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Abstract  Manganese ferrite nanoparticles (MnFe2O4 
NPs) have several environmental and biomedical appli-
cations. However, knowledge about their toxicity, as a 
function of the synthesis method, is still scarce. Thus, 
the current study aimed to evaluate whether the syn-
thesis method (hydrothermal: HT NPs; coprecipita-
tion: CP NPs) of citrate-coated MnFe2O4 NPs influ-
ences their potential toxicity in zebrafish embryos 
and larvae through multiple biomarker assessment. 
HT NPs were synthesized at high pressure and tem-
perature, whereas CP NPs synthesis included a pas-
sivation step. Fe and Mn were detected in zebrafish 
chorion exposed to the higher concentration of HT 
and CP NPs, but they were not detected on the larvae’s 
body surface. The MnFe2O4 NPs did not induce mortal-
ity or inhibit hatching. HT NPs (5.0 and 10 mg L−1) and 
CP NPs (1.25 to 10 mg L−1) reduced the spontaneous 

contraction frequency in zebrafish embryos. HT NPs 
(5.0 and 10  mg L−1) induced tachycardia, CP NPs 
(2.5, 5.0, and 10  mg L−1) induced bradycardia in 
zebrafish embryos. Pericardial edemas were a tran-
sient effect, detected only in embryos exposed to 
HT NPs for 48 h. After 72 h of exposure, neither NP 
type induced significant morphological alterations, 
changes in ROS levels, effects on cell viability, or 
behavioral alterations. Overall, synthesis-dependent 
early developmental effects were observed, with no 
evidence of persistent post-hatching toxicity under 
the experimental conditions. Thus, the zebrafish is a 
suitable model system to compare NPs effects from 
different synthesis methods, contributing to the devel-
opment of safer nanotechnologies.
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Introduction

Manganese ferrite nanoparticles (MnFe2O4 NPs) are a 
type of iron oxide nanoparticles (IONPs) with several 
biomedical and environmental applications [1]. The 
similarity to magnetite (Fe3O4) arises from the fact 
that its structure contains Fe2+ and Fe3+, while Mn-
ferrite NPs contain Mn2+ and Fe3+. MnFe2O4 NPs 
can be used in magnetic resonance imaging (MRI) 
as contrast agents [2, 3], delivery of antitumoral 
drugs [4], photothermal therapy [5, 6], and magnetic 
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hyperthermia [7]. In addition, MnFe2O4 NPs can be 
applied as a Fe and Mn-rich fertilizer in agriculture 
[8], for enhancing carbon sequestration by microalgae 
[9], remediation of Cr6+ contaminated environments 
[10], or in the remediation of dye- [11] and gadolin-
ium-contaminated waters [12].

IONPs have been used in the clinic [13] and envi-
ronmental applications for decades [14], but it is still 
necessary to determine safe concentration ranges and 
the potential sublethal effects in non-target organs 
and species, mainly with distinct ferrites. The toxicity 
of IONPs has been evaluated by in vitro and in vivo 
approaches. IONPs have been reported to inhibit the 
growth of lung cancer cells (NCI-H460 line) [15], 
and to increase oxidative stress, apoptosis, and myo-
cardial dysfunctions in mice [16], genotoxic and car-
diotoxic effects in rats [17], and genotoxic and cardio-
toxic effects in the freshwater fish Poecilia reticulata 
[18]. Although there are still gaps between in vitro, ex 
vivo, and in  vivo toxicity tests with IONPs, the tel-
eost zebrafish (Danio rerio) emerges as an excellent 
intermediate model of NPs toxicity tests between the 
cell culture and mammalian models [19], also avoid-
ing the excessive use of rodents [20].

Approximately 70% of genetic similarity between 
zebrafish and humans [21] contributes to translational 
research and facilitates the generation of transgenic 
lines [22]. The high reproduction rate and small size 
are features that facilitate care, cultivation, and main-
tenance of the animals [23]. One of the most impor-
tant advantages is the optical transparency of embryos 
and larvae, which enables monitoring of NPs and 
cancer cells and their effects on zebrafish develop-
ment [24]. Moreover, the zebrafish embryo-larval 
toxicity test (ZELT) described by the Organisation for 
Economic Cooperation and Development (OECD) in 
the test guideline number 236 [25] contributed to the 
increasing production of papers applied to nanotoxi-
cological research [26–28].

The toxicity of IONPs in zebrafish depends on 
diameter, composition, functionalization, concentra-
tion, exposure time, developmental stage, and type 
of exposure [29, 30]. Citrate-functionalized magh-
emite (γ-Fe2O3 NPs) adhered to the zebrafish cho-
rion (after 48  h post-exposure—hpe) and accumu-
lated in the digestive system and liver of zebrafish 
larvae after 144 hpe [29]. Uncoated maghemite 
Fe2O3 NPs induced oxidative stress and mortal-
ity above 20  mg L−1 in zebrafish embryos and 

larvae [31]. Citrate-coated γ-Fe2O3 NPs [29] and 
green Fe3O4 NPs synthesized from the extract of 
Phyllanthus niruri [32] also induced bradycardia, 
pericardial edemas, and blood accumulation in the 
heart of zebrafish embryos. Besides, chitosan-coated 
Fe3O4 NPs induced behavioral effects, such as thig-
motaxis and escape response to an aversive stimu-
lus [30], but no mortality was observed in adult 
zebrafish after exposure to 75 mg L−1 citrate-coated 
Fe2O3 NPs [33]. Also, polyethylene-glycol (PEG)-
coated MnFe NPs (3.2  nm) at 100  mg L−1 induced 
higher mortality in zebrafish embryos than PEG-
coated Fe NPs (3.5  nm) [20]. On the other hand, 
zebrafish larvae (96 h) exposed to hybrid manganese 
oxide (Mn2O3)-carboxymethyl cellulose-L-arginine 
hybrid nanomaterials (Mn2O3-CMC-LA HNMs), 
at 1  mg  mL−1 with 50–100  nm individual size, had 
100% survival [34].

Despite the growing literature on the toxicity of 
IONPs, knowledge regarding the influence of synthe-
sis methods on toxicity remains limited. For exam-
ple, green Fe3O4 NPs synthesized from the extract 
of Withania somnifera, meso-2,3 dimercaptosuccinic 
acid (DMSA) coated, presented fewer toxic effects 
than coprecipitated ones, in zebrafish 96  h expo-
sure [35]. Thus, the present study aimed to evalu-
ate whether the synthesis method of citrate-coated 
MnFe2O4 NPs (hydrothermal synthesis: HT NPs, and 
coprecipitation synthesis: CP NPs), influence their 
potential toxicity in zebrafish embryos and larvae, 
using multiple biomarker assessments. The hypoth-
esis that the synthesis method of MnFe2O4 NPs influ-
ences toxicity in developing zebrafish was tested. 
To the best of our knowledge, this is the first study 
to focus on investigating the effects of hydrothermal 
and coprecipitation synthesis methods on the toxicity 
of MnFe2O4 NPs in developing zebrafish. This study 
contributes to the development of safer and more sus-
tainable NPs in the context of human, animal, and 
environmental health (One Health).

Materials and methods

Nanoparticles

The MnFe2O4 NPs were obtained via hydrothermal 
[36] and coprecipitation methods [37]. The hydro-
thermal synthesis initiated by preparing a mixture 



J Nanopart Res (2026) 28:146	 Page 3 of 24  146

Vol.: (0123456789)

of 10 mL of Fe3+ and 5 mL of Mn2+ stock solutions 
(FeCl3·6H2O, MnCl2·4H2O) with 40  mL of methyl-
amine (40 wt % CH3NH2), under stirring for 10 min. 
Then, the material was subjected to high pressure and 
temperature in a Teflon-sealed autoclave heated up 
to 160  °C. Further, the precipitate was separated by 
magnetic decantation, washed with deionized water, 
and redispersed in 50  mL of ultrapure water. Thus, 
the citrate coating was performed by adding 4 mmol 
of Na3C6H5O7·2H2O to the solution under boiling 
conditions with continuous stirring. Finally, the pH 
was adjusted to 7.0, and the precipitate was washed 
with acetone. The HT NPs were redispersed in 50 mL 
of ultrapure water, forming the final magnetic fluid 
[36].

The coprecipitation synthesis involved the addition 
of 50  mmol of FeCl3 and 25  mmol of MnCl2 (both 
dissolved in 100 mL of 3% HCl w/w) into 500 mL of 
boiling 2.0 mol L−1 methylamine solution, under stir-
ring for 30 min. The resulting material was magneti-
cally separated from the supernatant and washed with 
distilled water. The precipitate was acidified with 
0.5  mol L−1 HNO3 solution and magnetically sepa-
rated from the supernatant. Then, 0.5 mol L−1 of fer-
ric nitrate Fe(NO3)3 was added and stirred for 30 min 
under heating by boiling, which was the passivation 
step. The precipitate was magnetically separated and 
redispersed in 50 mL of water for sodium citrate coat-
ing, stirring for 30  min (mass ratio of 5% between 
Na3C6H5O7 and MnFe2O4). Further, the precipitate 
was magnetically separated again and washed with 
acetone three times. Finally, the magnetic colloid was 
stably dispersed in water under physiological condi-
tions, forming the CP NPs [37].

The individual size of MnFe2O4 NPs (n = 200 
particles) was determined by transmission electron 
microscopy (TEM) with the JEOL microscope (JEM-
2100). The minimum and maximum diameters of the 
NPs were determined using ImageJ software. The 
chemical composition was analyzed by Energy Dis-
persive X-ray Spectroscopy (EDS), Thermo Scientific 
NSS Spectral Imaging. The crystalline structure of 
NPs was analyzed by X-ray diffraction (XRD). The 
crystallite mean diameter was calculated using the 
Halder-Wagner equation from the data obtained from 
XRD. The hydrodynamic diameter (Hd), the zeta 
potential (ζ), and the polydispersity index (PdI) of 
NPs (5 mg L−1) in ultrapure water (UW) and recon-
stituted water (RW) (ISO 7346/3, 1996 [38]) were 

determined using the Zetasizer Nano-ZS90 model 
(Malvern Panalytical). Hd and PdI were analyzed by 
dynamic light scattering (DLS), and the zeta poten-
tial was measured by electrophoretic light scattering 
(ELS), through different pH (2, 4, 6, 7, 8, 10, and 12). 
The dispersions were sonicated in an ultrasonic bath 
for 30 min prior to analysis. The ultrasonication pro-
cess was used to improve dispersion prior to analysis 
[39].

Model system

Zebrafish, AB strain, were obtained from the Multi-
User Center of Animal Production and Experimenta-
tion (CMPEA) at the Institute of Tropical Pathology 
and Public Health (IPTSP) of the Federal University 
of Goiás (UFG). The adult zebrafish were maintained 
in a recirculation system (Altamar Sistemas Aquáti-
cos®) under controlled conditions of temperature 
(27 ± 0.5 ºC), pH (7.3 ± 0.2), conductivity (250 ± 50 
μS), and a 14:10  h light:dark cycle photoperiod. 
Zebrafish were fed with commercial fish food (Poyt-
ara Flakes for Tropical Fishes) and live food (Artemia 
sp.). Experimental methodologies and animal proce-
dures were approved by the Ethics Committee on the 
Use of Animals (CEUA—UFG, n. 073/22).

Interaction of NPs with the embryo chorion and 
larval surface

After 48  h and 144  h of exposure to MnFe2O4 HT 
NPs and CP NPs (10  mg L−1), zebrafish embryos 
and larvae (n = 3/group) were selected to evaluate 
the interaction of NPs with the zebrafish chorion 
and larval body surface [29]. Animals were fixed by 
immersion in paraformaldehyde (4%) for 4 h, washed 
in 0.2  M PBS buffer at pH 7.2, dehydrated through 
increasing ethanol gradient (70 and 100%), and dried 
with liquid carbon dioxide (CO2) in a critical-point 
drier (Autosamdri® 815 A). Dried materials were 
sputter-coated with gold in a Denton Vacuum Sput-
ter Coater (Denton Vacuum, LLC, Moorestown, NJ, 
USA), and analyzed using a scanning electron micro-
scope (SEM) (Jeol JSM-6610) coupled with energy 
dispersive X-ray spectroscopy (EDS) (Thermo Scien-
tific NSS Spectral Imaging). The EDS analysis of the 
larval surface body included 4 different regions: eye 
(point 1), heart (point 2), abdomen (point 3), and tail 
(point 4) [29].
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Zebrafish embryo‑larval toxicity test (ZELT)

The zebrafish breeding pairs (1 male: 1 female) were 
placed in commercial tanks (Alesco®). Then, the 
embryos were collected, and only viable embryos 
were selected [40]. Then, one embryo (2–4  h post-
fertilization—hpf) per well was placed in 24-well 
microplates (2  mL/well) for the zebrafish embryo-
larval toxicity test (ZELT). The exposure was con-
ducted under static conditions, in three replicates of 
10 embryos (n = 30 embryos per experimental group) 
for 144  h. The NP dispersion concentrations were 
0.6, 1.25, 2.5, 5.0, and 10  mg L−1 based on three 
criteria. First, previous studies of potential effects of 
IONPs at similar concentrations in zebrafish [29–32]. 
Second, concentrations used in studies evaluating 
in  vitro antitumoral potential of MnFe2O4 NPs [4, 
41]. Third, environmentally relevant iron concentra-
tions were considered [42, 43]. We chose the static 
exposure condition considering the deposition of 
NPs in the environment without medium renewal as 
a first stage of analysis of toxicity. This approach with 
previous studies considering the biomedical applica-
tions of MnFe2O4 NPs [24]. In addition, the positive 
control group was composed of animals exposed to 
4  mg L−1 3,4-Dichloroaniline in reconstituted water 
(according to OECD) [25], and those from the nega-
tive control group was maintaining only reconstituted 
water (294 mg L−1 of CaCl2.2H2O, 123.3 mg L−1 of 
MgSO4.7H2O, 63  mg L−1 of NaHCO3, and 5.5  mg 
L−1 of KCl) according to ISO 7346/3, 1996 [38], 
and OECD, 2013 [25]. Temperature (26 ± 1 ºC), pH 
(7.3 ± 0.2), and 14:10  h ligh:dark photoperiod were 
maintained constant during the bioassay by using 
a bio-oxygen demand incubator (BOD) (SOLAB 
SL-224/120).

During the exposure period (144 h), the zebrafish 
embryos and larvae were observed daily by a stereom-
icroscope (Stemi 508, Zeiss) connected to an Axiocam 
105 color camera capture system and ZEN Software 
2.6 blue edition. Survival and hatching rate (%) were 
assessed daily. Based on Lammer et  al. 2009 [44] 
and OECD, 2013 [25], embryos and larvae exhibit-
ing coagulation, absence of tail detachment, defective 
somite formation, and absence of heartbeat were con-
sidered dead. At 24 h post-exposure, the spontaneous 
contraction frequency (SCF) was assessed during 60 s, 
as an indicator of neurodevelopmental effects [45]. 
At 48 hpe, the heartbeat frequency (beats per minute) 

was quantified, as an indicator of cardiac function 
[46]. The percentages of individuals with bradycardia, 
tachycardia and normal heartbeat were calculated con-
sidering the interval between minimum and maximum 
heartbeats of the NC group. Morphological changes 
in zebrafish embryos and larvae (pericardial and yolk 
sac edema, scoliosis, lordosis, deformities, absence 
or irregular size of eyes) were analyzed according to 
Pereira et al. (2019) [26].

Reactive oxygen species

After 144  h of exposure, reactive oxygen species 
(ROS) levels in zebrafish were measured using the 
fluorescent reagent 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA) [47, 48]. Zebrafish larvae (n = 10 per 
replicate; n = 30 per group) were euthanized by hypo-
thermia and washed twice with cold PBS (pH = 7.4). 
Then, they were homogenized (n = 3 pools with 10 
larvae/group) using a micro-homogenizator (JETTA, 
G13 model) and the homogenate was centrifuged at 
12,000  rpm for 30  min at 4 ºC. Then, 20 μL of the 
supernatant was added to a 96-well plate and incu-
bated at room temperature for 5 min. 100 μL of PBS 
and 8.3 μL of DCFH-DA stock solution (dissolved 
in DMSO, 10  mg  mL−1) were added to each well, 
and the plate was incubated for 30 min [49]. Subse-
quently, the fluorescence intensity was measured in 
a microplate reader (Molecular Device, M2, Union 
City, CA, USA) with excitation and emission wave-
lengths set at 485 and 530 nm, respectively. The fluo-
rescence intensity values were normalized to the total 
protein levels determined by the Bradford method 
[50] and expressed as arbitrary units (fluorescence per 
mg protein).

Cell viability

Cell viability in the zebrafish larvae was analyzed as 
described by Zhao et  al. (2019) [51] with modifica-
tions by Qualhato et al. (2024) [52]. After the exposure 
period (144 h), the zebrafish larvae (n = 12 per experi-
mental group) were washed with reconstituted water 
(ISO 7346/3, 1996, [38]). Then, 1 mL of reconstituted 
water containing 1 μL of acridine orange (AO) solu-
tion (5 mg mL−1) was added to each well, and the plates 
were incubated for 15 min at 25 ºC in the dark. After 
incubation, the AO solution was removed, and the lar-
vae were washed with reconstituted water. The larvae 
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were then observed under a fluorescence microscope 
with a capture system (Axio Imager 2, capture system: 
Axiocam 503 colour; Zeiss). The fluorescence emis-
sion captured on the filter (503 nm excitation/528 nm 
emission) [53] and the captured images were then ana-
lyzed using ImageJ software (v.1.54). Head and trunk, 
tail, and the whole larvae were analyzed to identify cell 
viability in each region. Cell viability was expressed in 
terms of relative green fluorescence intensity [52].

Behavioral analysis

After the exposure period (144  h), zebrafish larvae 
were acclimatized at room temperature for 5  min, 
and then transferred to 12-well microplates (1 larva 
per well) containing reconstituted water (3  mL per 
well). The behavioral analysis followed the protocol 
developed by Pinheiro-da-Silva et al. (2017) [54] and 
modified by Santos et al. (2024) [55]. The microplate 
was placed in a mini studio equipped with a webcam 
(Logitech C922 Pro®) positioned above, and behav-
ior was recorded for 5  min. The video analysis was 
conducted in the ZebTrack software implemented in 
MATLAB (MathWorks, Natick, MA). Mean speed 
(cm/s), maximum speed (cm/s), total distance trave-
led (cm), time in peripheral area (s), time in central 
area (s), and total latency time (s) were recorded as 
behavioral parameters [55].

Statistical analysis

The statistical analyses of embryo-larval toxicity and 
behavior parameters were performed using R soft-
ware and the graphs were generated using Graph-
Pad® Prism 8. Data distribution was analyzed using 
the Shapiro–Wilk test, and homoscedasticity was 
assessed using Levene’s test. Survival curve analy-
ses were conducted by the Log-Rank test, followed 
by post hoc tests. One-Way ANOVA and post hoc 
Tukey’s test were applied for data with normal distri-
bution and homoscedasticity (protein quantification). 
Kruskal–Wallis test and post hoc Dunn’s test were 
used for non-parametric data (SCF, heartbeats, mor-
phological alterations, ROS levels, cell viability, and 
behavioral tests). The significance level was 0.05. The 
results of HT and CP exposures were compared with 
their respective negative control group (NC).

The principal component analysis (PCA) was per-
formed to explore multivariate patterns and identify 

associations among biomarkers and exposure groups. 
Variables included spontaneous contraction fre-
quency (sc), heartbeats (hb), mean velocity (vmed), 
maximum velocity (vmax), total distance traveled 
(dt), time in peripherical area (tp), time in central 
area: area 2 (t2), total latency time (lt), ROS levels 
(ros), cell viability (head and trunk: cvht; tail: cvt; 
larvae: cvl), and protein levels by bradford (brad).

Results and discussion

NP characterization

TEM results showed spherical morphology for both 
HT NPs and CP NPs (Fig. 1A,B). The mean smaller 
diameter was 8.99 ± 2.73  nm for HT NPs (Fig.  1C) 
and 6.18 ± 2.29 nm for CP NPs (Fig. 1D). The mean 
larger diameter was 11.12 ± 3.73  nm for HT NPs 
(Fig. 1C) and 8.48 ± 3.19 nm for CP NPs (Fig. 1D), 
indicating significant differences in particle size 
(p < 0.01). These results are consistent with previous 
studies, such as 12 ± 3 nm of MnFe2O4 CP NPs [37] 
and 10 ± 2 nm of MnFe2O4 HT NPs [36]. The crys-
tallite mean diameter was 19.2  nm for HT NPs and 
16.5 nm for CP NPs (Fig. S1). Furthermore, the NP 
composition of iron (Fe) and manganese (Mn) was 
confirmed by EDS for both NPs (Fig.  1E,F). The 
presence of Cu in Fig. 1 E,F is derived from the grids 
of Cu used in the sample holder. The XRD spectrum 
confirms a single-phase cubic spinel ferrite crystalline 
structure for the HT NPs and CP NPs (Fig.  1G,H). 
HT NPs exhibited higher crystallinity than CP NPs, 
as expected by the difference in the synthesis method.

The difference in size is also corroborated by the 
magnetization characterization (Fig. S2). The saturation 
magnetization of HT NPs was 64.2 emu/g, while for CP 
NPs the value was 51.8 emu/g. The lower magnetiza-
tion observed for smaller particles has been reported 
for Mn-ferrite NPs [56]. The existence of a small coer-
civity value, Hc = 4.8 Oe for HT and 19.4 Oe for CP 
NPs, indicates the presence of a fraction of the NPs in a 
blocked magnetic state. A typical magnetization profile 
was observed for both NP types, confirming the super-
paramagnetic-like behavior (no hysteresis) (Fig. S2), as 
reported previously by Cintra et al. (2022) [4].

The hydrodynamic diameter of HT NPs 
(31.72 ± 3.31  nm) and CP NPs (29.82 ± 1.10  nm) 
were similar in UW (p > 0.05; Table  1). On the 
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other hand, the hydrodynamic diameter of CP NPs 
(334.07 ± 24.48  nm) were higher than HT NPs 
(121.05 ± 35.69  nm) in RW, indicating increased 
agglomeration/aggregation (p < 0.01). The zeta 
potential was negative for both NPs in UW 
(HT = −27.66 ± 0.36  mV; CP = −28.85 ± 0.55  mV; 
p < 0.05) and RW (HT = −14.74 ± 2.10  mV; 
CP = −15.88 ± 0.37 mV; p > 0.05), consistent with the 
presence of citrate coating, which confers a negative 
surface charge to IONPs in RW [29]. Although the 
zeta potential was close to 30 mV in UW, the value 
became closer to 0 mV in RW (Table 1), which indi-
cates reduced colloidal stability [57]. In the case of 
RW, the salts dissociate into ions in the water medium 
(such as Cl⁻, SO₄2⁻, HCO₃⁻, Ca2⁺, Mg2⁺, Na⁺, and K⁺), 
which form a solvation layer around the NPs, influ-
encing zeta potential and hydrodynamic size [58]. 
The PdI of both synthesis NPs in UW were smaller 
than 0.5 (p > 0.05), like other citrate-coated MnFe2O4 
NPs [36]. However, in RW, the PdI increased for both 
NPs (p > 0.05), demonstrating increased polydisper-
sity, showing the agglomeration process (Table  1). 
NPs aggregates/agglomerates can influence the inter-
action with zebrafish and affect exposure dynamics 
[59]. The size of NPs may reach the micrometer scale, 
altering the mode of interaction with the zebrafish 
chorion; the aggregation/agglomeration process also 
modifies the bioavailability of NPs, altering the inter-
action pathways with the respiratory tract to ingestion 
in fish [59]. Besides, the hydrodynamic diameter, zeta 
potential and PdI presented higher values in RW than 
UW, even in different pH, showing a smaller hydrody-
namic diameter and more stability at pH 7 (Fig. S3).

Interaction of NPs with the embryo chorion and 
larval surface

SEM followed by EDS analysis showed the presence 
of Fe and Mn adhered at specific sites of the embryo 
chorion after 48 hpe of MnFe2O4 NPs (10  mg L−1) 
from both synthesis (Fig. 2). Both NPs also induced 

an obstruction of chorion pore canals of zebrafish 
embryos (Fig.  2B,C). Previous studies have previ-
ously reported the interaction and adhesion of NMs 
with zebrafish chorion mediated by glycoproteins 
and carbohydrates on the chorion surface, which was 
observed not only to citrate-functionalized magh-
emite (γ-Fe2O3 NPs) [29], but also to SiO2 NPs [60], 
polystyrene nanoplastics [55], and plastic microfibres 
from facial masks [52].

In contrast to zebrafish embryos, the larvae 
exposed to both MnFe2O4 NPs (10 mg L−1) did not 
show detectable Fe or Mn in its surface body, includ-
ing eye (point 1), heart (point 2), abdomen (point 3) 
or tail (point 4) (Fig. 3). The absence of adhesion of 
MnFe2O4 NPs in the larvae’s body surface is prob-
ably due to the swimming behavior of the zebrafish 
larvae after 144 hpe, which avoid the direct accu-
mulation in their surface. However, due to hatch-
ing, direct contact with the aquatic environment, and 
search for exogenous food, other interaction routes 
of NPs and fish larvae may occur, such as uptake 
by gills and ingestion, like γ-Fe2O3 NPs and Fe ions 
observed in the intestinal tract of zebrafish larvae 
after 144 h [29]. Thus, the NM interaction and pos-
sible accumulation in zebrafish larvae depend on their 
morphology and concentrations [52]. The presence of 
Fe and Mn in zebrafish chorion after 48 hpe and the 
absence of these materials in the larvae’s body sur-
face after 144 hpe may be associated with hazardous 
effects observed only in zebrafish embryos exposed to 
MnFe2O4 HT and CP NPs.

Zebrafish embryo‑larval toxicity test

Survival rate

The citrate-coated MnFe2O4 NPs from both methods 
of synthesis did not induce changes in survival rates 
of zebrafish embryos and larvae in comparison with 
the negative control (NC) group during the exposure 
period (p > 0.05; Fig. 4A-D). This result is in accord 
with previous studies, in which the exposure of 
PEGylated MnFe-based NPs for 144 h did not induce 
mortality in embryo-larval zebrafish at 10 mg L−1, but 
induced a high mortality (> 50%) at 100 mg L−1 [20]. 
Zebrafish larvae (96 h) exposed to Mn2O3-CMC-LA 
HNMs (1  mg  mL−1; 50–100  nm) had 100% of sur-
vival [34]. Uncoated Fe2O3 NPs (26 nm) from Aerva 

Fig. 1   Citrate-coated manganese ferrite nanoparticles 
(MnFe2O4 NPs) characterization of hydrothermal (HT NPs) 
and coprecipitation (CP NPs) synthesis method. Transmission 
Electronic Microscopy (TEM) of HT NPs A and CP NPs B, 
major scale bar: 100 nm and minor scale bar: 20 nm. Individ-
ual diameter of HT NPs C and CP NPs D. Energy Dispersive 
X-ray Spectroscopy (EDS) of HT NPs E and CP NPs F. X-ray 
diffraction (XRD) of HT NPs G and CP NPs H 

◂
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Table 1   Hydrodynamic diameter (nm), Polydispersity index, 
and Zeta potential (mV) of manganese ferrite nanoparticles 
(MnFe2O4 NPs) obtained by hydrothermal and coprecipitation 

synthesis methods, in ultrapure water (UW) and in reconsti-
tuted water (RW). The values represent the means of analyses 
performed in triplicate ± standard deviation

Hydrothermal NPs Coprecipitation NPs

UW RW UW RW

Hydrodynamic diameter (nm) 31.72 ± 3.31 121.05 ± 35.69 29.82 ± 1.10 334.07 ± 24.48
Zeta potential (mV) −27.66 ± 0.36 −14.74 ± 2.10 −28.85 ± 0.55 −15.88 ± 0.37
Polydispersity index 0.37 ± 0.23 1.90 ± 0.10 0.38 ± 0.14 1.39 ± 0.73

Fig. 2   Scanning electron micrographs (SEMs) and energy dis-
persive X-ray spectroscopy (EDS) of zebrafish embryos from 
negative control group A and after 48 h of exposure to citrate-
coated MnFe2O4 NPs from Hydrothermal synthesis (HT NPs 
at 10  mg L−1) B and Coprecipitation synthesis (CP NPs at 
10 mg L−1) C. The graph spectrum represents the EDS analy-

ses, showing the presence of Fe and Mn in HT and CP NPs 
exposures. The arrows in the third column indicate the cho-
rion pore canals of zebrafish embryos. The black scale bar in 
embryos micrographs is 200 μm; the white scale bar is 10 μm 
and the grey scale bar is 1 μm
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lanata leaf extract only induced mortality at 100 and 
125  mg L−1 [61]. Besides, the exposure of citrate-
coated maghemite γ-Fe2O3 NPs (0.3 to 10  mg L−1) 
during 144 h [29], and PEGylated Fe3O4 NPs (0.125 
to 8.0  mM) for 120  h also did not induce mortality 
in zebrafish larvae [30], confirming that the mortality 
effects of IONPs on fish are concentration-dependent.

Hatching rate

Similar to the survival rate, the exposure of zebrafish 
embryos to HT NPs (Fig. 4E) and CP NPs (Fig. 4F) 
did not alter the hatching rate (p > 0.05). The embryos 

showed 100% of hatching rate until 72 h as expected, 
while PC had 30% of hatching rate (p > 0.05). Simi-
larly, zebrafish embryos exposed to alginate hydro-
gels MnFe nanodots also did not alter the hatching 
rate [62]. Also, Mn-doped mesoporous hydroxyapa-
tite (MnHAp) nanorods (25  mg L−1) did not alter 
zebrafish hatching rates [63]. The exposure of citrate-
coated maghemite γ-Fe2O3 NPs (0.3 to 10  mg L−1) 
during 144 h also did not alter the hatching rate [29], 
but chitosan-coated SPIONs (8  mM) died before 
hatching [30], demonstrating that the coating prob-
ably influences the toxic effects.

Fig. 3   Scanning electron micrographs (SEM) and energy dis-
persive X-ray spectroscopy (EDS) of zebrafish larvae at 144 h 
of exposure to citrate-coated MnFe2O4 NPs from Hydrother-
mal synthesis (HT NPs) and Coprecipitation synthesis (CP 
NPs). Negative control group A, 10 mg L−1 HT NPs B and CP 

NPs C. Four points of EDS analyses: eye (point 1), heart (point 
2), abdomen (point 3), tail (point 4) of zebrafish larvae. The 
black scale bar in larvae micrographs is 500 μm and the white 
scale bar is 10 μm
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Neurodevelopmental effects

After 24 hpe, both NPs reduced the SCF in zebrafish 
embryos in comparison with those unexposed 
(p < 0.05; Fig. 4G,H). The exposure of embryos to the 
two higher concentrations of HT NPs (5 and 10 mg 
L−1) reduced the SCF, when compared to the NC 
group (p < 0.01 and p < 0.01; respectively) (Fig. 4G). 
Similar results happened with the following concen-
trations of CP NPs: 1.25  mg L−1 (p < 0.01), 2.5  mg 
L−1 (p < 0.01), 5  mg L−1 (p < 0.01), and 10  mg L−1 

(p < 0.01) (Fig.  4H). SCF is commonly used as an 
indicator of neurodevelopmental effects, and the 
mechanism reported for IONPs include neurotoxic-
ity can involve alterations in genetic expression and 
changes in the development of neurons and mus-
cles [64]. For example, extremely small IONPs 
(ESIONPs) (~ 3  nm; 40  mg L−1) downregulated the 
expression of neuronal developmental (pax2a, neu-
rog1, axin2) and muscle markers (acta2, ttn, lpin1) 
in zebrafish larvae after exposure to 72 hpf [64]. 
Then, ESIONPs altered neuronal development, 

Fig. 4   Survival rate (%), 
hatching rate (%), and 
spontaneous contraction 
frequency—SCF (move-
ments/min) in zebrafish 
from negative (NC) and 
positive (PC) control 
groups and after exposure 
to citrate-coated manga-
nese ferrite nanoparticles 
(MnFe2O4 NPs). Survival 
rate of zebrafish embryos 
and larvae during 144 h 
of exposure to MnFe2O4 
NPs from Hydrothermal 
synthesis (HT NPs) A and 
Coprecipitation synthesis 
(CP NPs) B, according to 
Log-Rank test. Survival 
at 144 h of exposure to 
HT NPs C and CP NPs D, 
according to Log-Rank test. 
Hatching rate of zebrafish 
during 144 h of exposure to 
HT NPs E and CP NPs F, 
according to Log-Rank test. 
SCF of zebrafish embryos 
at 24 h post exposure to 
HT NPs G and CP NPs H, 
according to Kruskal–Wal-
lis test and post hoc Dunn’s 
test. Zebrafish were exposed 
to several concentrations of 
both NPs (0.6, 1.25, 2.5, 5, 
and 10 mg L.−1). Distinct 
letters indicate significantly 
different results between 
experimental groups 
(p < 0.05), while the same 
letters indicate non-sig-
nificantly different results 
(p > 0.05)
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consequently the synaptic signal transmission, neu-
romuscular junction signal transmission, and reduced 
muscle development [64].

The SCF alterations were detected even in lower 
concentrations of CP NPs when compared to HT NPs. 
A possible explanation is related to iron release from 
CP NPs, according to the higher presence of iron on 
the surface of these NPs arising from the passivation 
process in their synthesis, considering the methodol-
ogy steps [65], although this remains to be verified. 
Besides, another factor that could have influenced this 
effect is the instability of CP NPs in RW, as seen in 
Table 1.

The nanobiointeraction of IONPs and the pres-
ence of iron ions in zebrafish chorions were already 
reported by SEM and EDS analysis after 48  h of 
citrate-functionalized γ-Fe2O3 NPs exposure [29]. In 
addition to the adhesion process, the MnFe2O4 NPs 
may interact with or penetrate the chorion, since 
their size is smaller than the zebrafish pore size, 
which can reach 500—700  nm [66]. Agglomerates/
aggregates of NPs can block the pores, disturbing 
the gas and metabolite exchange, potentially leading 
to hypoxic conditions [67]. This argument corrobo-
rates the obstruction of chorion pore canals shown 
in SEM results (Fig. 2). Hypoxia is usually related to 
neurotoxicity, because the lack of oxygen conditions 
can reduce the number of diencephalic dopaminergic 
(DA) neurons at 48 hpf zebrafish [68].

Cardiotoxicity

The exposure of zebrafish embryos to both MnFe2O4 
NPs induced differential heartbeat rate in compari-
son with the NC group (p < 0.05; Fig.  5A-D). HT 
NPs induced tachycardia in zebrafish embryos of 
48 hpe for the concentrations of 5 mg L−1 (p < 0.05) 
and 10  mg L−1 (p < 0.01) (Fig.  5A), while CP NPs 
induced bradycardia in zebrafish embryos of 48 hpe 
for the concentrations of 2.5 mg L−1 (p < 0.01), 5 mg 
L−1 (p < 0.01) and 10  mg L−1 (p = 0.05) (Fig.  5B). 
Almost all PC individuals presented bradycardia, 
as previously reported [55]. The decrease in heart-
beat rate in zebrafish embryos exposed to uncoated 
Fe2O3 (40 ppm) was related to oxidative stress [31], 
due to the excessive ROS production by the Fenton 
reaction [69]. Besides, ultrasmall (USPIONs) Fe3O4 
NPs (2.3 and 4.2 nm) at 100 mg kg−1 induced acute 
cardiac failure and death of mice [70], demonstrating 

that cardiotoxic effects induced by IONPs have been 
reported. USPIONs toxicity was associated with the 
highest ROS level, to the iron element and size [70]. 
The toxicity of metal oxide NPs may depend on the 
NPs themselves, or on the release of ions from the 
NPs, or induced by both forms [71].

Although Wang et  al. (2016) [71] did not detect 
iron ions after 96  h of the stock Fe2O3 NPs disper-
sion preparation, previous studies with zebrafish 
already associated the iron release with the toxic 
effects of IONPs [64, 72]. The IONPs may release 
iron ions and also lead to iron accumulation, result-
ing in DNA damage, cytotoxicity, inflammatory pro-
cesses, and homeostasis dysregulation [72]. Besides, 
the exposure of iron ions in concentrations similar 
(0.3—10  mg L−1) to the ones used in the present 
study, induced more toxic effects than the exposure 
of IONPs [29]. Thus, an example of mechanism of 
action is that some of the MnFe2O4 NPs could have 
entered the chorion, which could lead to oxida-
tive stress in cardiac tissue. While NPs agglomer-
ates probably blocked the chorion pores, leading to 
hypoxia [67], affecting embryonic homeostasis. It is 
important to emphasize that the neurotoxic and car-
diotoxic effects were both quantified in the period that 
the most animals are still inside the chorion. After 
hatching (72 hpf), the zebrafish larvae presented nor-
mal aspects, which may be associated with pos-hatch-
ing physiological recovery.

Although the described cardiotoxic effects, the 
percentages of individuals with bradycardia and 
tachycardia were lower than 50% (Fig.  5C,D). 
The group of 5  mg L−1 HT NPs showed 63.33% of 
zebrafish embryos with normal heartbeat and 36.67% 
had tachycardia (p < 0.01), while for 10  mg L−1 HT 
NPs group, 80% of zebrafish embryos had normal 
heartbeat and only 20% had tachycardia (p > 0.05) 
(Fig.  5C). On the other hand, the percentage of 
zebrafish embryos with bradycardia was lower than 
35% for CP NPs exposed groups (Fig.  5D), except 
by the 2.5  mg L−1 group, which showed 40% of 
zebrafish embryos with bradycardia and 60% with 
normal heartbeat (p < 0.05). Green citrate-coated 
Fe3O4 NPs synthesized from the extract of P. niruri 
also induced bradycardia in zebrafish embryos, but 
only above the concentration of 10  mg L−1 [32]. 
However, static exposure of citrate-coated γ-Fe2O3 
NPs (size = 3.97 ± 0.85 nm) until 10 mg L−1 did not 
induce bradycardia nor tachycardia in 48 h zebrafish 
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Fig. 5   Heartbeat rate (beats/minute) and morphological altera-
tions frequency (%) in zebrafish from negative (NC) and posi-
tive (PC) control groups and after exposure to citrate-coated 
manganese ferrite nanoparticles (MnFe2O4 NPs). Heartbeat 
rate (beats/minute) of zebrafish embryos at 48  h post expo-
sure to MnFe2O4 NPs from Hydrothermal synthesis (HT NPs) 
A and Coprecipitation synthesis (CP NPs) B, according to 
Kruskal–Wallis test and post hoc Dunn’s test. Frequency of 
tachycardia and bradycardia in zebrafish embryos at 48 h post 
exposure to HT NPs C and CP NPs D, according to Kruskal–
Wallis test and post hoc Dunn’s test. Frequency of edemas in 

zebrafish embryos at 48 h post exposure to HT NPs E and CP 
NPs F, according to Kruskal–Wallis test and post hoc Dunn’s 
test. Morphological alterations frequency of zebrafish embryos 
and larvae during 144  h of exposure to HT NPs G and CP 
NPs H, according to Kruskal–Wallis test and post hoc Dunn’s 
test. Zebrafish were exposed to several concentrations of both 
NPs (0.6, 1.25, 2.5, 5, and 10 mg L.−1). Distinct letters indi-
cate significantly different results between experimental groups 
(p < 0.05), while the same letters indicate non-significantly dif-
ferent results (p > 0.05)
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embryos [29], so the presence of Mn can result in dif-
ferent effects of other iron NPs.

Another cardiotoxic-related effect detected was the 
pericardial edemas in 48 hpe zebrafish embryos, as 
can be seen in concentrations of 5 mg L−1 (p < 0.01) 
and 10  mg L−1 (p < 0.01) of HT NPs (Fig.  5E,F). 
CP NPs groups did not induce significant edemas 
(p > 0.05) (Fig.  5E,F). However, the pericardial ede-
mas were reabsorbed in the following days of expo-
sure (Fig. 5G,H), with no apparent sequelae, so this 
was a transient effect. Pericardial edema was also 
observed in higher concentrations of Fe3O4 NPs, such 
as 20  mg L−1 exposure in zebrafish embryos [32]. 
Edemas are caused by osmotic imbalance and are 
directly related to the lymphatic system, due to the 
accumulation of interstitial fluid, increasing the tissue 
volume [73]. The reabsorption process involves lym-
phangiogenesis, which is essential in restoring nor-
mal fluid balance through the expansion of lymphatic 
vessels to fluid drainage [73].

Morphological alterations

HT NPs and CP NPs exposure did not induce sig-
nificant morphological alterations in zebrafish lar-
vae after 72 hpe (Fig.  5G,H; Table  S1; Table  S2). 
MnHAp nanorods (25  mg L−1) did not induce 
zebrafish morphological alterations up to 96  h [63]. 
Mn2O3-CMC-LA HNMs (1  mg  mL−1) had also no 
morphological deformities detected in zebrafish up 
to 96  h [34]. ESIONPs induced malformations in 
zebrafish only in the exposed groups above 10  mg 
L−1, which were: dorsal bending, shortened body 
length, yolk sac swelling, cardiac edema, smaller 
eyes and head [64]. Fe2O3 NPs (26 nm) synthesized 
from the A. lanata leaf extract were biocompatible 
up to 50  mg L−1 to zebrafish after 48, 72, and 96 
hpf, but 75, 100 and 125  mg L−1 presented malfor-
mations [61]. Besides, uncoated Fe3O4 NPs induced 
microcephaly and yolk malabsorption in zebrafish 
at 36 hpe above 50 mg L−1 [74], demonstrating that 
the NPs concentration is a relevant factor involved in 
zebrafish morphological alterations. However, ede-
mas in the PC groups were much more noticeable 
than the MnFe2O4 NPs exposure groups (Fig. 6). Fur-
thermore, the MnFe2O4 NPs, mainly from CP synthe-
sis, had adhesion to the surface of zebrafish chorions, 
also altering their color (Fig. 6), in accordance with 
the SEM results (Fig. 2).

Considering translational research, IONPs effects 
described in mammals can also support the insights 
of mechanism of action of these NPs on zebrafish 
models. Cardiotoxic effects of IONPs were already 
described in mice, causing a reduction in blood pres-
sure and cardiac dysfunction [75] and in male rats 
by long‐term exposure to IONPs [17]. On the other 
hand, MnFe-based NPs induced alterations of blood 
pressure in isolated perfused rat hearts (ex vivo), but 
not in conscious rats (in vivo) [76]. Furthermore, 
albumin coating can reduce cardiac effects of mag-
netic NPs, due to the interaction between NPs with 
biomolecules in the biological fluids, forming the 
corona protein, which can prevent the NP internali-
zation in the cardiac cells [77]. Another strategy is 
the addition of an iron chelator, like deferoxamine, 
which reduced the ROS generation by IONPs and 
also, deferoxamine PEG/Dextran-coated SPIONs 
(synthesized via the coprecipitation method) applied 
to mice (2  mg  mL−1) reduced the liver bioaccumu-
lation [78]. Finally, the absence of Fe and Mn in 
the larvae’s body surface after 144 hpe (Fig.  3) is 
in accordance with the no hazardous effects after 
hatching.

Reactive oxygen species

After 144 h of exposure, the MnFe2O4 NPs of both 
syntheses did not alter the ROS levels in zebrafish 
larvae (p > 0.05; Fig.  7A,B), and did not alter the 
protein quantified by Bradford (Fig.  S4). On the 
other hand, green citrate-coated Fe3O4 NPs synthe-
tized from the extract of P. niruri induced ROS in 
zebrafish larvae after exposed NPs from 5 to 250 mg 
L−1, detected by flow cytometer [32]. Zebrafish 
embryos exposed to uncoated Fe3O4 NPs (50  mg 
L−1) increased lipid peroxidation—LPO (elevated 
malondialdehyde levels), reduced antioxidant capac-
ity (decreased glutathione content and superoxide 
dismutase—SOD activity) [74], detecting specific 
molecules instead of ROS in general. These Fe3O4 
NPs at 100  mg L−1 also downregulated two major 
regulators of the ferroptosis pathway (GPX4 and 
xCT) [74]. IONPs are capable of inducing redox 
imbalance and dysregulation of ferroptosis-related 
genes [74], depending on the concentration. How-
ever, green uncoated Fe2O3 NPs (26  nm) from A. 
lanata leaf extract curiously showed the ability to 
reduce oxidative stress induced by hydrogen peroxide 
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in zebrafish embryos [61]. The embryos were pre-
treated with the Fe2O3 NPs (10 to 40  mg L−1) and 
then exposed to H2O2 (5 mM), provoking the reduc-
tion of ROS and MDA levels, and increasing activity 
of antioxidant enzymes (GSH, CAT, and SOD) [61].

In the same way, a hybrid nanomaterial with 
Mn (mPDA-SeMn-IR) composed of enzyme-like 
2-(phenylselanyl)ethan-1-amine (SePh) and manga-
nese dioxide (MnO2) and NIR-II absorber IR-1048 
(IR) integrated onto the mesoporous polydopamine 
(mPDA) core, was capable of eliminating excessive 
ROS in a zebrafish larvae Parkinson disease model 
[79]. This is due to the importance of Mn in anti-
oxidant factors, also exercising a cofactor role in 
Mn-dependent SOD, mainly localized in the inner 
membranes of mitochondria [80]. In a study with 
rats and SH-SY5Y cells, the exposure of Mn, Fe, 
and Mn-Fe induced oxidative stress, increasing 
the expression of Bcl2, Bax, α-syn and activating 
the inflammatory factors IL-6 and IL-12, but the 
combined Mn-Fe exposure attenuated the oxida-
tive stress when compared to the isolated Mn and 
Fe exposures [81]. The combined Mn-Fe increased 
the expression of antioxidant factors Nrf2, HO-1, 
and NQO1 (stress-related proteins) [81]. However, 
PC-12 rat cells exposed to Mn NPs (40 nm) had a 
tenfold increase in ROS levels higher than the con-
trol group, inducing oxidative stress [82]. Based 
on this, the results in the present study showed no 
ROS imbalance after 144 h of exposure, but we can 
not infer if this is related to the presence of Mn in 
the NPs or to exposure conditions.

Cell viability

HT and CP MnFe2O4 NPs did not affect the cell 
viability of zebrafish larvae after 144 hpe (p > 0.05; 
Fig.  7C-H; Fig.  8). Although there are already 
reports of metallic oxide NPs altering cell viability 

in zebrafish larvae [31, 32], the concentrations 
used were higher than those utilized in the present 
study. Green citrate-coated Fe3O4 NPs synthetized 
from the extract of P. niruri at 20 to 250  mg L−1 
induced apoptosis in zebrafish larvae after 72 hpe 
[32]. Besides, uncoated Fe2O3 NPs (40 and 60 mg 
L−1) provoked a high incidence of apoptotic bodies 
in zebrafish larvae when compared to the control 
[31]. It is known that cell death induced by IONPs 
is related to ferroptosis, and the cascade reaction is 
conserved in vertebrate embryos, such as chicken 
and zebrafish embryos [74], but it depends on the 
concentration and specific characteristics of the 
IONPs.

Behavioral analysis

The exposure to HT NPs and CP NPs (Fig.  9) did 
not alter the behavior of zebrafish larvae at 144  h 
(p > 0.05). All the parameters analyzed of zebrafish 
larvae exposed to both NPs (mean speed (cm/s), max-
imum speed (cm/s), total distance traveled (cm), time 
in peripheric area (s), time in central area (s), total 
latency time (s) did not have significant difference 
in comparison with negative control group (p > 0.05; 
Fig.  9). However, chitosan-coated Fe3O4 NPs 
(0.125 mM) induced decrease in the distance traveled 
by zebrafish larvae at 120  h post-fertilization when 
compared to the control [30]. On the other hand, the 
zebrafish larvae of 144 h in the present study did not 
demonstrate locomotor behavioral effects.

Principal Component Analysis (PCA)

PCA was used to explore multivariate patterns across 
experimental groups. Results confirmed the similar-
ity in response between the zebrafish embryos and 
larvae in the negative control group and those in the 
groups exposed to both NPs (Fig.  10). The first two 
components explained 55.6% of the total variance 
(PC1 = 42.1%; PC2 = 13.5%). PC1 was primarily asso-
ciated with physiological and behavioral endpoints, 
including ROS levels, cell viability, heartbeats (car-
diac function), locomotor activity, and spatial distribu-
tion parameters. PC2 was mainly driven by variabil-
ity in cell viability and locomotor parameters. Thus, 
the clustering pattern indicated substantial overlap 
between control and NP-exposed groups, suggest-
ing that, at the tested concentrations, most endpoints 

Fig. 6   Photomicrographs of zebrafish embryos (48  h) and 
larvae (144  h) from negative (NC) and positive (PC) control 
groups and after exposure to citrate-coated manganese ferrite 
nanoparticles (MnFe2O4 NPs) from Hydrothermal synthesis 
(HT NPs) and Coprecipitation synthesis (CP NPs). Zebrafish 
were exposed to several concentrations of both NPs (0.6, 1.25, 
2.5, 5, and 10 mg L−1). The scale bar is 200 μm. The asterisk 
indicates morphological alterations, such as pericardial edema, 
yolk sac edema, alteration in curvature and head malformation

◂
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Fig. 7   Reactive oxygen 
species (ROS) levels in 
zebrafish larvae from nega-
tive (NC) and positive (PC) 
control groups and after 
exposure to citrate-coated 
manganese ferrite nanopar-
ticles (MnFe2O4 NPs). ROS 
levels in zebrafish larvae 
after 144 h of exposure 
to MnFe2O4 NPs from 
Hydrothermal synthesis 
(HT NPs) A and Coprecipi-
tation synthesis (CP NPs) 
B, according to Kruskal–
Wallis test and post hoc 
Dunn’s test. Cell viability 
according to Kruskal–Wal-
lis test and post hoc Dunn’s 
test, of zebrafish head and 
trunk HT NPs C and CP 
NPs D. Cell viability of 
zebrafish tail HT NPs E and 
CP NPs F. Cell viability of 
zebrafish larvae HT NPs G 
and CP NPs H. Zebrafish 
were exposed to several 
concentrations of both NPs 
(0.6, 1.25, 2.5, 5, and 10 mg 
L.−1). Distinct letters indi-
cate significantly different 
results between experimen-
tal groups (p < 0.05), while 
the same letters indicate 
non-significantly different 
results (p > 0.05)
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Fig. 8   Fluorescence photomicrographs of cell viability of 
zebrafish larvae from negative (NC) and positive (PC) control 
groups and after 144  h of exposure to citrate-coated manga-
nese ferrite nanoparticles (MnFe2O4 NPs) from Hydrothermal 

synthesis (HT NPs) and Coprecipitation synthesis (CP NPs). 
Zebrafish were exposed to several concentrations of both NPs 
(0.6, 1.25, 2.5, 5, and 10 mg L−1). The scale bar is 200 μm
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were not differentiated by exposure condition. This 
multivariate pattern supports the absence of consistent 
post-hatching effects and indicates that early sublethal 
responses did not translate into broader systemic alter-
ations at later developmental stages.

The current study confirms that the analysis of 
multiple biomarkers in zebrafish embryos and larvae 
is an important approach to better understanding the 
effects of NMs on aquatic organisms. This approach 
was previously reported for plastic microfibres from 
facial masks [52] and polystyrene nanoplastics [55] 
in zebrafish, and green silver NPs from Croton uru-
curana on Biomphalaria glabrata [83]. Overall, the 

PCA showed similar responses observed between 
zebrafish embryos and larvae from control, HT and 
CP NPs groups at the concentrations analysed.

Conclusion

MnFe2O4 NPs of different synthesis induced different 
early developmental effects on zebrafish. The syn-
thesis method, jointly with NP size and surface, may 
influence their effects in zebrafish. Fe and Mn were 
detected in zebrafish chorion exposed to the higher 
concentration of HT and CP NPs, but they were not 

Fig. 9   Behavioral parameters in zebrafish larvae from nega-
tive (NC) and positive (PC) control groups and after exposure 
to citrate-coated manganese ferrite nanoparticles (MnFe2O4 
NPs) from Hydrothermal synthesis (HT NPs) and Coprecipita-
tion synthesis (CP NPs), according to Kruskal–Wallis test and 
post hoc Dunn’s test. Mean speed (cm/s) HT NPs A and CP 
NPs G, time in peripheric area (s) HT NPs B and CP NPs H, 
maximum speed (cm/s) HT NPs C and CP NPs I, time in cen-

tral area (s) HT NPs D and CP NPs J, total distance traveled 
(cm) HT NPs E and CP NPs K, total latency time (s) HT NPs 
F and CP NPs L. Representative larvae path of HT NPs and 
CP NPs. Zebrafish were exposed to several concentrations of 
both NPs (0.6, 1.25, 2.5, 5, and 10  mg L.−1). Distinct letters 
indicate significantly different results between experimental 
groups (p < 0.05), while the same letters indicate non-signifi-
cantly different results (p > 0.05)
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present on the larvae’s body surface, indicating inter-
action with the zebrafish chorion. HT and CP NPs did 
not induce mortality or hatching inhibition. Sublethal 
effects were related to neurotoxicity and cardiotox-
icity at 24 and 48 hpe. However, the following days 

of exposure did not significantly affect morphology, 
ROS levels, cell viability, or locomotor behavior. 
Also, the pericardial edemas identified in 48 hpe were 
reabsorbed. Overall, synthesis-dependent early devel-
opmental effects were observed, with no evidence 

Fig. 10   Principal component analysis (PCA) of multiple bio-
markers responses in zebrafish embryos and larvae from nega-
tive (NC) control groups and after exposure to citrate-coated 
manganese ferrite nanoparticles (MnFe2O4 NPs) from Hydro-
thermal synthesis (HT NPs) and Coprecipitation synthesis (CP 
NPs). Spontaneous contractions (sc), heartbeats (hb), medium 

velocity (vmed), maximum velocity (vmax), total distance (dt), 
peripheral time (tp), time in area 2 (t2), total latency (lt), ROS 
(ros), cell viability of head and trunk (cvht), cell viability of 
tail (cvt), cell viability of larvae (cvl) and protein quantification 
by bradford (brad)
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of persistent post-hatching toxicity under the experi-
mental conditions. The current study supports the use 
of zebrafish as a suitable model of the NPs’ toxicity, 
comparing different synthesis methods.
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