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ABSTRACT: This study aimed to determine the acute dietary toxicity and Maximum Allowable
Concentration (MAC) of selenium (Se-NPs) and iron (Fe-NPs) nanoparticles for the ragworm (Hediste
diversicolor). This worm is a critical live feed source in sturgeon aquaculture, directly influencing the health
and growth of larvae and juveniles. However, the safe dietary levels of these nanoparticles for the ragworm
itself, and consequently the risk of trophic transfer to sturgeon, remain unknown. Determining safe dietary
levels of nanoparticles in this organism is therefore essential for ensuring the safety of the entire sturgeon
feed chain. Worms were exposed to six concentrations (0, 100 pg/kg, 1, 10, 100 mg/kg, and 1 g/kg diet) of
each nanoparticle for 96 h in three replicates. Throughout the experiment, aeration was provided, and worm
behavior was monitored. Cumulative mortality was recorded at 24, 48, 72, and 96-h intervals. Data were
recorded in Microsoft Office Excel 2019, and statistical analysis was performed using SPSS software
(Version 26). Data were analyzed by Probit analysis with a 95% confidence level. The LCio, LCso0, and
LCoo values for Se-NPs were calculated to be 291.2, 989.8, and 1690 mg/kg, respectively. For Fe-NPs,
these values were 924.3, 3300, and 5700 mg/kg, respectively. Using a standard Safety Factor (SF) of 10,
the calculated MAC are 98.98 mg/kg for Se-NPs and 330.0 mg/kg for Fe-NPs. This study establishes critical
toxicity thresholds for Se-NPs and Fe-NPs in ragworm. The findings provide essential data for developing
safe feeding protocols in sturgeon aquaculture, helping to prevent potential nanoparticle toxicity transfer
through contaminated live feed and ensuring sustainable sturgeon production.
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1. Introduction

The global population passed 8 billion in 2022 and is expected to hit 10 billion by the end of this
century. Population growth presents many challenges, with food security being the most critical. Estimates
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suggest a 56% food gap by 2050 [1]. Aquaculture currently plays a key role in food and protein production.
Its importance is growing alongside agricultural products [2,3].

Sturgeon are an endangered species whose wild population has declined due to overfishing, habitat
loss, and pollution. Sturgeon aquaculture involves the farming of sturgeon species, primarily for the
production of caviar and then for their meat and various by-products, which are highly valuable. Sturgeon
aquaculture is economically and environmentally significant, and therefore plays an important role in
reducing pressure on wild populations [4]. Research has shown that low survival and performance rates in
sturgeon hatcheries and farms are major barriers to the successful restoration of wild stocks [5-9].

One of the major challenges in sturgeon farming is early life feeding. The transition from feeding live
food to commercially formulated diets results in high mortality in sturgeon due to the immature digestive
system and inactivation of enzymes required to process formulated diets. Therefore, the use of appropriate
live food during active feeding is a critical strategy at this stage and will help reduce mortality [10].

The ragworm Hediste diversicolor (Figure 1) is part of the phylum Annelida and the class Polychaeta.
It is important for feeding various species of benthic-feeding economic fish. The ragworm is appealing to
aquaculturists globally due to its high nutritional value (around 52% protein, 14-23% lipid, and a high
caloric content of about 5578 cal/g) and its high levels of unsaturated fatty acids such as DHA and EPA.
This worm serves as a valuable live feed for important fishery species such as sturgeon and shrimp. It can
be easily cultivated in high densities in fish farms [11-13].

Nanoparticles consist of clusters of atoms from specific elements. They have important characteristics
such as small size, large surface area, unique optical properties, and specific surface coatings [14,15]. Using
nanoparticles in sturgeon farms can help boost the fish’s immune system, shorten the culture period by
promoting growth and improving feed conversion, increase survival rates, and reduce economic losses from
microbial diseases [16].

Selenium is an essential micronutrient in fish diets. It supports normal growth and biological activities
[17] and protects cells and their membranes from oxidative stress. A lack of selenium can lead to slower
growth, loss of appetite, increased mortality, and cellular damage [18]. With growing interest in selenium
intake, researchers have proposed selenium nanoparticles as a new nutritional supplement. These
nanoparticles have gained attention for their advantages, including chemical stability, high bioavailability,
biocompatibility, and low toxicity [19,20]. Selenium nanoparticles serve as strong antioxidants, effectively
scavenging free radicals, and can act as a natural antioxidant. The source of selenium affects its antioxidant
capabilities [21]. Other studies have shown that selenium nanoparticles improve growth performance,
immunity, and antioxidant function in various fish species [22-25].

Iron is another important micronutrient that plays a critical role in normal physiological functions of
fish. It is necessary for various metabolic processes, including oxygen transport, drug metabolism, steroid
synthesis, DNA synthesis, ATP production, and electron transfer [26]. Iron contributes to mechanisms that
control circulation and respiration and plays key roles in hormone synthesis and fatty acid metabolism [27].
This element is essential for nearly all living organisms and is crucial for many vital processes, such as
photosynthesis, respiratory reactions, DNA synthesis, and oxygen transport and storage [28]. Research has
shown that iron deficiency in different fish species causes anemia and/or reduced spawning [29].
Additionally, fish given adequate iron levels show improved growth performance [30]. Iron is involved in
protein synthesis and maintenance in aquatic animals [31]. By using nanotechnology in aquaculture, new
forms of minerals, such as iron, are being developed as nanoparticles. While the need for optimal iron levels
to support fish health is well known, several studies have reported conflicting results regarding iron
requirements across different fish species and environmental conditions [32]. We developed a new
approach to enhance ragworm with selenium and iron nanoparticles, producing a “functional food”
designed to offer specific advantages to sturgeon. Nevertheless, the safe dietary thresholds of these
nanoparticles for ragworm and the associated risk of nutritional transfer to sturgeon were entirely uncertain. The
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enrichment strategy could not be effectively executed without identifying the maximum permissible
concentration (MPC) of these nanoparticles in the diet of ragworm. Thus, the primary aim of this research was
to establish the acute toxicity limits and compute the MAC for selenium nanoparticles and iron nanoparticles in
H. diversicolor. This MAC value will serve as an essential maximum safety threshold for developing future
enrichment protocols and will guarantee that the live food carrier remains non-toxic for sturgeon.

$ 0\ ¢ e o
Figure 1. The ragworm (Hediste diversicolor).

2. Materials and Methods
2.1. Nanoparticles Used
2.1.1. Selenium Nanoparticles

A high-purity (99.95%) colloidal solution of selenium nanoparticles in water, with dimensions of 10—
45 nm, was obtained from Pishgaman Nanomaterials Iran Co. (Mashhad, Iran). SEM and TEM images of
the selenium nanoparticles are presented in Figures 2 and 3.

SEM HV: 10.0 kV WD: 10.19 mm

View field: 1.27 ym
semmaG 1000k | |

Figure 2. Scanning Electron Microscope (SEM) images of selenium nanoparticles.
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Figure 3. Transmission Electron Microscope (TEM) image of selenium nanoparticles.

2.1.2. Iron Nanoparticles

High-purity iron nanoparticles (99.5%) with dimensions of 35—45 nm were obtained from Pishgaman
Nanomaterials Iran Co. SEM and TEM images of the iron nanoparticles are presented in Figures 4 and 5.
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Figure 5. Transmission Electron Microscope (TEM) image of iron nanoparticles.
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2.2. Determination of Selenium and Iron Nanoparticle Levels for Ragworm Diet

Ragworms (Hediste diversicolor) with an average weight of 37 mg were collected from the
International Sturgeon Research Institute. Only healthy, active worms with no signs of injury were used for
the experiments. For preliminary tests to determine the amount of selenium and iron nanoparticles that
could be added to the diet, ragworms were transferred from storage tanks to 1-L beakers containing
substrate and brackish water from the Caspian Sea at a density of 10 individuals. The experiments were
conducted separately for each nanoparticle (Se-NPs and Fe-NPs) with a control group for each. The basal
diet contained 48% crude protein, 15% crude fat, 3% crude fiber, 1.5% phosphorus, 9% ash, 11% moisture,
1.8% calcium, and 0.5% sodium. The worms were acclimated to laboratory conditions and a basal diet
(without nanoparticles) for one week. For the preparation of six experimental diets in 3 replicates, nominal
concentrations of Se-NPs and Fe-NPs (0, 100 pg/kg, 1, 10, 100 mg/kg, and 1 g/kg of diet) were used. The
rationale for choosing these wide range of concentrations (from 100 pg/kg to 1 g/kg) was to cover a
spectrum from potential nutritional supplementation levels to clearly toxic levels, allowing for a robust
calculation of the dose-response curve and the determination of LC values. Nanoparticles were first
dispersed in distilled water and then thoroughly mixed with the other dietary ingredients to ensure
homogeneity. Ragworms were fed ad libitum once daily, and the amount of feed provided was adjusted
based on consumption to minimize waste. Ragworms were fed these diets for 96 h, and their mortality was
recorded. Aeration was provided throughout the experiment, and the behavior of the worms was monitored.
Mortality was recorded after 24, 48, 72, and 96 h. Physical and chemical water parameters, including
temperature (measured with a WTW digital device, pH 3301, Weilheim, Germany), dissolved oxygen (using
a WTW digital oxygen meter, pH 3301, Weilheim, Germany), salinity (with a salinity meter with 0.01
precision), and pH (with a pH meter), were measured daily. During the experimental period, the mean water
temperature was 20.8 £ 1.1 °C (mean + SD) (range 19.5-22.0 °C), dissolved oxygen was 6.1 + 0.2 mg/L
(range 5.8—6.4 mg/L), salinity was 12.8 £ 0.9 (range 11.5-14.0 g/L), and mean pH was 7.69 + 0.4 (range
7.2-8.1).

2.3. Data Analysis

Data were recorded in Microsoft Office Excel 2019, and statistical analysis was performed using SPSS
software (Version 26). The LC10, LC50, and LC90 values, along with their 95% confidence intervals (CIs),
were calculated using Probit analysis. The goodness-of-fit of the Probit model was assessed using the
Pearson chi-square test. The Maximum Allowable Concentration (MAC) was determined following the
methodology outlined by OECD [33]:

MAC = LCs0\SF
where SF is the Standard Safety Factor set to 10.

3. Results

The mortality rate of ragworms fed different levels of selenium and iron nanoparticles for 96 h is shown
in Figure 6. Figure 7 presents the LCio, LCs0, and LCoo values along with their 95% confidence intervals
for both Se-NPs and Fe-NPs. Based on the Probit analysis, the toxicity thresholds (LCio, LCs0, and LCoo)
and the calculated Maximum Allowable Concentration (MAC) for selenium and iron nanoparticles are
summarized in Table 1.
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Figure 6. Mortality rate (%) of ragworm (Hediste diversicolor) exposed to different dietary concentrations of selenium

nanoparticles and iron nanoparticles over 96 h.
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Figure 7. Lethal concentration (LCio, LCso, and LCog) values with 95% confidence intervals for selenium nanoparticles and iron
nanoparticles in ragworm (Hediste diversicolor) after 96 h of dietary exposure.

Table 1. Toxicity Thresholds (LCio, LCso, and LCy) and Maximum Allowable Concentration (MAC) for ragworm Hediste
diversicolor exposed to dietary selenium and iron nanoparticles for 96 h. Values are expressed in mg/kg feed.

Nanoparticles LCio (mg/kg) (95% CI) LCso (mg/kg) (95% CI) LCy (mg/kg) (95% CI) MAC (mg/kg)
Selenium 291.2 (240.1-340.5) 989.8 (850.2-1150.3) 1690 (1480.5-1950.7) 98.98
Iron 924.3 (800.5-1055.6) 3300 (2900.5-3750.4) 5700 (5150.2—6350.9) 330.0

4. Discussion

This study determined the acute toxicity levels (LCio, LCso, LCo0) for selenium (Se-NPs) and iron (Fe-
NPs) nanoparticles in the ragworm, Hediste diversicolor. This worm serves as an important live feed in
sturgeon aquaculture. The LCso values were 989.8 mg/kg for Se-NPs and 3.3 g/kg for Fe-NPs. This shows
a significant difference in toxicity, with Se-NPs being about 3.3 times more toxic to ragworm under the
tested conditions. Most invertebrates in estuarine and marine areas reproduce externally and have free-
living larval stages. Typically, these organisms become more resilient to environmental changes as they
develop. However, larval stages often encounter toxic contaminants that can affect their growth, sexual
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development, and survival [34]. Consequently, the number of individuals that reach adulthood and their
reproductive success in species such as the polychaete Platynereis dumerilii may depend on the stress they
experience during larval development [35].

The benthic nature and detritivorous diet of ragworm play critical roles in understanding these toxicity
thresholds. As a sediment-dweller, this worm frequently encounters a mix of natural and manmade particles.
Little et al. [36] examined the toxicity of silver (Ag; NM-300 K) and titanium dioxide (TiO2; NM-104)
nanoparticles on the freshwater oligochaete, Lumbriculus variegatus. They found the 96-h LCso for Ag
nanoparticles in water to be 0.51 mg/L. Exposure to AgNO3 was more toxic than Ag nanoparticles (96-h
LCso = 0.034 mg/L). No toxicity was found for TiO2 nanoparticles in aquatic or sediment exposure at
concentrations of 2000 mg/L and 1333 mg/kg, respectively. Cong et al. [37] investigated genotoxic effects
of different forms of silver, such as silver nanoparticles (Ag NPs) less than 100 nm, silver microparticles
sized 2-3.5 pm, and aqueous silver in AgNO3 form, on the benthic ragworm Nereis (Hediste) diversicolor
found in sediment. They discovered that silver caused DNA damage in ragworm coelomocytes, with the
extent of damage influenced by the concentration and form of silver. Among these forms, silver
nanoparticles had the most significant genotoxic effects, while aqueous silver was the least toxic, indicating
different mechanisms may cause DNA damage from the silver forms. The study by Cong et al. [38]
examined the toxic effects of silver associated with sediment, introduced as commercially available silver
nanoparticles (Ag NPs, 20 and 80 nm) and aqueous silver (AgNOs3), on Nereis (Hediste) diversicolor. This
research focused on individual and subcellular outcomes after a 10-day exposure. The burrowing behavior
of N. diversicolor was affected after exposure to Ag NPs. They found that worm size influenced Ag
bioaccumulation. Both forms of silver displayed cytotoxic and genotoxic effects on N. diversicolor
coelomocytes. Treatments with Ag NPs were more toxic than aqueous silver across all toxicity endpoints
evaluated. Although exposure linked to sediment would be more ecologically pertinent for this deposit-
feeding species, our dietary exposure method was intentionally tailored to replicate the circumstances of an
aquaculture environment, where ragworms are deliberately provided with formulated feeds for enrichment
goals. This method directly guides the creation of secure feeding procedures in hatcheries. Nonetheless, we
recognize that a 96-h acute toxicity test, though typical for preliminary risk evaluation, fails to entirely reflect
the possible chronic or subchronic impacts that may result from extended dietary exposure. Future research
should explore the sublethal and long-term impacts of these nanoparticles on H. diversicolor over prolonged
durations, incorporating evaluations of growth, reproduction, and alterations in behavior. Moreover, mortality
by itself, although a conclusive endpoint, fails to offer a comprehensive understanding of toxicity. To create
a thoroughly complete safety profile, upcoming studies ought to include a range of sublethal biomarkers, such
as behavioral tests like burrowing activity, along with biochemical indicators of oxidative stress. Assessing
these parameters in H. diversicolor subjected to sublethal levels of Se-NPs and Fe-NPs would yield a better
understanding of the toxicity mechanisms and assist in fine-tuning the MAC values.

The high LCso for Fe-NPs (3.3 g/kg) suggests ragworm has considerable tolerance for iron
nanoparticles. This tolerance could stem from iron’s natural physiological role and distinct mechanisms of
action. Iron is essential for hemoglobin and various metabolic enzymes [26,27], and organisms might have
stronger regulatory and storage mechanisms for it. Additionally, iron nanoparticles usually dissolve more
slowly and induce different oxidative stress responses than selenium or other metallic nanoparticles [39].

The increased toxicity of Se-NPs noted in our research could be linked to their potent pro-oxidant
effects or interactions with sulfur-rich biomolecules, undermining the worm’s antioxidant defenses at lower
dietary levels compared to Fe-NPs. The differences in toxicity among these nanoparticles can be attributed
to several physicochemical factors. The speed at which nanoparticles dissolve in the gastrointestinal
environment is crucial for their bioavailability and toxicity. Selenium nanoparticles may release Se ions
more readily in the acidic conditions of the polychaete digestive tract, leading to increased intracellular
concentrations of toxic ionic forms. In contrast, iron nanoparticles, particularly when oxidized (e.g., Fe3Oa4),
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frequently aggregate and exhibit reduced dissolution rates, potentially diminishing bioavailability.
Additionally, the surface reactivity and the capacity to generate reactive oxygen species (ROS) differ
significantly among these nanoparticles. Se-NPs are known for their considerable pro-oxidant effects at
high concentrations, possibly exceeding the worm’s antioxidant defenses. In contrast, Fe-NPs could induce
oxidative stress via Fenton-like reactions, generating highly reactive hydroxyl radicals. Nonetheless, their
clustering in the intestine or adjacent environment and the consequent reduced accessibility may account
for the observed reduction in mortality [40]. This trend suggests that iron nanoparticles are generally less
acutely detrimental than selenium nanoparticles, likely due to differences in their mechanisms of action and
in how organisms physiologically handle these essential yet potentially toxic elements. Upcoming studies
evaluating biochemical indicators such as Glutathione S-transferase (GST), Catalase (CAT),
Malondialdehyde (MDA), and oxidative stress-related gene expression in ragworms subjected to sub-lethal
levels of these nanoparticles could enhance understanding of mechanisms and enable comparisons with
biomarker reactions observed in other polychaete species. From an aquaculture perspective, these LCso
values are crucial for risk assessment. The tested concentrations (up to 1 g/kg diet) represent extremely
high levels unlikely to be found in standard aquaculture, where nanoparticles would typically be used as
dietary supplements at much lower, beneficial doses (e.g., mg/kg range) [16,24,25]. Thus, our results imply
a significant safety margin for using Se-NPs and Fe-NPs as feed additives when given through live ragworm.

5. Conclusions

In conclusion, this study offers the first detailed toxicity data for selenium and iron nanoparticles in
Hediste diversicolor, which is an important live feed for sturgeon. The LCso values of 989.8 mg/kg for Se-
NPs and 3.3 g/kg for Fe-NPs indicate that Fe-NPs are much less toxic than Se-NPs for this species. These
results create a foundation for assessing safety in using nanoparticle-enhanced diets in live feed production.
Specifically, the calculated MAC values of 98.98 mg Se-NPs/kg and 330.0 mg Fe-NPs/kg feed provide a
clear, safe upper limit for enriching ragworm. Aquaculture practitioners can use these values to formulate
functional feeds that optimize the nutritional status of sturgeon larvae without risking toxicity to the live
feed vector.
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