
39 

Mar. Sci. Tech. Bull. (2023) 12(1): 39-50 
e–ISSN: 2147–9666 
info@masteb.com 

dergipark.org.tr/en/pub/masteb 
www.masteb.com 

DOI: 10.33714/masteb.1220668 

https://prensip.gen.tr/ 

RESEARCH ARTICLE 

Green synthesis iron oxide nanoparticles (Fe@AV NPs) induce 
developmental toxicity and anxiety-like behavior in zebrafish embryo-
larvae 

Mine Köktürk1,2* • Aybek Yiğit2,3  • Ekrem Sulukan4,5

1 Igdir University, Faculty of Applied Sciences, Department of Organic Agriculture Management, 76000, Igdir, Türkiye 
2 Igdir University, Research Laboratory Application and Research Center (ALUM), 76000, Igdir, Türkiye 
3 Igdir University, Tuzluca Vocational School, Department of Pharmacy Services, 76000, Igdir, Türkiye 
4 Atatürk University, Faculty of Fisheries, Aquaculture Department, 25030, Erzurum, Türkiye 
5 Atatürk University, Faculty of Fisheries, Aquatic Biotechnology Laboratory, 25030, Erzurum, Türkiye 

A R T I C L E  I N F O  

Article History: 
Received: 18.12.2022 
Received in revised form: 11.01.2023 
Accepted: 16.01.2023 
Available online: 02.03.2023 

Keywords: 
Zebrafish 
Iron oxide nanoparticle 
Anxiety 
Malformation 
Nanotoxicology 

A B S T R A C T  
The synthesis of nanoparticles and the usage areas of these nanoparticles show a rapid increase. In 

addition to the beneficial use of nanoparticles, their toxic effects cannot be ignored. In our study, iron oxide 
nanoparticle (Fe@AV NPs) (mean size: 20.852 nm) was synthesized from Aloe vera plant and the 
developmental toxicity of zebrafish was investigated. Zebrafish embryo-larvae were treated with different 
concentrations of Fe@AV NPs (1, 10, and 50 mg/L) starting at 4 hours after fertilization and continuing 
until 96 hours, and different developmental parameters (such as survival rate, hatchability rates, 
malformations, and behavior) were examined. In our study, it was determined that Fe@AV NPs caused 
developmental toxicity in zebrafish embryos depending on the dose increase. More than 60% died at 96 
hours, especially in the highest (50 mg/L) application group. It was observed that Fe@AV NPs decreased 
and delayed the success of exiting the chorion depending on the dose increase, and caused various 
morphological abnormalities (like pericardial edema, tail deformation, and scoliosis) in all application 
groups except the lowest application group (1 mg/L). While 10 mg/L Fe@AV NPs caused sleep-like 
behaviors during the daytime by decreasing the daytime motility of the larvae, it caused hyperactivity by 
increasing their nocturnal motility. The results of thigmotaxis, which is an anxiety parameter, were found 
to increase anxiety at 10 mg/L Fe@AV NPs exposure.Our findings showed that Fe@AV NPs synthesized 
from Aloe vera plant have in vivo toxicity and their use at concentrations lower than 1 mg/L can be safe in 
environmental and medical applications.  
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Introduction 

Synthesis of nanoparticles (NPs) are growing unstoppably 
in many fields. However, nanotoxicological research is still in 
its infancy, with the impact of nanoparticles on the 
environment (Elsaesser & Howard, 2012). Iron oxide 
nanoparticles (IONPs) are now widely used in drug delivery, 
water remediation, and medical applications (Choi et al., 2019; 
Belda Marín et al., 2021; Martin et al., 2022). 

IONPs are used in remediation and removal methods 
against pollutants in aquatic environments (Baruah et al., 2020; 
Kamath et al., 2020; Monje et al., 2022). This situation has made 
it important and necessary to investigate the toxic effects of 
IONPs on aquatic organisms. The toxicity of IONPs in some 
aquatic organisms is of concern (Sheel et al., 2020; Khoei, 2021; 
Paulpandian et al., 2022). It has been reported that when carp 
(Cyprinus carpio) is exposed to IONP (size: 20–40 nm) for 21 
days, nanoparticles accumulate in the fish liver and intestines 
and show immunotoxicity in these tissues (Khoei, 2021). 
Similarly, guppy fish (Poecilia reticulate) prolonged (21 days) 
exposure to IONPs showed high histopathological indices in 
liver tissues due to circulatory disorders and inflammatory 
responses (Qualhato et al., 2018). Studies in trout showed that 
acetylcholinesterase (AChE) activity was decreased in the brain 
tissues of fish exposed to iron nanoparticles (Fe3O4-MNPs) for 
96 hours. In addition, it has been reported that there is an 
increase in lipid peroxidation indicator (MDA values) and the 
levels of some biochemical parameters (TNF-α, 8-OHdG, and 
caspase-3) (Ucar et al., 2022). In addition, exposure of zebrafish 
(Danio rerio) embryos to iron nanoparticles (20−30 nm) for 5 
days increased mortality, delayed hatchability, and impaired 
motor abilities (Huang et al., 2019). Still, after zebrafish 
embryos were statically and semi-statically exposed to IONPs 
at different doses (21.4 ± 0.39 nm; 0.3-10 mg/L) for 144 hours, 
it was observed that nanoparticles accumulated in the chorion 
of embryos and the digestive system of larvae blood 
accumulation and pericardial edema were observed (Pereira et 
al., 2020).  

It is thought that the natural toxicities of nanoparticles can 
be used to improve existing cancer treatments through the 
production of iron nanoparticles, reactive oxygen species 
(ROS) (Könczöl et al., 2013; Hauser et al., 2016). This idea led 
to the synthesis of nanoparticles with less toxicity. Green 
synthesis nanoparticle production offers significant advantages 
over other nanoparticle synthesis methods as they are cost-
effective and do not require the use of highly toxic chemicals 
(Murugan et al., 2018). Green synthesis nanoparticles are 

mostly synthesized using plant extracts (Rabiee et al., 2020; 
Paiva-Santos et al., 2021; Perumal et al., 2021; Kokturk et al., 
2022, 2023; Sabeena et al., 2022). Some studies have shown that 
green-synthesized nanoparticles are less toxic than chemically 
synthesized NPs (Verma et al., 2020; Anila et al., 2021; Kokturk 
et al., 2022; Sabeena et al., 2022).  

Aloe vera is a perennial and succulent plant whose main 
components are Aloe vera gel and latex (Viljoen et al., 2001). It 
has been reported that there are many bioactive components in 
the leaf of the plant (Minjares-Fuentes et al., 2018; Rehman et 
al., 2019). It has been reported that these components of the 
plant cause antibacterial, anti-inflammatory, and anticancer 
effects (Fehrmann-Cartes et al., 2019; Majumder et al., 2019; 
Medina-Cruz et al., 2021). However, it is very important to 
investigation the content of some phenolic compounds in Aloe 
vera leaf extract due to their cytotoxicity, and carcinogenicity 
(Guo & Mei, 2016). Because some studies have shown that Aloe 
vera plant has a toxic effect on living things (Lee et al., 2014; 
Nalimu et al., 2021; Amri et al., 2022).  

In this context, our study aimed to determine the effects of 
green synthesis iron oxide nanoparticles (Fe@AV NPs) 
synthesized from Aloe vera plant on developmental changes 
(survival rate, larval hatching rate, and malformations) and 
behavior (locomotor activity and thigmotaxis) in zebrafish 
embryos and larvae. 

Material and Methods 

Chemicals and Instruments 

Chemicals were purchased commercially from Merck. In 
the structural characterization of the samples, SEM (Hitachi 
Regulus 8230 FE-SEM, 10kV, 100X, 200X), TEM (Hitachi 
HT7800 TEM, 100Kv, 100000X), FT-IR (Spectrum Two FT-IR 
Spectrometer), XRD (Panalytical Empyrian, 2θ angle between 
10-90o) brand devices were used

Preparation of Aloe vera 

Fully grown fresh leaves of Aloe vera were washed with 
ultrapure water. The Aloe vera plant was kept in a low 
temperature (37.5oC) oven for five days. Then the dried plant 
was ground with the help of a blender. The ground plant was 
taken up in 100 ml of ethanol and boiled at about 80oC. After 
boiling, filtration was done. The resulting mixture was filtered 
using filter paper (Whatman: 1) after cooling. The resulting 
liquid mixture was stored at +4°C to be used in studies (Ozturk 
et al., 2022) (Figure 1). 
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Figure 1. Steps of green synthesis of Fe@AV NPs using leaf 
extract of Aloe vera 

Green Synthesis of Fe@AV NPs 

0.6 M 100 ml FeCl3 solution was prepared with ultrapure 
water. The prepared solution was stirred for 15 minutes to 
completely dissolve in the magnetic stirrer. Then it was mixed 
with 80 ml FeCl3 solution and 20 ml Aloe vera. The resulting 
solution was left to cool for 2 hours for centrifugation after 
being subjected to a heating-shaking process in a closed water 
bath for 4 hours at 60oC. Centrifugation was continued at 4000 
rpm for 5 minutes. During the process, the solid material was 
washed twice with ultrapure water and once with ethyl alcohol 
and kept in an oven at 60oC for 24 h. Finally, the 
characterization of the obtained solid material was started 
(Rautela & Rani, 2019) (Figure 1).  

Zebrafish Breeding and Spawning 

The adult fish from which the embryos used in our study 
were obtained, the AB striped zebrafish (Danio rerio) were 
obtained from Oregon State University. Zebrafish are reared at 
28±1°C with a photoperiod of 14 h light and 10 h dark, with 
water circulation. Adult zebrafish are fed twice a day (artemia 
and flake food). Fertilized eggs were obtained from healthy 
adult zebrafish, as was done in previous studies (Sulukan et al., 
2017).  

Fe@AV NPs Treatment to Zebrafish Embryos-larvae 

The iron oxide nanoparticle concentrations were derived 
from previous iron nanoparticle studies (Zhang et al., 2015; 
Pereira et al., 2020). Stock solution of nanoparticles was 
prepared with ultrapure water and kept in the sonicator for 20 
minutes. Three different concentrations (1, 10, and 50 mg/L) 
were prepared with E3 solution (5 mM NaCI, 0.17 mM KCI, 
0.33 mM CaCI2, 0.33 mM MgSO4, %0.01 methylene blue) from 
the stock solution and 40 embryos were used in each treatment 
group. The experiment was performed in three replications. 

Embryos were exposed to nanoparticles 4 hours after 
fertilization and exposure continued for 96 hours. In the 
experiment, solutions were renewed every 24 hours (semi-static 
exposure) (von Hellfeld et al., 2020). All developmental changes 
of embryos and larvae were examined at 24, 48, 72, and 96 hpf 
(OECD, 2013). 

Developmental Toxicity of Fe@AV NPs (survival rate, 

hatchability rates, and malformation rate) 

After the embryos and larvae were exposed to different 
concentrations of Fe@AV NPs, the survival rate was in the 
range of 4-96 hpf and the morphological changes were 
examined under the microscope and photographed. 
Hatchability rates was carried out between 48-96 hpf (Köktürk 
et al., 2022). 

Effects of Fe@AV NP on the Behavior of Zebrafish 

Larvae (thigmotaxis and locomotor activity analyzes) 

Locomotor activity was made using 16 (2 replicates) 96 hpf 
larvae randomly selected from each group and placed in a plate. 
The plate was placed on the DanioVision (Noldus) instrument 
set at 28.5°C and the behavior of the larvae was recorded for 50 
min. (dark and light cycles). Motion records dark and light 
cycles data and total distance analysis of each larva were 
evaluated by EthoVision (Noldus) software (Kiziltan et al., 
2022).  

Thigmotaxis (anxiety index) was determined in larvae by 
making minor changes according to the method described by 
Schnörr et al. (2012). The purpose of the thigmotaxis analysis is 
to determine the larvae in the transition from light to dark by 
measuring the total distance traveled in the outer region (2.25 
mm outer) of the wells in the plates by the ratio between the 
entire test area. As with locomotor activity, the evaluation of the 
behavior of their larvae for thigmotaxis analysis was performed 
with the EthoVision software (Baran et al., 2020). 

Data Analysis 

Developmental toxicity (survival rate, hatchability rates, 
and malformations) and behavior parameters were analyzed 
using ANOVA followed by Tukey post hoc testing. GraphPad 
Prism 8 software was used for data analysis and preparation of 
graphs. Results are given as mean±SD. Statistical significance 
(****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 compared to 
control) or ns: not significant 
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Results 

Characterization of green synthesis of Fe@AV NPs (FT-

IR, XRD, FE-SEM, EDS, and TEM) 

FT-IR provides information on the vibrational properties of 
chemical functional groups. FT-IR spectra of the samples (Perk 
Marble Spectrum FTIR spectra) were obtained using FT-IR 
Spectrometers using KBr pellets, in the range of 4000 to 
400 cm-1 with 4 cm-1 resolution. In the spectra of Fe@AV NPs, 
peaks of 3339 cm-1, 1624 cm-1, 1382 cm-1, 865 cm-1, 670 cm-1, 
and 496 cm-1 were obtained. The peaks obtained in the spectral 
regions are 3339 cm-1 hydroxyl group (OH), 1624 cm-1 carbonyl 
group (O=C), 1382 cm-1 aliphatic amine (C-N), 865 cm-1 and 
670 cm-1 (Fe-O), was paired with the 496 cm-1 alkane group (C-
H) (Herlekar et al., 2014; Xiao et al., 2016; Hussain et al., 2016; 
Abid et al., 2022) (Figure 2). 

Figure 2. Image of FT-IR spectra of Fe@AV NPs 

Figure 3. XRD spectra of Fe@AV NPs 

With the aid of X-ray diffraction (XRD), the crystal size of 
the sample was evaluated. Iron oxide formation was confirmed 

using XRD (peaks obtained at 26.39, 34.89, 37.57, 45.80) 
(Herlekar et al., 2014; Hussain et al., 2016) (Figure 3). 

Normal SEM imaging cannot be performed on iron-bound 
nanoparticles obtained by green synthesis. Because the 
magnetic field created by SEM is not preferred because it 
disturbs Fe-bound nanoparticles and creates agglomeration 
and stacking. Therefore, the surface morphology and size of the 
nanoparticles were determined with FE-SEM (Field Emission 
Scanning Electron Microscopes) and TEM devices. In addition, 
their elemental compositions were determined with the help of 
EDS. Figure 4 represents the SEM image of iron-containing 
nanoparticles with different shapes such as irregular 
hemispherical and cubic (Mahdavi et al., 2013; Herlekar et al., 
2014; Majumder et al., 2019; Abid et al., 2022). 

Figure 4. FE-SEM (A) and EDS (B) image showing the 
morphology of the biosynthesized Fe@AV NPs 

Figure 5. TEM image showing the morphology of Fe@AV NPs 
synthesized by green synthesis 

Figure 5 shows the TEM image of magnetite nanoparticles 
synthesized using Aloe vera extract. The figure shows the image 
of some spherical or hemispherical and cylindrical 
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nanoparticles. In addition, the average size of the obtained 
cylindrical magnetic particles was determined as 20.852 nm 
from the image program. However, some clusters are noticeable 
in these images. These clusters sometimes form at the first 
moment and sometimes within a few days (Herlekar et al., 2014; 
Xiao et al., 2016; Majumder et al., 2019). 

Developmental toxicity of Fe@AV NPs 

The survival rate (24-96 hpf) of zebrafish embryos-larvae 
exposed to Fe@AV NPs is shown in Figure 6. There was a 
significant dose-dependent difference between the exposed 
groups (1, 10, and 50 mg/L) compared to the control (Figure 6). 
The survival rate was decreased in the Fe@AV NPs groups 
compared to the control (96.7%), and the survival rates for the 
1, 10, and 50 mg/L groups were determined as 90.8%, 81.7% and 
39.2%, respectively. 

Figure 6. The survival rate of zebrafish embryo-larvae at 
different concentrations of Fe@AV NPs 

Zebrafish embryo and larvae hatching at 48, 72, and 96 hpf 
were concentration-dependently delayed by Fe@AV NPs 
(Figure 7). In our study, while the hatching rate of the 48 hpf 
control group was 63.33%, the hatching rate of the 1, 10, and 50 
mg/L concentration groups was 40.83%, 36.67%, and 21.67%, 
respectively, and significantly decreased compared to the 
control (Figure 7). Similarly, when the control and Fe@AV NPs 
application groups were compared at 72 and 96 hours, it was 
found that there was a significant difference (Figure 7). 

The results for the morphological changes showed that 
there were phenotype distortions in the 1 mg/L concentration 
group, but there was no significant difference compared to the 
control group (Figures 8-9). However, phenotype changes such 
as pericardial edema, tail deformation, and scoliosis in the 10 
(13.29%) and 50 (36.11%) mg/L groups of Fe@AV NPs were 
significantly significant with the control group (Figures 8-9). 

Figure 7. Concentration- and time-dependent hatchability 
rates for Fe@AV NPs in zebrafish embryos 

Figure 8. Visual inspection of embryo and larvae at 24, 48, 72, 
and 96 hpf. Scale bar: 0.5mm 

Figure 9. Malformation rate of zebrafish embryo-larvae at 
different concentrations of Fe@AV NPs 
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Effects of Fe@AV NPs on the Behavior of Zebrafish 

larvae 

In our study, because the larvae were completely immobile 
in the 50 mg/L application group at the 96 hours, behavioral 
testing was not performed in these groups. Thigmotaxis and 
locomotor activity analyzes were performed to detect the 
change in behavior of zebrafish larvae exposed to Fe@AV NPs 
at concentrations of 1 and 10 mg/L for 96 hours (Figure 10). 
When the change in the distance traveled was examined, it was 
determined that especially 10 mg/L Fe@AV NPs caused sleep-
like behaviors in the larvae during the day by decreasing their 
daytime mobility and causing hyperactivity by increasing the 
nighttime mobility (Figure 10A). When the results of 
thigmotaxis, which is an anxiety and anxiety parameter, were 
analyzed, it was found that it increased and induced anxiety at 
10 mg/L Fe@AV NPs exposure (Figure 10B). 

Figure 10. Dark/light locomotor activity (A) and anxiety like 
behavior (thigmotaxis) (B) of 96 hpf zebrafish larvae.  

Discussion 

It is thought that the cause of death of embryos in the 
chorion is that nanoparticles agglomerate on the chorion, 
increasing the chorion thickness, which in turn blocks the 
nutrient and oxygen exchange (de Medeiros et al., 2021). 
Aggregation in iron oxide nanoparticles indicates that these 
materials tend to accumulate near the bottom and in the 
sediment rather than in the water column This may make 
benthic organisms such as zebrafish embryos potential targets 
of nanoparticles in nature (Zhu et al., 2012). In our study, it was 
determined that Fe@AV NPs nanoparticles caused death in 
embryos and larvae depending on the dose increase. It can be 
said that Fe@AV nanoparticles cause death by accumulating in 
the chorion membrane of embryos and the pericardial region 
of larvae with their aggregation tendency. In addition, it is 
thought that toxic phenolic compounds in Aloe vera plant, 

which is used for the green synthesis reaction, may affect the 
survival rate of embryos and larvae (Guo & Mei, 2016).  

It is known that the size of some iron nanoparticles is 
smaller than the chorion pore size (500–700 nm), which 
exposes zebrafish embryos to nanoparticles and even delays 
their exit from the chorion by clogging the chorion pores 
(Rawson et al., 2000; Pereira et al., 2020; de Almeida et al., 
2021). This may lead to pre-hatching hypoxia changes by 
closing the chorionic pore channels and reducing gas exchange 
of embryos (Malafaia et al., 2020). It is also known that metallic 
nanoparticles adsorb to the surface of the chorion by forming 
complexes with the thiol group of chorionic proteins (Auffan et 
al., 2014). The green synthesis iron oxide nanoparticle (Fe@AV 
NPs) synthesized in our study was found to be large enough to 
easily pass through the chorion channels and by adhering to the 
chorion surface, delaying the hatchability of embryos from the 
chorion in all application groups. It has also been reported that 
iron oxide nanomaterials inhibit the activity of hatching 
enzymes and prevent zebrafish embryos from hatching (Zheng 
et al., 2023). 

It has been shown that excessive and sustained iron 
overload can cause heart damage through ferroptosis (Fang et 
al., 2019). Again, some studies have reported that 
nanomaterials (nFexOy) formed with the element iron cause 
pericardial edema and collection of blood in the heart region in 
zebrafish embryos and larvae (Thirumurthi et al., 2022; Zheng 
et al., 2023). In our study, similar to the above studies, it was 
determined that exposure to Fe@AV NPs caused pericardial 
edema by affecting cardiac development in zebrafish embryos 
and larvae. 

Swimming movements in larvae constitute behavioral and 
physiological integrity. Monitoring for differences in 
swimming movements is an additional and important 
approach for assessing toxic effects compared to other 
developmental parameters such as morphological changes and 
survival rates (Oliveira et al., 2020). In zebrafish larvae, 
locomotor behaviors are initiated and controlled by the nervous 
system (Drapeau et al., 2002). Therefore, locomotor activity is 
used as a sensitive indicator for changes in nerve development 
in abnormal situations (Liu et al., 2022). Many studies have 
determined that locomotor activity is somewhat impaired by 
concentration in zebrafish larvae exposed to nanoparticles such 
as TiO2, Au, ZnO and SiO2 (Duan et al., 2013; Chen et al., 2014; 
Hu et al., 2017; Xue et al., 2018). According to the results of 
thigmotaxis and dark/light locomotor activity in our study, it 
was observed that 10 mg/L Fe@AV NPs caused anxiety-like 
behaviors in zebrafish larvae and increased locomotor activity, 
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especially in the dark phase. These observations suggest that 
Fe@AV NPs exposure may have impaired the coordination 
between the nervous system and muscle connections (Basnet et 
al., 2019). It has been reported that light-dark transition 
increases locomotor activity in zebrafish larvae, while dark-
light transition decreases locomotor activity. In zebrafish, 
increased locomotor activity is related to brain functions and 
nervous system development, and increased anxiety in larvae is 
associated with these conditions (Sulukan et al., 2023). 

Conclusion 

Our results showed that green synthesis iron oxide 
nanoparticles cause toxicity in zebrafish embryos and larvae. 
Fe@AV nanoparticles decreased the survival rate and 
hatchability in zebrafish embryos and larvae, while 
malformation rates increased. 

In addition, it was determined that green synthesis Fe@AV 
NPs caused hyperactivity and increased anxiety in larvae. 
Compared to other chemical methods, green synthesis 
nanoparticles are considered to be less toxic. However, our 
study showed that green synthesis nanoparticles (Fe@AV NPs) 
can cause different toxicities depending on the Aloe vera used 
in synthesis. Therefore, it is important to determine safe dose 
ranges of green synthesis nanoparticles for all living things in 
the ecosystem. 
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