). Curcumin has been used in the diet of grass 
carp (Ctenopharyngodon idella) (Ming et  al. 2020), 
juvenile largemouth bass (Micropterus salmoides) 
(Bao et  al. 2022), Nile tilapia (Oreochromis niloti-
cus) (Mahmoud et  al. 2017), Pacific white shrimp 
(Penaeus vannamei) (Moghadam et  al. 2021), and 
common carp (Cyprinus carpio) (Pirani et al. 2021). 
Although the administration of curcumin in the diet 
has shown potential benefits, it has some crucial chal-
lenges associated with lower solubility and bioavail-
ability (Yang et  al. 2007). To overcome these poor 
characteristics, new approaches, such as nanoencap-
sulation and nanoformulation, have been developed 
to increase the accessibility of Curcumin (Bao et al. 
2022; Li et al. 2017; Moniruzzaman and Min 2020). 
Nanoscale chemicals can be used in drug delivery 
systems to improve drug targeting and stabilization 
of bioactive compounds during storage (Choudhury 
et al. 2017).

Natural zeolite (i.e., Clinoptilolite), due to its 
numerous advantages such as nontoxicity, dual func-
tional surface, and easy encapsulation, has been used 
as a career in drug delivery systems (Petushkov et al. 
2010). As far as we know, the application of cur-
cumin-loaded zeolite has not been well investigated; 
however, it has been shown that zeolite alone as an 
additive in the diet can improve growth performances 
(Eya et al. 2008; Kanyılmaz et al. 2015; Sheikhzadeh 
et  al. 2017) and histological structures (Hamidian 
et al. 2018).

Silica nanoparticles have also been used in encap-
sulation techniques because of their unique features, 
such as high surface area and thermal and chemical 
stability (Trewyn et al. 2008). These properties enable 
silica nanoparticles to be used in drug and biogenic 
molecule delivery (Gangwar et al. 2013; Jambhrunkar 
et  al. 2014). Furthermore, a new study showed that 

silica nanoparticles are potent aqueous additives for 
the adsorption of heavy metals from aqueous media 
(Mahboub et  al. 2022). In this study, we tried to 
determine whether zeolite and silica nanoparticles 
can be used as a potential nanoencapsulation method 
to increase the bioavailability of dietary curcumin in 
the common carp.

Materials and methods

Silica nanoparticle and synthesis of natural zeolite 
nanoparticles

In this study, silica nanoparticles  (SiO2NPs) were 
purchased from US Research Nanomaterials Co., 
Inc., Houston, Texas. The particle size of nano-silica, 
according to the manufacturing company, ranged 
from 20 to 30 nm. Natural zeolite nanoparticles 
(ZeNPs) were synthesized by physical grinding and a 
top-down approach. Natural zeolite granules (Clinop-
tilolite, 2–3 mm) were washed with water, dried at 
(70° C) and milled using a planetary ball mill appara-
tus (MARYA, Amin Asia Fanavar Pars Co., Iran) for 
4 h to minimize the diameters in the range of nanom-
eter size. The shape and size of produced ZeNPs 
were characterized by scanning electron microscope 
(SEM, FEI Quanta200 ESEM) and transmission elec-
tron microscopy (TEM, FE-TEM, JEM2100F, JEOL, 
Tokyo, Japan) equipped with an energy-dispersive 
X-ray (EDX) detector.

Curcumin loading on  SiO2NPs and ZeNPs

Curcumin was loaded on nano-silica and nano-zeolite 
according to the method of Kotcherlakota et al. (2016) 
with some modifications. To functionalization, silica 
and zeolite nanoparticles were first dehydrated for 6 
h at 50° C. Then, 5.8 ml of 3-aminopropyltriethoxysi-
lane (22.6 mM) was dissolved in 100 ml of toluene 
and added to 5 g of  SiO2NPs or ZeNPs. The mixture 
was stirred under reflux conditions for 48 h at 100° C. 
Next, the mixed solution was centrifuged (5000 RPM) 
for 30 min at 26° C, and solid residues were washed 
with 40 ml of each toluene (×2), methanol (×2), 
and ethanol (×2) for 5 min. The washing process 
was repeated, and solid residues were vacuum-dried 
to form entirely white  (SiO2NPs) and gray (ZeNPs) 
powders. Finally, a solution of curcumin (0.63 g, 2.4 
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mM) was made in 100 ml ethanol and mixed with 2.5 
g of each functionalized nanoparticle under reflux 
conditions for 48 h. Solid residues were separated by 
centrifugation and vacuum-dried at room temperature 
for 24 h to obtain orange curcumin-loaded nanopar-
ticles of silica and zeolite. To determine the amount 
of curcumin loaded on the nanoparticles, the thermo-
gravimetric/differential thermal analysis (TG/DTA, 
Perkin Elmer Diamond) was used under a controlled 
gas atmosphere and temperature (30–950° C).

Preparation of the diet

In this study, the commercial basal diet for carp was 
purchased and had the following proximate compo-
sition: protein (36.28±0.22%), lipid (15.75±0.04%), 
ash (9.03±0.21%), and moisture (10±0.33%). Then, 
seven experimental diets were prepared by adding 
each ingredient to the basal diet and mixing with 
water until a smooth paste was obtained (Table 1). A 
manual meat grinder was used to pellet the diets, then 
dried them at 40° C for 24 h and stored them at −20° 
C until used.

Raring condition

A total of 250 juvenile carps were purchased 
from a reproduction center (Qasr-e Shirin, Ker-
manshah, Iran) and transferred to the Aquatic 

Nanobiotechnology Lab (University of Kurdistan, 
Sanandaj, Iran). Fish were acclimated in 600 L hold-
ing tanks for 1 month and fed three times daily with 
a basal diet at 3% of their body weight (Ashouri et al. 
2015). One-third of rearing water was replaced daily 
with aerated and dechlorinated tap water. At the end 
of the acclimation period, a total of 210 healthy carps 
with an initial average weight of 26.35±4.36 g (mean 
± SD) were randomly transferred to 21 glass aquaria 
(150 L; 10 fish/tank), and they were acclimated for 1 
more week in aquaria before the feeding trial. During 
the feeding trial, physicochemical parameters, includ-
ing the photoperiod, temperature, pH, and dissolved 
oxygen (DO), were maintained at 16L: 8D, 17.3–21.6 
° C, 7.6–8.0, and 6.5–7.2 mg  L−1, respectively. The 
feeding rate was set at 3% of the body weight during 
the first 40 days and 4% for the next 20 days. No mor-
tality was observed during the feeding experiment.

Growth performances

At the end of the feeding experiment, and after 24 h 
of starvation, fish were anesthetized by MS-222 (tric-
aine methanesulfonate, 200 mg  L−1), and growth per-
formance indices were measured by using the follow-
ing equations:

weight gain (WG, g) = final body weight–initial body weight

specific growth rate (SGR,%per day) = 100 ×
(Ln final body weight)–(Ln initial body weight)

number of rearing days

hepatosomatic index (HSI,%) = 100 ×
liver weight (g)

body weight (g)

condition factor
(

CF, g cm3
)

= 100 ×
body weight (g)

body length3
(

cm3
)

Collection and analysis of blood and plasma

After the feeding experiment, blood samples were 
collected from the caudal vein, centrifuged (4000 
rpm, 15 min, 4 °C), and plasma separated and held 
at −80 °C until use. Anesthetized fish were sacrificed 

Table 1  Different experimental diets

Experimental diets Control (basal diet) Curcumin Turmeric SiO2NPs Curcumin-loaded 
 SiO2NPs

ZeNPs Curcumin-loaded 
ZeNPs

Added ingredients
(g  kg−1 diet)

- 1 50 6.15 7.15 39 40
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by rapid cervical section, eviscerated, and stored at 
−80 °C to measure the proximate composition and 
fatty acid profile. The biochemical parameters of 
plasma, including glucose (mg  dL−1), cholesterol (mg 
 dL−1), and total protein (mg  dL−1), were measured 
using commercial kits (Pars-Azmun Chemical Com-
pany, Tehran, Iran) according to the manufacturer’s 
instructions.

Diet and body proximate and fatty acid composition

The composition of moisture, protein, lipid, and ash 
in basal diet and whole body were determined accord-
ing to the Association of Official Agricultural Chem-
ists (AOAC 1990). The fatty acid composition of the 
samples was determined according to the method 
described in our previous study (Pirani et al. 2021).

Silver nanoparticle exposure experiments

The well-characterized colloidal silver nanoparticles 
(AgNPs) were purchased from Pars Nano-Nasb (Teh-
ran, Iran). Detailed characterization of this product 
is reported in our recent paper (Babaei et  al. 2022). 
After the feeding trial, five starved fish from each 
replication of experimental groups were transferred 
to the 40 L aquaria (n=24) filled with dechlorinated 
tap water. Here, the fish of the control group (which 
received the basal diet) were distributed randomly 
into two groups (in triplicates), one of which was 
exposed to silver nanoparticles, and the other group 
was kept in normal water (without nanoparticles). 
Fish were exposed for 96 h to 0.5 mg  L−1 AgNPs, 
which were selected by a series of preliminary range-
finding tests (Pirani et  al. 2021). After exposure, 
plasma samples (see the “Collection and analysis of 
blood and plasma” section) and liver tissues were 
taken from all of the fish and stored at −80 °C for 
measurement of silver accumulation and antioxidant 
status.

The levels of plasma aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) 
were measured by an automated analyzer (Mindray 
BS-200, China) using commercial kits (Pars-Azmun 
Chemical Company, Tehran, Iran) and according to 
the manufacturer’s instructions.

Three fish from each replicate were used to deter-
mine silver accumulation in the liver. For this pur-
pose, samples were freeze dried (24 h), weighed, 

and digested in nitric acid. Acid digestion was per-
formed by adding 3 ml of concentrated nitric acid 
to 0.2 mg of liver samples and left for 1 h in a water 
bath at 100 °C and cooled at room temperature. 
Finally, the samples were filtered and made up to 10 
mL with ultrapure water. Silver concentration was 
measured with the Perkin-Elmer pinAAcle 900T 
atomic absorption spectrophotometer in the Institute 
of Nanoproduct Safety Research (Hoseo University, 
South Korea) and expressed as μg  g−1 dry weight.

Samples (livers) from two fish were used to 
determine antioxidant enzyme activity. For this, 
100 mg of samples were thawed and homogenized 
with 1 mL ice-cold phosphate-buffered saline (PBS; 
pH 7.4) for 2 min. The samples were centrifuged 
(10,000 RPM, 15 min, 4 °C), and the supernatant 
was obtained and stored at −80 °C. Catalase (CAT), 
glutathione peroxidase (GPx), superoxide dis-
mutase (SOD), and malondialdehyde (MDA) activi-
ties were measured using commercial kits (ZellBio, 
Germany) and according to the instructions from 
the manufacturer.

Statistical analysis

The normality of data was evaluated by the Kolmog-
orov-Smirnov test. One-way analysis of variance 
(ANOVA) followed by the Duncan multiple range 
test was performed to determine the significant dif-
ferences between groups. The SPSS software (version 
16) was used for statistical analysis. In all cases, the 
significance level was set at P < 0.05. Also, values 
are presented as mean ± standard deviation.

Results

Characterization of zeolite and silica nanoparticles

TEM and SEM images of zeolite nanoparticles 
(ZeNPs, Fig. 1a, b) showed that zeolite particles had 
been reduced in nanoscale sizes (∼50 nm). Further-
more, EDX analysis (Fig. 1c) showed that synthesized 
nano-zeolites contained iron, silicon, aluminum, oxy-
gen, potassium, and sodium. Similarly, the characteri-
zation of silica nanoparticles  (SiO2NPs, Fig. 2) shows 
a size range of 20 to 30 nm and silicon and oxygen as 
the main components.
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Curcumin loading on zeolite and silica nanoparticles

The TG/DTA showed that the amounts of curcumin 
loaded on  SiO2NPs and ZeNPs were 14% and 2.5%, 

respectively. As a result, 1 g of curcumin was loaded 
on each 7.15 g of  SiO2NPs and for each 40 g of 
ZeNPs (as a result, the numbers mentioned in Table 1 
have been chosen for this reason).

Fig. 1  Transmission elec-
tron microscope (a), scan-
ning electron microscope 
(b), and energy dispersion 
X-ray spectroscopy (c) 
of zeolite nanoparticles 
(ZeNPs)

Fig. 2  Scanning electron microscope (a) and energy dispersion X-ray spectroscopy (b) of silica nanoparticles  (SiO2NPs).
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Growth performances

The results of growth performances after 60 days of 
the feeding trial are shown in Fig.  3. Body weight 
gain index was significantly different between dif-
ferent treatments (P < 0.05), so the highest weight 
gain was observed in the fish fed with turmeric pow-
der, and the lowest weight gain was observed in the 
experimental group fed with zeolite nanoparticles 
and zeolite nanoparticles containing curcumin. There 
was no significant difference between other treat-
ments and the control group. There was a significant 
difference in terms of specific growth rate between 
different treatments (P < 0.05), so the highest SGR 
was observed in the groups fed with turmeric powder, 
and the lowest SGR was observed in the treatment 
provided with zeolite nanoparticles, and there was no 

significant difference between other treatments and 
the control group. There was no significant difference 
between the hepatosomatic index and condition factor 
between different dietary treatments (P > 0.05).

Proximate composition of the body

The results of the proximate body composition after 
60 days of feeding trial are presented in Table  2. The 
protein content in fish fed with ZeNPs had the lowest 
amount compared to the other experimental groups (P < 
0.05). Supplementation with ZeNPs also increased (P < 
0.05) the lipid content of the whole body in comparison 
to fish that fed on turmeric. The ash content remained 
unchanged; however, the lowest amount was observed in 
fish fed with ZeNPs and turmeric powder. The moisture 
was unaffected by diets between experimental groups.

Fig. 3  Growth indices of common carp, C. carpio, after 
60 days of feeding experiment with basal diet (Ctrl), tur-
meric (Tur), curcumin (Cur),  SiO2NPs (Si), curcumin-loaded 

 SiO2NPs (Cur-Si), ZeNPs (Ze), and curcumin-loaded ZeNPs 
(Cur-Ze). Bars with different letters differ significantly (mean 
± SD, Duncan, P < 0.05).
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Fatty acid composition

The fatty acid profile of the whole body is summa-
rized in Table  3. The results showed that the level 

of saturated fatty acid (SFA) was affected by dif-
ferent dietary supplementation, such that the high-
est amounts (P < 0.05) were found in fish fed with 
turmeric, curcumin, ZeNPs, and curcumin-loaded 

Table 2  Body composition of common carp C. carpio after 60 days of feeding experiment with basal diet (Ctrl), turmeric (Tur), cur-
cumin (Cur),  SiO2NPs (Si), curcumin-loaded  SiO2NPs (Cur-Si), ZeNPs (Ze), and curcumin-loaded ZeNPs (Cur-Ze)

Different letters indicate statistically significant differences between variables in each row (P ≤ 0.05)

Treatments Ctrl Tur Cur Si Cur-Si ZeNPs Cur-Ze

Protein (%) 13.07±0.35ab 14.61±0.70a 15±0.60a 14.71±1.43a 14.53±1.45a 11.81±10b 14.40±1.45a

Lipid (%) 13.26±1.95ab 9.83±1.65b 12.5±1.89ab 12.81±1.08ab 13.15±2.60ab 16.27±1.51a 13.37±2.29ab

Ash (%) 2.30±0.19ab 2.12±0.04b 2.40±0.29ab 2.29±0.16ab 2.22±0.29ab 2.14±0.33b 2.60±0.08a

Moisture (%) 70.80±3.22 70.66±2.67 70.78±3.70 68.06±4.61 70.17±2.18 70.49±3.54 69.73±3.38

Table 3  Fatty acid composition of common carp C. carpio after 60 days of feeding experiment with basal diet (Ctrl), turmeric (Tur), 
curcumin (Cur),  SiO2NPs (Si), curcumin-loaded  SiO2NPs (Cur-Si), ZeNPs (Ze), and curcumin-loaded ZeNPs (Cur-Ze)

Different letters indicate statistically significant differences between variables in each row (P ≤ 0.05)

Percentage of fatty acids/treatment

Fatty acid Ctrl Tur Cur Si Cur-Si Ze Cur-Ze

C14:0 0.74±0.12d 1.25±0.28bc 1.19±0.03c 1.47±0.02b 1.34±0.08bc 1.30±0.05bc 1.76±0.06a

C15:0 0.29±0.00ab 0.31±0.01a 0.30±0.01a 0.23±0.02b 0.25±0.03b 0.31±0.04a 0.31±0.01a

C16:0 15.88±0.08d 16.93±0.14b 17.25±0.05ab 16.55±0.04c 16.50±0.20c 17.28±0.40ab 17.46±0.08a

C17:0 0.22±0.01c 0.66±0.02a 0.23±0.02c 0.20±0.01c 0.42±0.11b 0.38±0.15b 0.21±0.03c

C18:0 4.10±0.03b 4.35±0.05a 4.41±0.03a 3.94±0.03c 3.93±0.08c 4.45±0.06a 4.01±0.07bc

C20:0 0.16±0.01b 0.19±0.01a 0.16±0.02b 0.13±0.01c 0.14±0.01bc 0.22±0.01a 0.15±0.00bc

C22:0 0.05±0.00a 0.05±0.01a 0.04±0.00b 0.03±0.00b 0.03±0.01b 0.04±0.01b 0.04±0.00b

C24:0 0.03±0.005b 0.03±0.01bc 0.04±0.00a 0.05±0.01a 0.05±00a 0.02±0.00bc 0.02±00c

∑SFA 21.51±0.25c 23.68±0.26a 23.65±0.07a 22.61±0.03b 22.68±0.22b 24.01±0.49a 24±0.10a

C16:1 4.55±0.10c 4.53±0.24c 4.95±0.04b 5.11±0.12b 5.47±0.16a 5.05±0.14b 5.04±0.07b

C17:1 0.34±0.01b 0.43±0.06a 0.40±0.03ab 0.43±0.01a 0.34±0.01b 0.45±0.05a 0.34±0.02b

C18:1(n-9)C 39.46±0.23c 40.17±0.40b 42.68±0.09a 39.76±0.09c 38.54±0.26d 43.08±0.48a 40.34±0.20b

C20:1 0.28±0.03b 0.28±0.01b 0.17±0.01c 0.32±0.02a 0.35±0.01a 0.18±0.01c 0.25±0.03b

C22:1 0.32±0.02a 0.25±0.03b 0.20±0.02c 0.24±0.02bc 0.25±0.01b 0.23±0.02bc 0.25±0.03bc

∑MUFA 44.95±0.28c 45.67±0.53b 48.42±0.13a 45.88±0.17b 44.96±0.43c 49.01±0.63a 46.23±0.18b

C18:2 (n-6)C 25.19±0.12a 22.89±0.21b 21.82±0.09d 21.65±0.05d 23.07±0.10b 20.70±0.17e 22.10±0.06c

C18:3 n6 0.22±0.01b 0.21±0.02b 0.14±0.01c 0.27±0.01a 0.27±0.00a 0.17±0.07bc 0.17±0.01bc

C18:3 n3 1.70±0.02b 1.65±0.01c 1.34±0.05d 1.80±0.02a 1.81±0.01a 1.29±0.02e 1.69±0.04bc

C20:2 1.58±0.03a 1.41±0.01c 1.54±0.05ab 1.51±0.03b 1.40±0.00c 1.53±0.05ab 1.43±0.05c

C20:3 n6 0.31±0.00b 0.24±0.01c 0.24±0.04c 0.36±0.01a 0.36±0.01a 0.28±0.03bc 0.25±0.01c

C20:3 n3 0.61±0.03c 0.39±0.01c 0.42±0.02c 0.84±0.02a 0.42±0.04c 0.54±0.15b 0.34±0.01c

C20:4n6 ARA 0.41±0.01d 0.51±0.03c 0.32±0.03e 0.59±0.02b 0.70±0.07a 0.34±0.01e 0.41±0.01d

C20:5n3 EPA 0.83±0.08b 0.81±0.00b 0.58±0.04c 0.97±0.01a 0.94±0.01a 0.55±0.04c 0.81±0.04b

C22:4n6 DTA 0.06±0.00bc 0.08±0.02b 0.04±0.01c 0.15±0.03a 0.14±0.02a 0.06±0.01bc 0.09±0.00b

C22:5 n6 0.06±0.01b 0.06±0.01b 0.06±0.02ab 0.06±0.01b 0.07±0.01ab 0.09±0.01a 0.08±0.01ab

C22:5n3 DPA 0.30±0.02a 0.23±0.01b 0.20±0b 0.35±0.04a 0.31±0.01a 0.22±0.04b 0.25±0.05b

C22:6n3 DHA 2.25±0.02c 2.12±0.04d 1.19±0.03e 2.93±0.03a 2.77±0.01b 1.21±0.09e 2.08±0.02d

∑PUFA 33.53±0.06a 30.63±0.22d 27.93±0.05f 31.49±0.07c 32.35±0.25b 26.97±0.46g 29.71±0.04e
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ZeNPs. Significant higher amounts of total mono-
unsaturated fatty acids (MUFA) were found in fish 
fed with Curcumin and ZeNPs diets (48.42% and 
49.01%); meanwhile, no significant difference was 
observed between fish fed with curcumin-loaded 
 SiO2NPs and control group. The amount of total pol-
yunsaturated fatty acids (PUFA) in fish fed with die-
tary supplementations was significantly (P < 0.05) 
lower than that found in the control group (33.53%).

Plasma biochemical factors

The results of plasma indices after the 60-day feeding 
trial are shown in Fig. 4. As can be seen, the levels 

of glucose, cholesterol, and total protein remained 
almost constant, without any significant changes, in 
comparison to the control group (P > 0.05).

Effects of exposure of fish to silver nanoparticles

The plasma ALT and AST levels after the expo-
sure experiment are shown in Fig.  5. The results 
showed that fish fed with Curcumin had the lowest 
AST activity than the other groups, but no signifi-
cant changes were observed compared to the con-
trol group (P > 0.05). The ALT activity decreased 
significantly (P < 0.05) in AgNPs-exposed fish 
that were fed with basal diet (positive control), 

Fig. 4  Changes in cholesterol, glucose, and total protein of 
common carp, C. carpio after 60 days of feeding experiment 
with basal diet (Ctrl), turmeric (Tur), curcumin (Cur),  SiO2NPs 

(Si), curcumin-loaded  SiO2NPs (Cur-Si), ZeNPs (Ze), and cur-
cumin-loaded ZeNPs (Cur-Ze). Bars with different letters differ 
significantly (mean ± SD, Duncan, P < 0.05).
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curcumin, and curcumin-loaded  SiO2NPs when 
compared to the negative control (non-exposed fish 
fed with basal diet).

The antioxidant enzyme activities in the liver 
of fish were evaluated after the exposure experi-
ment and are presented in Fig.  6. There were no 
significant changes in GPx and SOD activities after 
the exposure experiment (P > 0.05). The results 
showed that the negative control group had the 
lowest activity of CAT in comparison to the other 
exposure groups. Furthermore, liver MDA levels in 
the positive control group increased significantly 
(P > 0.05) compared to the other groups.

The results of silver accumulation in fish liver 
after 96-h exposure to AgNPs are shown in Fig.  7. 
The highest concentration of silver was detected in 
the positive control group, followed by the turmeric 
group (P < 0.05). On the other hand, the lowest 
amounts of silver were observed in the negative con-
trol and  SiO2NPs groups (P < 0.05).

Discussion

The present study evaluated the potential role of silica 
and zeolite nanoparticles to increase the bioavailability 

of curcumin and its impact on the performance of 
juvenile common carp. A significant increase was 
observed in weight gain and SGR in fish fed with tur-
meric (50 g  kg−1 diet) following our last paper (Pirani 
et al. 2021), where we showed that feeding carps for 
60 days with turmeric caused the highest WG in com-
parison to the other experimental groups. Previous 
studies have shown that growth performances in fish 
fed with turmeric were quite different and depended 
pretty on the amount of turmeric and the species that 
were provided (Abdel-Tawwab and Abbass 2017; 
Abdelrazek et al. 2017; Sahu et al. 2008).

The current study showed that the proximate 
composition of fish, including crude protein, lipid, 
and ash, was not significantly changed compared 
to the control group. The protein content in fish 
fed with ZeNPs was lower than the other experi-
mental groups, which might be related to lower 
feed intake and, consequently, lower protein diges-
tion capacity. However, studies on ZeNPs as a feed 
additive in aquaculture, are still ongoing and more 
works are required to identify their potential roles 
in fish nutrition (Alinezhad et al. 2017; Ismael et al. 
2021). On the other hand, the highest lipid content 
was observed in the ZeNPs feeding group. This 
might be explained by lipid peroxidation due to the 

Fig. 5  Changes in liver enzymes of common carp, C. carpio 
after 60 days of feeding experiment with basal diet (Ctrl), tur-
meric (Tur), curcumin (Cur),  SiO2NPs (Si), curcumin-loaded 
 SiO2NPs (Cur-Si), ZeNPs (Ze), and curcumin-loaded ZeNPs 
(Cur-Ze) and 96-h exposure to silver nanoparticles (AgNPs, 
0.5 mg  L−1). The “Ctrl” is the negative control group that fed 

with the control basal diet and was not exposed to AgNPs, 
while the “AgNPs” is the positive control group that fed with 
the control basal diet and was exposed to AgNPs. Bars with 
different letters differ significantly (mean ± SD, one-way 
ANOVA, P < 0.05).
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high dosage of ZeNPs, which led to higher lipid 
levels. Following our results, Ismael et  al. (2021) 
reported that the amount of crude fat was signifi-
cantly influenced by dietary zeolites. However, 
Kanyılmaz et  al. (2015) showed that the lipid con-
tent in juvenile gilthead sea bream (Sparus aurata) 
fed with different dietary zeolites up to 40 g  kg−1 
diet remained unchanged. Furthermore, the ash con-
tent in fish fed with curcumin-loaded ZeNPs was 
significantly higher than that of the ZeNPs group. 
This may be due to the higher bioavailability of 

curcumin when it is loaded on zeolite nanoparticles. 
Additionally, it has been shown that the antioxidant 
properties of additives could enhance digestion and 
absorption (Liu et al. 2019), which can improve the 
ash content.

Fatty acid composition is usually related to envi-
ronmental conditions and can be improved by dif-
ferent dietary additives (Danabas 2011). In the 
present study, the highest amount of saturated fatty 
acids (SFA) was observed in fish fed with dietary 
turmeric, curcumin, ZeNPs, and curcumin-loaded 

Fig. 6  Changes in antioxidants biomarkers of common carp, 
C. carpio after 60 days of feeding experiment with basal diet 
(Ctrl), turmeric (Tur), curcumin (Cur),  SiO2NPs (Si), cur-
cumin-loaded  SiO2NPs (Cur-Si), ZeNPs (Ze), and curcumin-
loaded ZeNPs (Cur-Ze) and 96-h exposure to silver nanopar-
ticles (AgNPs, 0.5 mg  L−1). The “Ctrl” is the negative control 

group that fed with the control basal diet and was not exposed 
to AgNPs, while the “AgNPs” is the positive control group that 
fed with the control basal diet and was exposed to AgNPs. Bars 
with different letters differ significantly (mean ± SD, one-way 
ANOVA, P < 0.05).
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ZeNPs. Furthermore, curcumin and ZeNPs signifi-
cantly increased the amount of MUFA in the whole 
body of common carp. The highest levels of PUFA 
were observed in the control group. The existence of 
high amounts of PUFA in fish may increase the sus-
ceptibility of different fish tissues to oxidative stress 
and consequently increases the demand for anti-
oxidant supplements in the diet (Dalle Zotte 2002; 
Nakano et al. 1999). In the present study, however, 
the higher amount of SFAs and MUFAs could be 
associated with the inhibitory effects of curcumin on 
fatty acid desaturase activity such as Δ5 desaturase 
and Δ6 desaturase (Nakano et al. 2000). In the cur-
rent study,  SiO2NPs and curcumin-loaded  SiO2NPs 
supplementation increased the amount of PUFAs 
such as EPA (C20:5n3), DTA (C22:4n6), and DPA 
(C22:5n3). This could be associated with a better 
nanocarrier system of  SiO2NPs to improve curcumin 
bioavailability.

Typically, liver tissue is one of the main targets 
of oxidative damage induced by metal nanoparticles 
(Ansari et al. 2016; Sun et al. 2016; Tang et al. 2019; 
Xiong et al. 2011). Liver enzymes such as AST and 

ALT are frequently used to assess the general health 
condition of fish. These enzymes can be leaked 
through the plasma due to liver injuries and subse-
quently elevate the serum concentrations (Abdel-Latif 
et  al. 2020; Cao et  al. 2015). In the present study, 
biochemical indices such as AST and ALT after 96-h 
exposure to AgNPs were found in the lowest levels in 
the plasma of fish fed with curcumin and curcumin-
loaded  SiO2NPs. This can be explained by the protec-
tive effects of curcumin and its capacity to neutralize 
the free radicals caused by AgNPs (Yusuf et al. 2017).

After the exposure experiment, the peroxidation 
index (MDA) and antioxidant enzymes were evalu-
ated in the fish’s liver. Silver nanoparticles can induce 
oxidative stress by generating reactive oxygen species 
(ROS), which in turn causes several injuries in the 
liver. On the other hand, antioxidant enzymes play a 
protective role against ROS-mediated oxidative dam-
age. Furthermore, it has been shown that the oxida-
tive stress of silver nanoparticles increases in a con-
centration-dependent manner (Khan et al. 2017).

In the present study, the highest level of MDA 
was observed in the positive control group. Also, the 
highest level of CAT was detected in fish fed with 
curcumin, turmeric, and curcumin-loaded ZeNPs. 
Previous studies have shown that dietary supplemen-
tation with curcumin can reduce the MDA level in 
Nile tilapia and Jian carp (Cyprinus carpio var. Jian) 
(Cao et al. 2015; Mahmoud et al. 2017). Our findings 
confirm the antioxidant-enhancing activity of cur-
cumin by scavenging free radicals and inhabitation of 
lipid peroxidation (Somparn et al. 2007).

In the present study, we also tried to determine the 
silver accumulation in the liver of AgNPs-exposed 
fish. Interestingly, the lowest silver concentration 
was detected in the liver of fish fed  SiO2NPs. Previ-
ous studies have shown that silver ions released from 
AgNPs can potentially pose aquatic organisms with 
various hazardous threats (Levard et  al. 2012). This 
mainly occurs due to the interaction of  Ag+ with pro-
tein (AshaRani et al. 2009). The lower silver bioaccu-
mulation in the liver of fish fed with  SiO2NPs could 
be explained by the chelating activity of these nano-
particles against  Ag+ ions. According to earlier stud-
ies, it has been shown that  SiO2NPs can mediate the 
absorption of heavy metals and eventually can reduce 
their concentration (Akhter et al. 2022).

In conclusion, we have supplemented cur-
cumin in the diet of juvenile carp with two different 

Fig. 7  Bioaccumulation of silver in the liver of common carp, 
C. carpio, after 60 days of feeding experiment with basal diet 
(Ctrl), turmeric (Tur), curcumin (Cur),  SiO2NPs (Si), cur-
cumin-loaded  SiO2NPs (Cur-Si), ZeNPs (Ze), and curcumin-
loaded ZeNPs (Cur-Ze) and 96-h exposure to silver nanopar-
ticles (AgNPs, 0.5 mg  L−1). The “Ctrl” is the negative control 
group that fed with the control basal diet and was not exposed 
to AgNPs, while the “AgNPs” is the positive control group that 
fed with the control basal diet and was exposed to AgNPs. Bars 
with different letters differ significantly (mean ± SD, one-way 
ANOVA, P < 0.05).
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nanocarriers. This study showed that the loaded cur-
cumin on silica and zeolite nanoparticles did not dif-
fer from curcumin when it was supplemented alone. 
Furthermore, the present study showed that silica and 
zeolite nanocarriers might be responsible for reducing 
acute toxicity and liver bioaccumulation of AgNPs 
at 0.5 mg  L−1. This study provides insight into the 
encapsulation of curcumin with silica and zeolite 
nanoparticles, but still requires more investigation 
before any conclusion can be drawn.
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