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Simple Summary

Cleaning metal-polluted water is an important environmental goal. Researchers are devel-
oping magnetic materials made from iron oxide and chitosan, a natural polymer, to reduce
harmful metals in water because these materials can easily be recovered with a magnet.
However, improving metal removal under laboratory conditions does not automatically
guarantee the safety of the material for living organisms. In this study, we examined
the effects of dissolved cobalt (II) ions (a potentially toxic metal) and magnetite—chitosan
nanocomposites on developing zebrafish, a small freshwater fish commonly used in safety
testing. It was found that Co (II) reduced hatching success, slowed heart rate, and caused
stress-related symptoms in the fish. The nanocomposite did not cause mortality but slightly
altered an important protective enzyme. When cobalt and the nanocomposite were present
together, fish survival decreased sharply and early movement challenges were observed,
even though the nanocomposites were capable of binding and partially removing cobalt
from the water. These findings demonstrate that improved metal removal efficiency does
not necessarily ensure biological safety under exposure scenarios. Interactions between
metals and nanomaterials, especially during early life stages, must be carefully evaluated
to ensure that water treatment technologies are environmentally safe.

Abstract

Magnetic nanocomposite sorbents are increasingly explored for the remediation of metal-
contaminated waters; however, high abiotic removal efficiency may not always translate
into biological safety. The present study evaluated the single and combined effects of dis-
solved cobalt (II) ions and magnetite—chitosan nanocomposites (MCN) in zebrafish (Danio
rerio) embryos and larvae. MCN (30 wt.% Fe3O,) were synthesized via co-precipitation
and crosslinking and physiochemically characterized. Adsorption experiments conducted
in fish incubation medium demonstrated the efficacy of divalent Co removal and were
well described by the Langmuir isotherm model, with a maximum experimental capacity
of 20.08 mg g~ !. The biological endpoints encompassed survival, hatching, heart rate,
locomotor behavior, and oxidative stress biomarkers in early-stage zebrafish. The presence
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of cobalt (II) was found to result in a reduced hatching success rate, the induction of persis-
tent bradycardia, and the occurrence of oxidative stress, as evidenced by a decline in SOD
activity and an increase in HyO, and MDA levels. The study found that MCN alone did
not lead to mortality or increase peroxide levels or lipid peroxidation, although a modest
decrease in SOD activity was observed. In contrast, combined exposure to cobalt and MCN
resulted in significant delayed mortality (>85% at 96 h) and early neuromotor impairment.
These findings indicate that high abiotic sorption efficiency alone does not guarantee re-
duced biological toxicity when nanomaterial-metal interactions occur. Consequently, safety
assessments of remediation nanomaterials should explicitly consider nanomaterial-metal
interactions and developmental stage-specific biological responses.

Keywords: magnetite—chitosan; metals; contamination; freshwater fish; combined effects

1. Introduction

Engineered nanocomposites are increasingly being developed for the remediation of
metal-contaminated aquatic systems, with performance typically assessed through abiotic
metrics such as sorption capacity, binding kinetics, and reusability under controlled chemi-
cal conditions [1-4]. Among these materials, chitosan-based and magnetically retrievable
nanocomposites have attracted substantial attention due to the strong metal-chelating
capacity of chitosan and the practical advantages of magnetic separation and recovery [5-8].
Magnetite—chitosan nanocomposites (MCN), typically consisting of an Fe3O4 or y-Fe;O3
core coated with chitosan, exemplify this class of materials and are frequently proposed
as environmentally friendly platforms for the removal of dissolved metals via adsorption
and complexation mechanisms. However, a key unresolved question remains: does high
sorption efficiency in abiotic systems translate into meaningful toxicological protection in
living organisms? Or could nano—-metal interactions, formed during sorption, persist in
exposure media and modulate metal uptake, toxicity, or biodistribution [9-11]?

This discrepancy arises from the difference between simplified abiotic sorption assays,
which offer a reduced complexity, and the complex, organism-mediated microenvironments
in which biological exposures occur. Within such systems, nanoparticle-metal complexes
have been observed to interact with epithelial interfaces, perturb ionoregulatory processes,
modify metal speciation, and induce oxidative stress [12,13]. Furthermore, the polycationic
character of the polymer could enhance mucosal adhesion, while the iron oxide core has
the potential to catalyze Fenton-like reactions under physiological conditions, thereby
further amplifying the redox imbalance [14]. Consequently, these processes challenge the
prevailing assumption that chemical removal directly translates into biological safety.

Cobalt (Co) is a trace metal of emerging concern in aquatic systems, particularly near
mining or industrial discharge sites, where concentrations can reach 1-100 pg L~ [15].
Although essential at trace levels, elevated cobalt (II) concentrations can induce ox-
idative stress, developmental toxicity, cardiotoxicity, and reduced survival in aquatic
organisms [16-20]. The early life stages of fish are particularly sensitive to redox imbal-
ances due to the rapid organogenesis and immature antioxidant defense systems charac-
teristic of this developmental stage. This increased susceptibility to redox imbalances and
physiological disruption can have deleterious effects on fish.

MCN s have been the focus of extensive research due to their potential as Co (II) sor-
bents. This is largely attributable to the high affinity of chitosan for divalent metal ions,
as well as the magnetic recoverability of the core structure [2,21]. Evidence from in vivo
freshwater fish models indicates that metal-binding nanomaterials have the capacity to
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reduce metal bioavailability and mitigate associated physiological and histopathological
damage. For instance, biogenic magnetite nanogels (Fe30,) have been shown to signifi-
cantly alleviate lead (Pb)-induced organ dysfunction, oxidative stress, tissue injury, and
metal accumulation in African catfish, thereby improving survival and antioxidant sta-
tus [22,23]. In a similar manner, magnetite-based silica nanocomposites and aqueous silica
nanoparticles have been observed to decrease Pb?* uptake and mitigate oxidative, geno-
toxic, immunological, and histopathological alterations under single and combined metal
exposure scenarios [24,25].

However, emerging evidence from early life-stage studies in zebrafish (Danio rerio)
suggests that chitosan-based and magnetic nanomaterials are not biologically inert, even in
the absence of co-exposed metals. Zebrafish embryo assays conducted under OECD TG
236, a widely recognized testing platform that is regarded as both sensitive and integrative,
have revealed pronounced toxicity in chitosan-based nanomaterials that is dependent
on both coating and formulation [26-28]. Chitosan-coated superparamagnetic iron ox-
ide nanoparticles (SPIONs) have been observed to induce complete mortality at elevated
concentrations and to elicit substantial alterations in locomotion, thigmotaxis, and escape
responses [29]. Non-magnetic chitosan nanoparticles have also been shown to induce sub-
lethal yet biologically relevant effects, including reduced liver size and altered light-dark
behavior, even in the absence of malformations or lethality [30]. The developmental toxicity
of chitosan nanoparticles is size-dependent; smaller nanoparticles have been shown to gen-
erate higher levels of reactive oxygen species (ROS) and to induce more severe functional
impairments in comparison to larger counterparts [31]. Furthermore, the biological activity
of co-delivered compounds is modulated by chitosan-based nanocarriers, which have been
observed to affect acetylcholinesterase activity and locomotor behavior [32]. However, cer-
tain formulations, such as chitosan/ZnO nanocomposites, demonstrate low acute toxicity
even at elevated concentrations, thereby emphasizing the formulation-specific nature of
biological outcomes [33].

A mechanistic precedent for nanoparticle-mediated modulation of cobalt toxicity is
provided by studies showing that selenium nanoparticles can attenuate CoNP-induced
oxidative stress, apoptosis, muscular injury, and locomotor deficits in zebrafish larvae [34].
Despite the utilization of particulate cobalt as opposed to ionic cobalt (II) and the exclusion
of magnetic chitosan systems, the findings indicate that nanomaterials possess the capacity
to modify metal toxicity through mechanisms that extend beyond the scope of passive
sorption. Nevertheless, despite these insights, no study has directly investigated the
co-exposure of dissolved cobalt (I) ions and MCN in D. rerio embryos or larvae using
within an integrated framework encompassing developmental, functional, and biochemical
endpoints. Consequently, the question remains unresolved as to whether MCN-mediated
cobalt (II) sequestration yields true toxicological protection, provides no net biological
benefit, or instead reshapes cobalt toxicity through nano-bio interactions during early
vertebrate development.

In this study, we systematically evaluated the single and combined effects of dissolved
Co (II) and MCN in D. rerio embryos and larvae. We employed an integrated multi-
endpoint framework spanning survival, morphological development, locomotor behavior,
and biochemical stress responses. The objective of the study was to test the hypothesis that
physicochemical cobalt (II) sequestration by magnetite—chitosan nanocomposites (MCN)
may provide biological protection. Specifically, we hypothesized that, through nano-bio
interactions, MCN might mitigate cobalt-induced effects during early fish development. By
directly contrasting Co, MCN and co-exposure (Co + MCN) conditions, we distinguished
between sorption-driven mitigation and biologically mediated modulation of toxicity. The
results provide insight into the assumption that chemical removal of metals necessarily
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translates into biological safety and contribute to refining environmental risk assessment of
multifunctional nanomaterials.

2. Materials and Methods
2.1. Chemicals Used for Synthesis

Analytical grade or higher purity reagents were used in this study, the main for
the synthesis were as follows: FeCl,-4H,O (CAS No. 13478-10-9) (Sigma Aldrich, Darm-
stadt, Germany), FeCl3 (CAS No. 7705-08-0) (Sigma Aldrich, Germany), Chitosan powder
(100.000-300.000 m. w., Sigma Aldrich, Germany), Glutaraldehyde solution (50 wt.% in
water) (Sigma Aldrich, Germany), NH4OH (CAS No. 1336-21-6, Honeywell, Fluka, Seelze,
Belgium); NaOH (CAS No. 1310-73-2, Chempur, Piekary Slaskie, Poland), EtOH (CAS No.
64-17-5, Honeywell, Belgium).

2.2. Synthesis of Magnetite-Chitosan Nanocomposite (MCN)

The synthesis of fresh portion of MCN involved the preparation of magnetite nanopar-
ticles via the co-precipitation method, followed by their immobilization into dissolved
chitosan using a crosslinking agent as described in Seméuk et al. [35]. Prepared solutions
of FeCl,-4H,0 and FeCl; were combined following a 1:2 (Fe?*:Fe®*) ratio under argon
atmosphere and mixed for 30 min. Then NH,OH was added dropwise until pH reached 9
with subsequently temperature raised to 75 °C. After 2 h intensive stirring the resulting
Fe304 nanoparticles were separated, washed with ethanol and Milli-Q (Type I) water until
a pH about 6, dried at 50 °C and homogenized for better dosage. The chitosan powder
was dissolved in solution 1.5% acetic acid solution and mixed with water dispersed Fe3O4
nanoparticles in ratio 7:3 (w/w) to obtain 30 wt.% load of magnetite. After 2 h of intensive
mixing the 1 wt.% of glutaraldehyde (wt./wt. chitosan) was added dropwise as a crosslink-
ing agent. Then followed an additional 2 h of mixing at 50 °C, with a gradual increase in
pH to 9 using an NaOH 0.5 M solution. Finally, the resulting MCN was collected using a
magnet, washed with ethanol and Milli-Q (Type I) water, and dried and homogenized.

2.3. Characterization Techniques Used for MCN

The synthesized MCN was characterized using various techniques. The surface mor-
phology was imaged using scanning electron microscopy (SEM) on Helios NanoLab 650
(FEL Eindhoven, The Netherlands, 2011) and transmission electron microscopy (TEM)
on Tecnai G2 F20 X-TWIN (FEI, The Netherlands). The XRD patterns were recorded
with X-ray diffractometer Smart Lab (Rigaku, Tokyo, Japan). The Fourier transform in-
frared (FTIR) spectra were obtained using Alpha spectrometer (Bruker, Inc., Ettlingen,
Germany) equipped with a Platinum diamond attenuated total reflectance accessory and
a room-temperature RT-DLATGS detector (Bruker, Inc., Ettlingen, Germany). Mossbauer
spectra were measured using a Mossbauer spectrometer (Wissenschaft Liche Elektronik
GmbH, Starnberg, Germany) with >’Co (Rh) source. Magnetometer consisting of SR510
lock-in amplifier (Stanford Research Systems, Sunnyvale, CA, USA), FH-54 Gauss/Tesla
meter (Magnet Physics, Cologne, Germany), and a laboratory magnet supplied by an
SM 330-AR-22 power source (Delta Elektronika, Zierikzee, The Netherlands) was used to
record magnetization curves.

2.4. Adsorption Capacity and Remouval Efficiency

Batch sorption experiments were conducted in E3 solution with initial Co (II) con-
centrations ranging from 15.625 to 2000 umol L~! or equal from 0.92 to 117.87 mg L1,
achieved by dissolving the required amount of CoCl,-6H,0, and for MCN 1 g L~!. The
selected concentrations are usual for such experiments and will facilitate the assessment
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of the sorption properties of the sorbents under study, as well in the event of an accident,
similar or higher concentrations are likely. The adsorption experiments were performed in
E3 medium with a pH of approximately 7.2, consistent with the zebrafish embryo exposure
conditions. The pH was not artificially adjusted in order to maintain the same physic-
ochemical environment used in the biological exposure experiments. The experiments
were carried out at 15 °C with gentle shaking throughout the exposure period. After 24 h
exposure, the MCN was separated using a neodymium magnet, and the equilibrium con-
centrations of Co (II) were determinate in the solutions with optical emission spectrometry
using inductively coupled plasma (ICP-OES, Optima7000DV, Perkin Elmer, Waltham, MA,
USA) at a wavelength of 228.616 nm. The measurement results were used to evaluate
adsorption capacity at equilibrium (Q,) and removal efficiency (RE) of MCN sorbent for
the sorption of Co (II) in E3 water samples using the equation for calculations:

(Co—Ce)V
m

Qe = 1)

RE = 9=Ce 1009 )
Co
where RE (%)—removal efficiency of MCN, Cy and C, (mg L’l)—represents the initial and
final concentrations of Co (II) in the E3 solution, Q. (mg g’l)—adsorption capacity, V (L) is
the volume of sample and m (g) is the mass of added MCN into the sample.

Afterwords, the obtained results were plotted as RE and . dependence on initial
concentrations and using OriginPro 2025 Software (OriginLab Corporation, Northampton,
MA, USA), respectively.

Adsorption capacity data was analyzed using Freundlich, Langmuir, and Temkin
non-linear adsorption isotherms Equation (3)—(5):

Qe = KpCl/" (3)
_ QmaxKLCe
Qe = 1+ K.C, @
Q. = Bln(ATCE) (5)
1
K= 15 Kc, ©

where Q. (mg g~!)—adsorption capacity at equilibrium, Ce (mg L~!)—equilibrium con-
centration of Co?* in solution, Kr—Freundlich adsorption constant, n—Freundlich adsorp-
tion intensity parameter, K; (L mg~!)—Langmuir adsorption constant, Qs (mg g~ 1)—
maximum adsorption capacity, A;—Temkin equilibrium binding constant, B—Temkin
constant of adsorption.

Also, the separation factor of Langmuir isotherm R; (L mg~!) (Equation (6)) was
calculated to indicate the adsorption type: unfavorable (Ry > 1), linear (Ry, = 1), favorable
(0 <Ry <1), orirreversible (Ry, = 0) [13]. The quality of the fit was assessed with correlation
coefficients (R%) and chi-square test (%) (Equation (7)):

2
XZ _ Z (Qepr chalc) (7)

where Qeyyp is the experimentally determined adsorption capacity and Q. is the adsorption

capacity predicted by the model.
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2.5. Chemicals and Exposure Conditions

Cobalt was administered as cobalt (II) chloride hexahydrate (CoCl,-6H,O; CAS No.
7791-13-1; Sigma-Aldrich, Germany). Stock solutions were prepared in an E3 medium and
diluted to the required exposure concentration immediately prior to use.

Prior to exposure, MCNs were suspended in E3 medium and sonicated (5 min) to
ensure homogenous dispersion.

Fertilized Danio rerio (Hamilton, 1822) embryos were randomly distributed into four
treatment groups: control (E3 medium only); Co (0.1 g L~! Co (II), introduced by dis-
solving cobalt (II) chloride hexahydrate, CoCl,-6H,0); MCN (1 g L1 magnetite—chitosan
nanocomposite); and Co + MCN (combined exposure to 0.1 g L' Co(Il)and 1 g L~ MCN).
The cobalt (II) concentration was selected to induce measurable biological responses [36]
while remaining within the previously determined adsorption capacity range of MCN. The
MCN concentration of 1 g L™! was selected as a standard working concentration based on
preliminary adsorption experiments and was kept constant across treatments to ensure
comparability between single and combined exposures.

2.6. Zebrafish Maintenance and Breeding

Adult wild-type AB strain Danio rerio were maintained in a ZebTec Active Blue recircu-
lating aquatic system (Tecniplast, Buguggiate, Italy) under standard laboratory conditions:
temperature 28 4+ 1 °C, pH 7.5 4 0.2, conductivity 600 + 20 uS cm~!, and a 14:10 h
light/dark photoperiod (lights on at 07:00). Water was UV-sterilized and filtered through
mechanical, chemical (activated carbon), and biological filtration units. Ammonia, nitrite,
and nitrate levels were maintained within recommended ranges (ammonia < 0.01 mg L1,
nitrite < 0.1 mg L™}, nitrate < 25 mg L~1).

Fish were fed four times daily with a commercial microencapsulated dry feed (Ze-
brafeed, Sparos Lda, Olhao, Portugal; particle size 400-600 um), supplemented twice daily
with live Artemia nauplii (INVE Aquaculture, Dendermonde, Belgium).

Spawning was induced using male-to-female ratios of 2:1 in breeding tanks equipped
with mesh-bottom inserts to prevent egg predation. Breeding was synchronized by light
onset, and fertilized eggs were collected within 3 h post-fertilization (hpf). Embryos were
rinsed with sterile E3 medium (5.0 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM
MgSOy, pH 7.2) and inspected under a stereomicroscope (Meiji Techno RZ, Meiji Techno
Co., Ltd., Saitama, Japan) for viability and developmental stage. Only embryos at the
2—4 cell stage and free of visible abnormalities were selected for experimental use.

All experimental procedures involving embryos were conducted in accordance with
OECD Test Guideline 236 (Fish Embryo Acute Toxicity Test, FET) [37] and adhered to Euro-
pean Directive 2010/63/EU [38] on the protection of animals used for scientific purposes
and were approved by the Nature Research Center Animal Welfare Council (2025-01-28
No. GGT10).

For bioassays, exposures were performed in 90 mm glass Petri dishes, with 30 embryos
or larvae per dish in 30 mL of test solution. Each treatment condition was conducted in
triplicate, with three independent biological replicates.

All exposures were performed under static, non-renewal conditions at 28 + 0.5 °C,
with a 14:10 h light/dark photoperiod consistent with maintenance conditions. Embryos
were monitored daily for survival. Embryos or larvae were considered dead if they
displayed absence of heartbeat, lack of somite formation, coagulation, or failure to de-
velop a visible tail detachment. Dead individuals were promptly removed to prevent
decomposition or contamination of the exposure medium. The cumulative percentage of
hatched larvae was calculated for each treatment group at each time point (48, 72, and 96 h
post-exposure).
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2.7. Tail Activity Assessment (24 h Post-Exposure)

To evaluate early neuro-motor function, tail activity of embryos was assessed at 24 h
post-exposure. Embryos from each treatment group were transferred onto a concave object
slide containing a droplet of tested medium and placed under a microscope (Optika B-
600, Optika S.r.l., Ponteranica, Italy). The droplet volume (~50 pL) was sufficient to fully
submerge the embryo while gently restricting movement within the field of view. The
embryo was recorded for 2 min using a digital video capture system integrated with the
microscope. Videos were analyzed using DanioScope™ software 1.2 (Noldus Information
Technology B.V., The Netherlands), which automatically detects spontaneous tail flicks and
quantifies temporal movement patterns. Two key behavioral parameters of embryos were
extracted: burst activity /inactivity defined as the percentage of time the embryo’s tail was
actively moving (bursting) versus inactive; burst count per minute the number of discrete
tail movements per minute, representing overall excitability or motor responsiveness.

2.8. Heart Rate Assessment 48—-96 h Post-Exposure

Heart rate (HR) was assessed at 48, 72, and 96 h post-exposure as a non-invasive
indicator of developmental and cardiophysiological status. At each timepoint, a subset of
live embryos or larvae (1 = 15 per treatment group) was randomly selected for analysis.
Each individual was gently transferred using a Pasteur pipette into a small droplet (~50 pL)
of the corresponding test solution, placed in the depression of a concave microscope
slide to gently restrict movement without the use of anesthesia. This setup enabled clear
visualization of the cardiac region while maintaining physiological conditions. Heart
activity was recorded under a stereomicroscope (Meiji Techno RZ, Meiji Techno Co., Ltd.,
Saitama, Japan) using slow-motion video capture. Heartbeats were counted over a 10 s
video segment and converted to beats per minute by multiplying the count by six. This
approach provided enhanced temporal resolution and ensured accurate quantification of
heart rate. Only viable embryos or larvae displaying clear and rhythmic cardiac contractions
were included in the final analysis.

2.9. Locomotor Behavior (96 h Post-Exposure)

At 96 h, larval locomotor activity was evaluated to assess potential neurofunctional
effects of tested materials. Behavioral testing was performed using the DanioVision™
Observation Chamber (Noldus Information Technology B.V., Wageningen, The Nether-
lands) integrated with EthoVision® XT software (version 17) for automated video tracking
and behavioral analysis. Larvae were individually transferred into a 48-well clear-bottom
polystyrene plate (one larva per well; ~200 pL per well of the corresponding exposure
solution). Each well was defined as an independent behavioral arena within the soft-
ware. The chamber was maintained at 28 + 0.5 °C, and recordings were performed under
controlled conditions using infrared backlighting to prevent visual stimulation during
dark phases. The DanioVision system was equipped with a GigE (Basler AG, Ahrensburg,
Germany) infrared-sensitive digital camera operating at 30 frames per second (fps) with
1080p resolution, providing high temporal and spatial resolution for movement detection.
Prior to testing, larvae were visually screened, and only morphologically normal and freely
swimming individuals were included. Each trial consisted of three standardized phases:
acclimation phase (10 min)—constant light to allow behavioral stabilization; photomotor
phase: alternating 10 min of light and 10 min of darkness, assessing light-modulated spon-
taneous locomotion; and stimulus-evoked phase: a double mechanical tap was applied to
the plate using the chamber’s integrated stimulus device; movement was recorded for 10 s
before and after the stimulus to evaluate startle responses.
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EthoVision XT software 17.0 automatically differentiated larvae from the background
using contrast-based segmentation and tracked their positions throughout the trial. Track-
ing parameters were optimized for zebrafish larvae, with a movement threshold set at
0.2 mm/s to distinguish active movement from drift or noise. A smoothing filter (5-frame
sliding average) was applied to reduce motion artifacts.

The following behavioral endpoints were extracted: total distance moved (mm per
10 s bin) over the full session; phase-averaged locomotor activity, calculated separately for
light and dark phases; and tap-evoked response, expressed as the difference in distance
moved between the 10 s post-stimulus and pre-stimulus (A movement). Each treatment
group included 16 larvae, tested in two independent trials.

2.10. Assessment of Oxidative Stress—Related Biomarkers

After 96 h of exposure, larvae were collected, rinsed with ice-cold phosphate-buffered
saline (PBS), pooled (1 = 10 per sample), and homogenized on ice in 500 uL PBS (pH 7.4).
Homogenates were centrifuged at 10,000x g for 15 min at 4 °C, and supernatants were
collected for analysis.

The activity of superoxide dismutase (SOD) was measured using a colorimetric assay
kit (Thermo Fisher Scientific, Frederick, MD, USA, Cat. No. EIASODC; 450 nm). The
extent of lipid peroxidation was determined by measuring the levels of malondialdehyde
(MDA) using a TBARS kit (Thermo Fisher Scientific, Cat. No. EEA015; 532 nm). The
quantification of hydrogen peroxide (H,O,) was performed using a peroxide assay kit
(Sigma-Aldrich, Cat. No. MAK311; 585 nm). Total protein concentration was determined
by the bicinchoninic acid (BCA) method (Thermo Fisher Scientific) with bovine serum
albumin standards (562 nm). Protein concentrations (mg mL~!) were calculated from the
standard curve, and all biochemical parameters were normalized to total protein content.

2.11. Statistical Analysis

All statistical analyses were performed using STATISTICA 10.0 (TIBCO Software Inc.,
Palo Alto, CA, USA) and GraphPad Prism 11 (GraphPad Software, Boston, MA, USA).
Prior to analysis, all datasets were examined for compliance with statistical assumptions:
normality was assessed using both the Kolmogorov-Smirnov and Shapiro-Wilk tests.
Homogeneity of variances was tested using Levene’s test. Where assumptions were met,
parametric tests were applied; otherwise, equivalent non-parametric tests were used. For
single-factor comparisons, data were analyzed using one-way ANOVA followed by Tukey’s
Honest Significant Difference (HSD) post hoc test to identify specific pairwise differences.
Tukey’s HSD controls for the family-wise error rate and was applied only when ANOVA
indicated a statistically significant overall effect (p < 0.05). If ANOVA assumptions were
violated, Kruskal-Wallis tests followed by Dunn’s post hoc test were applied. For phase-
dependent locomotor activity during light/dark transitions, a repeated-measures ANOVA
or generalized linear mixed model (GLMM) was used.

3. Results and Discussion

The Safe-by-Design (SbD) framework aims to integrate safety considerations into the
development of nanomaterials and nano-enabled products from the earliest stages of design,
alongside functionality and technical performance [39]. In the context of nanomaterials
proposed for environmental remediation, this approach requires moving beyond demon-
strations of chemical effectiveness based solely on sorption capacity or removal efficiency
and instead evaluating potential biological impacts under realistic and combined exposure
scenarios [40,41]. Here, we implement a SbD framework to MCN by integrating sorption
performance with biological effect assessment under single and combined exposure condi-

https://doi.org/10.3390/biology15080624


https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624

9 of 26

tions. This approach critically tests whether physicochemical cobalt (II) ions immobilization
by MCN translates into tangible developmental protection or instead reveals unanticipated
biological effects not captured by conventional abiotic performance metrics.

3.1. Characterization of MCN
3.1.1. Electron Microscopy (SEM, TEM)

The comparison images taken with SEM of pure chitosan and synthesized MCN
are shown in Figure 1la,b. It is clearly seen that after modification the surface becomes
more rustling or porous like, due to attraction of magnetite nanoparticles that seem to
be distributed almost evenly over the entire surface. The more detailed analysis of the
magnetite (c) and MCN (d, e) surface was achieved using TEM technique. The synthesized
Fe304 nanoparticles (c) appeared as agglomerate of 16-20 nm spheric nanoparticles without
any impurities. In approximation view of MCN (d) confirmed same sized to (c) magnetite
nanoparticles are attached on surface as alone and as small agglomerates. Moreover, high
scaling image of MCN (e) shows that it is micro sized nanocomposite with heterogenic

structure decorated with nanoparticles of magnetite.

Figure 1. SEM images of pure chitosan (a), MCN (b) and TEM images of synthesized magnetite (c),
MCN (d,e).

3.1.2. X-Ray Diffraction (XRD)

The XRD patterns recorded for chitosan and MCN in the 20 range from 5° to 75° are
presented in Figure 2. The characteristic wide diffraction peak observed at approximately
20° belongs to chitosan and appears in same position in the synthesized MCN. As expected,
the characteristic diffraction peaks for Fe;O4 (ICDD card no. #00-019-0629) at the (111),
(220), (311), (400), (422), (511), and (440) crystal planes were registered in the MCN pattern.
These results are consistent with those of a previous study [35], suggesting the same trend
that crystal structure of magnetite remains unchanged during the synthesis of MCN, thus
preserving its structural and magnetic properties.
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Figure 2. XRD patterns of chitosan and MCN, with typical Fe3O4 diffraction peaks.

3.1.3. Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Figure 3 presents ATR-FTIR spectra of chitosan powder, MCN, and magnetite. The
spectrum of pristine chitosan is dominated in the fingerprint region by intense bands
at ~1020-1080 cm ™!, attributed to C—-O-C and C-O stretching vibrations of the polysac-
charide backbone, together with a band near 893 cm~! associated with saccharide ring
vibrations [42-45]. The bands observed near ~1650 and 1568-1585 cm ™1 correspond to
residual amide I (vC=0) and amide II (vC-N + 8NH) vibrations, consistent with partially
deacetylated chitosan. In the higher-wavenumber region, the broad absorption between
3200 and 3500 cm ! arises from overlapping O-H and N-H stretching modes, reflecting
the extensive hydrogen-bonding network typical of chitosan. The spectrum of magnetite
is characterized by a strong absorption centered at 539 cm ™!, which is assigned to Fe-O
stretching vibrations in the inverse spinel lattice [46]. The absence of significant bands
in the 2700-3600 cm ! region confirms the inorganic nature of magnetite, while the peak
centered at 3381 cm ! corresponds to surface hydroxyl groups on the iron oxide lattice or

adsorbed atmospheric water.

870
3288
3354

2
3290
3356

Absorbance

2872
3381

\/\ ©

‘1528

400 800 1200 1600 2700 3100 3500
Wavenumber / cm™' Wavenumber / cm™!

Figure 3. ATR-FTIR spectra of magnetite (a), chitosan (b), MCN (c) in 400-1750 cm~1 and
2700-3600 cm ™! spectral regions.

MCN exhibits spectral features originating from chitosan, magnetite, and glutaralde-
hyde, confirming successful formation of the hybrid material. The Fe-O band remains
clearly visible in the low-wavenumber region, and due to interaction with chitosan, is
shifted by 15 cm ™! to higher frequencies. These changes point to interfacial interactions
between magnetite surfaces and chitosan functional groups, most plausibly involving
coordination or hydrogen bonding through -NH, and -OH moieties. The characteristic
chitosan bands in the 10201080 cm ! range are retained, indicating preservation of the
polysaccharide backbone. However, stark spectral changes appear in the 1200-1700 cm !
range, mostly related to crosslinking of chitosan with glutaraldehyde [47,48]. Since the
~1720 cm ™! range is free from spectral bands, glutaraldehyde is completely consumed in
crosslinking with chitosan. Additionally, spectrograms of 2 mM and 0.25 mM of Co (II)
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dissolved in an E3 solution were recorded before and after adsorption using a UV-Vis spec-
trometer (see Supplementary Figure S1). The results show the absence of characteristics Co
(III) peaks at 340 and 460-470 nm, as well as no absorption peaks in the 600-700 nm range,
which are characteristic of tetrahedral [CoCly]?~ complexes. Furthermore, the absence of
Co(OH); precipitation in all tested solutions confirms that the CoCl,-6H,0O salt was fully
dissolved. In the solution, cobalt remains in its divalent state as Co (II), predominantly
in the form of [Co(H,O)¢]**, as evidenced by the weak absorption peaks around 510 nm,
which are of low intensity due to relatively low cobalt concentrations. Moreover, measure-
ments of Co (II) concentrations in the solutions used during desorption and batch sorption
experiments, as determined by ICP-OES at 228.6 nm (characteristic wavelength for Co (II)
ions) further confirm this observation.

3.1.4. Mossbauer Spectroscopy

Mossbauer spectra of synthesized magnetite and MCN (Figure 4) were fitted using
two hyperfine field distributions with distinct isomer shifts (Table 1). These shifts are
characteristic of the tetrahedral A (Fe3*) and octahedral B (Fe3* and Fe?") sublattices of
magnetite. The first distribution also accounts for maghemite (y-Fe;O3), where only Fe3* is
present. The spectral area ratio of the two distributions indicates a relative Fe?* content of
Ir*" = 0.515/(I4 + Ig) = 0.05-0.09, which is typical of highly non-stoichiometric magnetite,
suggesting a composition close to maghemite. The average size of the nanoparticles
(16-18 nm) was determined using Equation (8) given in [49]:

kT
(&) = 5o (1 507 ) ®

— Fe30q
—— MCN-30 60

m, emu/g

40

LN\

0 5 10 10 20 30 40 50

Velocity, mm/s B, T

(a) (b)

Figure 4. Mossbauer spectra of (a) synthesized magnetite nanoparticles and the MCN (30 wt.% Fe3Oy)
composite, including the corresponding hyperfine field distributions (right); (b) magnetization curves
of the same samples.

This calculation accounts for a ~7-10% decrease in the average hyperfine field (B) of
the dominant distribution relative to that of the bulk magnetite A sublattice (B4 ~ 49 T)
or bulk maghemite (49.1; 50.3 T) [50], resulting from the reduced particle volume V. Here,
K represents the magnetic anisotropy of magnetite and k is the Boltzmann constant. An
additional decrease in the relative area of the second subspectrum (sublattice B) in the
magnetite—chitosan composites indicates further oxidation of the nanoparticles.
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Table 1. Mossbauer spectral parameters: I—relative area of the hyperfine field distributions for
the A and B sublattices and the additional singlet; 5—isomer shift relative to a-Fe; (B)—average

hyperfine field.
Sample I, % 6, mms~1 (B), T
81 0.32 £ 0.01 45.6 Mag. A (Fe3*)
Magnetite 18 0.67 * 39.5 Mag. B (Fe?* + Fe%*)
1 0.4* -
87 0.32 £ 0.01 45.9 Mag. A (Fe3*)
MCN 12 0.65 * 36.2 Mag. B (Fe** + Fe’*)
1 0.4* -

*—fixed, I (%) represents the relative spectral area of the fitted Mossbauer components and does not directly
correspond to the mass or molar fraction of Fe in the samples.

3.2. Removal Efficiency and Adsorption Capacity Study

The removal efficiency (RE, Equation (2)) and adsorption capacity (Q., Equation (1)) of
MCN for Co (II) in E3 solution was calculated, and the results were plotted as a function
of initial concentration Cy vs. RE, Q. (Figure 5a). The maximum experimental adsorption
capacity was determined to be 0.34 mmol g’1 (20.08 mg g’l) at initial Co (II) concentration
of 2 mmol L~!. While removal efficiency (RE) of MCN at initially very low concentrations
of Co (II) tended to be 100%, at concentrations from 0.05 to 0.5 mmol L1 it varied from
80% to 40%, respectfully, and at initial concentrations higher than 1 mmol L ! it decreased
to 17% at 2 mmol L~!. To evaluate the adsorption mechanism, an analysis of these data
was performed using a non-linear approximation of the Freundlich, Langmuir, and Temkin
adsorption isotherm models (Figure 5b). The highest correlation coefficient (R? = 0.993) and
the lowest chi-square test value (x? = 0.393) were provided for Langmuir model compared
to other (Table 2). All this suggests a favorable monolayer adsorption of Co (II) onto a
functionally homogenous surface of MCN with theoretically calculated maximum adsorp-
tion capacity (Quay) of 29.553 mg g~ !, which is in good agreement with the experimental
observations. The predominance of the Langmuir model indicates that adsorption occurs
mainly through monolayer binding of Co (II) ions on energetically similar active sites of the
MCN surface. This behavior is consistent with the presence of amino (-NHj) and hydroxyl
(-OH) functional groups in the chitosan matrix, which are known to form coordination
interactions with metal ions. The calculated separation factor R; = 0.333 (Equation (6))
met the criteria 0 < Ry < 1 that confirms the favorable adsorption of Co (II) onto MCN.
In addition, the magnetic Fe304 nanoparticles provide a highly reactive surface that can
further contribute to metal ion binding that is also indicated by high correlation (R? = 0.989)
of Freundlich model that best describes a multilayer adsorption on heterogeneous sur-
face. Similar adsorption behavior has been reported for other chitosan-based magnetic
nanocomposites used for heavy metal removal from aqueous systems [51,52]. Additionally,
to demonstrate the reusability of the adsorbent, sorption—desorption experiments were
performed using the same amount of MCN-30 in E3 solution with Co (II), followed by
desorption using HNOj solutions (Supplementary Figure S2). The desorption studies
confirmed the reusability of MCN-30.
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Figure 5. Dependence of adsorption capacity and removal efficiency (a) on initial concentration
of Co (II) (mmol L—1) using MCN in E3 solution, and adsorption capacity data analysis (b) using
Freundlich, Langmuir, Temkin adsorption isothermal non-linear fit.

Table 2. Parameters of isothermal models derived from non-linear fit for Co (II) adsorption on MCN
in E3 solution.

Isotherm Model Parameters R? x2

) 1/n 0.590

Freundlich & 1.225 0.989 0.603
Qmax 29.553

Langmuir KL 0.017 0.993 0.392
R, 0.333
. Kt 0.723

Temkin B 3.821 0.883 6.497

3.3. Mortality and Hatching Success

Previous studies indicate that cobalt toxicity in fish occurs across a broad concentration
range and may affect multiple biological systems depending on exposure level and develop-
mental stage. For example, Reinardy et al. [36] reported a 96 h LCs of 35.3 & 1.1 mg L~ for
larval zebrafish and demonstrated that chronic exposure to 15-25 mg L~! Co (II) induced
DNA damage in sperm and reduced reproductive success in adult zebrafish. Develop-
mental toxicity studies using zebrafish embryo-larval assays have shown that exposure
to 10100 mg L~! Co (II) can impair hatching, induce bradycardia, and cause morpholog-
ical abnormalities such as yolk sac and pericardial edema [53]. Experiments examining
metal effects on zebrafish eggs and larvae further demonstrate strong concentration de-
pendence, with exposures up to 500 mg L~! causing complete mortality within 96 h [54].
In other fish species, short-term exposure to 50-300 mg L~! CoCl, has been associated
with pronounced hematological disturbances and erythrocyte abnormalities, confirming
the toxicological impact of elevated cobalt concentrations [55]. At the physiological level,
cobalt (II) can interfere with sensory systems; for instance, treatment with millimolar con-
centrations of CoCly has been shown to block calcium transport in lateral line hair cells
of zebrafish larvae, demonstrating the sensitivity of mechanosensory pathways to cobalt
(IT) exposure [56]. In contrast to waterborne toxicity, dietary cobalt supplied at trace levels
(approximately 0.19-0.28 mg kg ! feed) has been reported to enhance antioxidant capacity,
growth performance, and immune responses in fish, indicating that cobalt may exert bene-
ficial physiological effects when present at low nutritional levels [57]. Environmental risk
assessments further show that chronic toxicity thresholds for aquatic organisms can occur at
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very low concentrations, with chronic ECy( values ranging from approximately 1.23 pg L1t
to 31,800 pg L~ across marine species, highlighting large interspecies variability in cobalt
(IT) sensitivity [18]. In present study, cumulative mortality of D. rerio embryos and larvae
was significantly affected by exposure time, treatment, and their interaction (two-way
ANOVA; time: F3 35 = 218.5, p < 0.001; treatment: F33; = 253.8, p < 0.001; time X treatment:
Fo 30 =215.9, p < 0.001), demonstrating a strong time-dependent modulation of toxicity
across exposure scenarios (Figure 6a). Mortality remained low and comparable among
the control, Co, and MCN groups throughout the first 72 h of exposure, indicating limited
acute lethality under individual treatments. In contrast, a pronounced and abrupt increase
in mortality was observed exclusively in the combined Co + MCN group at 96 h, reaching
approximately 85-90% and differing significantly from all other treatments (Tukey HSD,
p < 0.001). This delayed but severe lethality indicates a non-additive interaction between
cobalt (II) ions and MCN that emerges only at later developmental stages and cannot be
explained by cumulative toxicity of either stressor alone.

m72h ®m96h

m24h m48h B72h mY%h b 2 =
100 + c i b
R 80 b
S b
£ 60
S
£ 40
a 20
e mmPE s s 0
Control Co MCN Co+MCN Control Co MCN Co+MCN
(a) (b)

Figure 6. Developmental toxicity of Co, MCN, and their combined exposure (Co + MCN) in Danio rerio
embryos. (a) Cumulative mortality (%) recorded at 24, 48, 72, and 96 h post-exposure. (b) Hatching
success (%) assessed at 72 and 96 h post-exposure. Data are presented as mean £ SD. Different
letters above bars indicate statistically significant differences among treatments at the same time
point (p < 0.05).

Hatching success was likewise influenced by exposure time, treatment, and their
interaction (two-way ANOVA; time: F; 14 = 15.05, p = 0.0013; treatment: F314 = 11.50,
p =0.0029; time x treatment: F3 15 = 13.47, p = 0.0012), revealing a contrasting response
pattern relative to mortality (Figure 6b). At 72 h, Co exposure significantly reduced
hatching compared to the control, whereas single MCN exhibited hatching rates comparable
to, or slightly higher than, those of the control, suggesting that MCN did not impair
early developmental processes required for successful chorion rupture. In the combined
Co + MCN treatment, hatching was partially restored relative to group with Co, indicating
that MCN may reduce effective cobalt (II) ions interference during early embryogenesis,
potentially through reduced free Co (II) availability or altered interaction with the chorion.
However, this apparent early-stage mitigation did not translate into improved survival, as
evidenced by the dramatic late-stage mortality observed at 96 h.

The divergence between hatching and survival responses highlights a decoupling
between early developmental compensation and later organism-level viability under com-
bined exposure. While MCN co-exposure may transiently alleviate cobalt-induced devel-
opmental delay, it simultaneously appears to predispose larvae to severe late-stage toxicity.
This pattern suggests that nanomaterial-metal interactions reshape cobalt toxicity in a stage-
specific manner, potentially through altered cobalt distribution, nanoparticle-associated
transport, or amplification of oxidative and physiological stress during post-hatching
transitions characterized by increased metabolic demand and organ maturation [58].
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3.4. Early Embryonic Behavior

At 24 h post-exposure, behavioral endpoints were assessed to evaluate potential
neurotoxic effects of Co, MCN, and their combination (Co + MCN) on D. rerio embryos. As
shown in Figure 7a, no statistically significant differences were observed in the proportion of
burst activity versus inactivity across the treatment groups. A Kruskal-Wallis test revealed
no overall treatment effect (H (3, n = 71) = 6.49, p = 0.090), and pairwise comparisons
confirmed the absence of significant differences (all p > 0.05). In contrast, a significant
effect was observed in the mean burst duration (Figure 7b). One-way ANOVA indicated
a significant overall treatment effect (F3 7 = 5.33, p = 0.002). Post hoc Tukey’s HSD test
identified the Co + MCN group as significantly different from both the control (p = 0.026)
and MCN group (p = 0.007), exhibiting a marked reduction in burst duration. The mean
burst durations were 2.48 s (control), 2.05 s (Co), 2.41 s (MCN), and 1.93 s (Co + MCN).

® Inactivity 35 12 a
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@
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Figure 7. Behavioral performance of Danio rerio embryos at 24 h post-exposure to Co, MCN and
their combination (Co + MCN). The assessed endpoints include locomotor states (a), mean burst
duration (b), and burst frequency (c). Different letters indicate statistically significant differences
among groups (p < 0.05, mean + SD).

This selective reduction in burst duration, despite preserved movement initiation,
highlights a mechanistically informative dissociation between motor activation and sus-
tained output. Such patterns have been increasingly recognized in developmental neu-
rotoxicology. For example, Zakaria et al. (2022) [59] reported that surface-modified gold
nanorods impaired zebrafish locomotor coordination without affecting movement fre-
quency. Refs. [60,61] described nanoparticle-driven disruption of behavioral and endocrine
endpoints without overt suppression of activity. Our results extend this pattern to cobalt—
nanoparticle co-exposure: the Co + MCN group exhibited a significant reduction in burst
duration, clustering separately from all other treatments. This synergistic effect may reflect
enhanced Co (II) uptake or redistribution facilitated by magnetite-chitosan nanoparti-
cles, consistent with hypothesis that nanoparticles modulate metal ion bioavailability
and exacerbate neuromotor toxicity through ROS generation, mitochondrial dysfunction,
or altered neurotransmitter signaling [62—-64]. Given that burst duration correlates with
neuromuscular coordination and central pattern generator output, these findings sug-
gest compound-level interference with early neural circuits responsible for patterned
motor behavior.

No significant differences were found in burst frequency across groups (Figure 7c).
One-way ANOVA did not detect treatment effect (F3 47 = 0.623, p = 0.603), and Tukey’s
HSD tests confirmed the absence of statistically significant pairwise differences (all p > 0.6).
These results indicate that the rate of locomotor burst initiation was unaffected by any of
the tested conditions within the short-term (24 h) exposure window.
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3.5. Heart Rate Alteration

Heart rate (HR) is a sensitive physiological biomarker reflecting early cardiac and
systemic function during zebrafish development. HR was recorded at 48, 72, and 96 h
post-exposure, revealing time-dependent and compound-specific effects.

At 48 h post-exposure, significant differences in HR were observed among treatments
(one-way ANOVA: F3 56 = 10.46, p < 0.0001; Figure 8a). Embryos exposed to Co exhibited
significantly reduced HR compared to controls (p < 0.001), consistent with early-stage
bradycardia seen in metal exposed zebrafish [53,65]. A similar reduction was observed
in the Co + MCN group relative to control (p = 0.002) and the MCN group (p = 0.013),
while MCN alone did not affect HR (p = 0.917). These results demonstrate that Co-alone is
the primary driver of early cardiotoxic effects, and that co-exposure with MCN does not

200
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Figure 8. Heart rate (HR) of Danio rerio embryos and larvae at 48 h (a), 72 h (b), and 96 h (c) post-
fertilization following exposure to Co, MCN and their combination (Co + MCN). Different letters
indicate statistically significant differences among groups (p < 0.05, mean + SD). Note: at 96 h
post-exposure, all larvae in the Co + MCN group were dead (>85% mortality); thus, this group is

attenuate, but rather maintains, this negative impact.
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excluded from statistical analysis and not shown in the graph.

At 72 h post-exposure, HR differences remained significant although less pronounced
(F3,56 = 3.42, p = 0.023; Figure 8b). Embryos exposed to MCN exhibited higher HR compared
to Co (p = 0.020), suggesting a possible compensatory or stress response following nanopar-
ticle exposure [60,66]. No other pairwise comparisons reached statistical significance.

At 96 h post-exposure, heart rate analysis could not be performed for the Co + MCN
group due to >85% mortality, indicating severe and lethal toxicity of the combined exposure.
Consequently, statistical analysis therefore included only the control, single Co, and MCN
groups. A significant treatment effect was detected (Fp 42 = 6.84, p = 0.003; Figure 7c). Larvae
exposed to Co continued to exhibit bradycardia relative to control (p = 0.038), confirming
persistent cardio depression. In contrast, MCN-exposed larvae displayed elevated HR
compared with both the control (p = 0.038) and Co groups (p = 0.002), consistent with
late-stage stress or compensatory tachycardia.

The complete mortality observed in the Co + MCN group by 96 h post-exposure
provides compelling evidence of synergistic toxicity, far exceeding the effects of either expo-
sure alone. Such outcomes may reflect enhanced cobalt (II) bioavailability or nanoparticle-
facilitated cellular uptake disrupting cardiac ion homeostasis, redox regulation, or mito-
chondrial integrity, mechanisms supported by studies linking engineered nanoparticle
metal exposures with amplified toxicity in early life stages [67,68].

3.6. Locomotor Behavior

At 96 h post-exposure, larval locomotor behavior was assessed to examine potential
neurofunctional effects of Co and MCN groups, using time-resolved activity tracking, phase-
averaged locomotion, and stimulus-evoked responses (Figure 9). Such multi-endpoint
behavioral paradigms are widely applied and standardized for zebrafish larvae to detect
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subtle neurofunctional alterations that may not be evident from morphology alone [69,70].
Figure 9a illustrates the temporal dynamics of total distance moved by larvae in control, Co,
and MCN groups during the recording session, which consisted of an initial acclimation
period followed by alternating light-on and light-off phases and a double mechanical
tap stimulus. During acclimation, locomotor activity gradually stabilized across all three
groups, indicating comparable adaptation to the testing arena and excluding treatment-
specific disturbances in baseline exploratory behavior. Throughout the recording, larvae
in the control, Co, and MCN groups exhibited a characteristic photomotor response, char-
acterized by reduced activity during light on phases and increased swimming during
light off phases. This light-dark modulation of locomotion is a robust and conserved
behavioral feature in zebrafish larvae, reflecting intact visual processing and motor output
pathways [69,71]. The comparable alternating locomotor patterns observed across treat-
ments indicate that exposure did not measurably disrupt visually driven regulation of
spontaneous swimming behavior. Phase-averaged analysis of locomotor activity (Figure 8b)
confirmed light condition as the primary determinant of swimming behavior. Across the
control, Co, and MCN groups, total distance moved was consistently greater during light-
off phases than during light-on phases, indicating intact photomotor regulation. Statistical
analysis revealed a highly significant effect of light phase (x* = 56.81, p < 0.001), whereas no
significant main effect of treatment was detected (x? = 0.68, p = 0.71), nor was a significant
treatment X light interaction observed (x? = 10.25, p = 0.115). These results indicate that
exposure in Co or MCN groups did not significantly modify the magnitude of light-driven
locomotor activity. Functionally, this suggests that core sensory processing and motor
output circuits remain intact and resilient to the applied exposures at the larval stage. In
contrast to spontaneous locomotor activity, the acute response to mechanical stimulation
revealed greater variability among treatment groups (Figure 9c¢). Tap-evoked locomotor
responses, quantified as the change in distance traveled during the first 10 s following
stimulation relative to the immediately preceding baseline, differed numerically across
groups. Larvae exposed to Co showed the highest mean tap-evoked response, MCN-treated
larvae displayed an intermediate response, and control larvae exhibited the lowest mean
change. However, substantial inter-individual variability was observed within each group,
including both positive and negative A values, reflecting heterogeneous startle-related
behaviors such as rapid escape swimming and transient freezing. One-way ANOVA did
not identify a statistically significant treatment effect (F = 2.27, p = 0.115), indicating that
group-level differences in tap responsiveness could not be resolved under the present
experimental conditions.

The dissociation between preserved spontaneous locomotor regulation and variable
stimulus evoked responses suggests that baseline activity metrics are relatively insensitive
to subtle neurofunctional modulation, whereas startle related endpoints may better capture
early or heterogeneous alterations in sensorimotor responsiveness. Similar observations
have been reported in studies showing that acute chemical exposure can preferentially
affect startle or stress related behaviors without altering spontaneous swimming pat-
terns [72,73]. Although group level differences in tap evoked response magnitude were
observed in the present study, they did not reach statistical significance, indicating that any
neurobehavioral effects in Co or MCN groups at 96 h post-exposure are subtle and variable
rather than robustly expressed at the population level under the tested concentrations and
exposure conditions.
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Figure 9. Locomotor behavior of Danio rerio larvae at 96 h post-exposure following exposure to Co
or MCN groups. (a) Time-resolved total distance traveled (mm per 10 s) by control, Co, and MCN
groups larvae during acclimation, alternating light and dark phases, and a mechanical tap stimulus.
(b) Phase-averaged total distance traveled during light and dark phases (mean =+ SE). (c) Tap-evoked
locomotor response expressed as the change in distance traveled during the first 10 s after stimulation
relative to the pre-stimulus baseline (mean + SE).

3.7. Oxidative Stress Biomarkers

The assessment of oxidative stress biomarkers was conducted to evaluate redox im-
balance and antioxidant defense responses in fish larvae following exposure to Co and
MCN groups. Treatment-dependent effects were observed for superoxide dismutase (SOD)
activity, hydrogen peroxide (H;O;) levels, and malondialdehyde (MDA) content (Figure 10).
Owing to the extensive mortality (>85%) in the Co + MCN group at 96 h post-exposure,
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Figure 10. Antioxidant enzyme activity and oxidative stress markers in fish larvae following exposure
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to Co and MCN groups. (a) Superoxide dismutase (SOD) activity, (b) hydrogen peroxide (H,O3)
concentration, and (c) malondialdehyde (MDA) levels. Values are presented as mean + SD. Different
letters indicate statistically significant differences among treatment groups (p < 0.05).

https:/ /doi.org/10.3390 /biology15080624


https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624

19 of 26

SOD activity exhibited significant variation among treatments (one-way ANOVA:
Fj 15 =11.528, p < 0.001; Figure 10a). Larvae exposed to Co showed a marked reduction
in SOD activity compared with the control group (p = 0.003), indicating impairment or
depletion of enzymatic antioxidant defenses under metal-induced oxidative stress. A com-
parable decline in SOD activity was also observed in the MCN group relative to the control.
SOD represents the primary enzymatic defense against ROS, catalyzing the conversion
of superoxide radicals into hydrogen peroxide and oxygen [74]. Therefore, the reduction
in SOD activity observed in the MCN group suggests that exposure to MCN altered the
basal antioxidant defense capacity of the larvae and reduced their ability to neutralize
superoxide radicals. Similar reductions in antioxidant enzyme activity have been reported
following exposure to nanomaterials; for example, Ref. [75] documented decreased SOD
levels in zebrafish exposed to nano-plastics. Modulation of SOD activity is widely reported
in zebrafish early life stages following metal exposure, reflecting dynamic regulation of
antioxidant defenses that may manifest as either induction or suppression depending on
concentration and exposure duration [76-78]. Nanoparticles may interfere with cellular
redox regulation through interactions with biological membranes, mitochondrial function,
or intracellular signaling pathways, leading to altered antioxidant enzyme activity even in
the absence of pronounced oxidative damage [79].

Hydrogen peroxide (H,O,) levels exhibited a significant treatment-specific response
(one-way ANOVA: F; 15 = 55.729, p < 0.0001; Figure 10b). Larvae exposed to Co showed
a marked increase in HyO, concentrations compared with both the control and MCN
groups, suggesting substantial peroxide accumulation and disruption of redox homeostasis.
In contrast, MCN alone exposure did not significantly alter HyO, levels relative to the
control group.

Consistent with peroxide accumulation, lipid peroxidation assessed via MDA content
also differed significantly among treatments (one-way ANOVA: F, 15 = 7.005, p = 0.0071;
Figure 10c). Larvae in Co group exhibited significantly higher MDA levels compared with
both the control and MCN groups, indicating enhanced oxidative damage to membrane
lipids. No significant differences were detected between larvae exposure in control and
MCN groups, suggesting that MCN alone did not induce detectable lipid peroxidation
under the tested conditions.

The collective exposure to Co resulted in a significant oxidative stress profile, as in-
dicated by a reduction in SOD activity, accompanied by elevated H,O, and MDA levels.
This coordinated biomarker pattern is indicative of a disruption of redox homeostasis, an
accumulation of reactive oxygen species (ROS), and subsequent oxidative damage to mem-
brane lipids. This response is consistent with established mechanisms of metal-induced
oxidative stress, whereby transition metals promote ROS generation either directly or
indirectly through mitochondrial dysfunction and redox-active pathways. Recent studies
on zebrafish have demonstrated that exposure to metals disrupts the redox balance, over-
whelms the enzymatic antioxidant capacity, and promotes oxidative injury during early
development [76,80,81]. The concurrent decline in SOD activity observed here suggests
enzymatic depletion or oxidative inactivation under sustained ROS pressure, thereby limit-
ing superoxide detoxification and favoring downstream peroxide accumulation. Elevated
MDA levels serve to further confirm the occurrence of lipid peroxidation as a downstream
consequence of excessive ROS formation.

In contrast, MCN-alone exposure led to a reduction in SOD activity without concomi-
tant increases in HyO, or MDA levels, suggesting a modulation of antioxidant regulation
rather than overt oxidative injury under the tested conditions. This pattern indicates
that MCN exposure may have produced a sublethal disturbance in the antioxidant de-
fense system, weakening the capacity of larvae to cope with oxidative challenges without

https://doi.org/10.3390/biology15080624


https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624

20 of 26

immediately triggering measurable lipid peroxidation. This dissociation between antioxi-
dant enzyme modulation and measurable oxidative damage has been reported for certain
chitosan-based nanomaterials, whose biological effects are strongly dependent on formula-
tion, surface chemistry, and dose [29,82]. The absence of significant peroxide accumulation
or lipid peroxidation suggests that, at the applied concentration, MCNs do not substantially
disrupt redox homeostasis, despite influencing enzymatic antioxidant activity. However,
the observed suppression of SOD activity may still represent an important early indicator
of oxidative stress susceptibility. A reduced antioxidant capacity may increase the vulner-
ability of organisms to additional stressors, particularly during sensitive developmental
stages [83].

In summary, the integrated biomarker profile identifies cobalt (II) as the primary
driver of oxidative imbalance and membrane lipid damage in the present study, under-
scoring oxidative stress as a central mechanism of metal-induced toxicity during early
fish development. These findings underscore the necessity of distinguishing between
nanoparticle-induced enzymatic modulation and genuine oxidative injury when evaluat-
ing nanomaterial-metal interactions and environmental risk. The assessment of oxidative
stress biomarkers was not possible in the Co + MCN group due to the high zebrafish larvae
mortality rate at 96 h post-exposure, which precluded the direct mechanistic interpretation
of the combined effects. Nevertheless, the reduction in SOD activity observed in the MCN
group suggests that MCN exposure may have weakened antioxidant defenses during co-
exposure. Such impairment could increase susceptibility to cobalt-induced ROS generation,
providing a biologically plausible explanation for inhibition and mortality observed in
the Co + MCN treatment. Despite the ambiguity surrounding the precise mechanisms
underlying the combined toxicity, the findings suggest a probable contribution of cobalt-
driven oxidative disruption to the heightened susceptibility and mortality observed in
early life stages.

4. Conclusions

This study systematically evaluated the physicochemical performance and biolog-
ical consequences of magnetite—chitosan nanocomposites (MCN) and cobalt (II) under
single- and combined-exposure in zebrafish early life stages. The adsorption data were best
described by the Langmuir model, indicating favorable Co?* adsorption by MCN in fish in-
cubation medium (E3), with a maximum experimental adsorption capacity of 20.08 mg g~
and a predicted adsorption capacity (Qmax) of 29.553 mg g~ !. Sorption experiments fur-
ther demonstrated that up to approximately 80% of cobalt (II) could be sequestered at a
sorbent-to-metal ratio of 1:50 (w/w), thereby underscoring the strong binding potential
of MCN under controlled batch conditions. However, effective practical application also
requires timely separation and recovery of the sorbent after metal binding, as prolonged
co-exposure of organisms to metal-loaded nanocomposites may contribute to unintended
biological effects. Biological assessment revealed that Co (II) (Co group) reduced hatching
success, induced persistent bradycardia, and triggered oxidative stress characterized by
decreased SOD activity and elevated HyO, and MDA levels. MCN alone did not induce
mortality or lipid peroxidation but reduced SOD activity, suggesting modulation of antiox-
idant regulation without overt oxidative injury. In contrast, combined cobalt and MCN
exposure resulted in pronounced delayed mortality, with mortality exceeding 85% at 96 h.
The mortality rate observed in this study significantly exceeded that observed under either
single exposure, indicating a clear non-additive interaction between cobalt and MCN. Al-
though hatching was partially restored relative to cobalt (II), early neuromotor impairment
was observed as reduction in burst duration in locomotor activity. Collectively, these
results demonstrate that efficient abiotic sequestration of cobalt (II) does not inherently
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guarantee biological safety, suggesting a potential dissociation between sorption efficiency
and toxicological outcomes. The interactions between nanomaterial and metal can sig-
nificantly modify toxicity during critical developmental windows of organisms. These
findings underscore the limitations of solely relying on sorption efficiency as an indicator
of environmental safety. They call for a more comprehensive evaluation framework that
incorporates organism-level responses, exposure dynamics, and sorbent recovery strategies
into the safe-by-design assessment of remediation nanomaterials. Such integrative assess-
ment is imperative to ensure that nanomaterials designed for environmental remediation
do not introduce unintended ecological risks.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology15080624/s1, Supplementary Figure S1. UV-Vis spec-
trograms of Co (II) in E3 medium at concentrations of 2 mM (pH = 7.31) and 0.25 mM (pH =7.15),
recorded before and after sorption. Supplementary Figure S2. Sorption of Co (II) from E3 solution
using the MCN-30 and desorption in HNOj solutions. Adsorption conditions: 10.375 mg/L Co (II)
in E3, pH="7.2,1 g/L MCN-30. Contact time 60 min. Desorption: A conditions: 20 mM HNOs3, pH
approximately 1.75, contact time 20-25 min; B conditions: 80 mM HNOs, pH approximately 1.15,
contact time 20-25 min. The Milli-Q water Type I was used between each procedure to wash the
MCN-30 from solutions used. Refs [84-86] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, SS., Z.].; Methodology, SS., Z.]., D.M,, G.L,; Data curation,
S.S., Z.J.; Formal analysis S.S., Z.J., RB., M.T., V.P, KM., A B.; Investigation, S.S., ZJ., R.B., M.T.,
V.P, K.M., A.B,; Project administration, VAR Supervision, S.S., Z.J.; Validation, S.S., Z.J., DM., G.L.;
Visualization, S.5., Z.J., M.T.,, KM., V.P, Writing—original draft SS.,7].,RB, Writing—review and
editing, S.S., 7], DM., G.L., J.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Research Council of Lithuania (LMTLT), agreement
No. 5-PD-24-44.

Institutional Review Board Statement: All sampling were conducted in accordance with the Lithua-
nian law. The research in this paper has been approved by the Nature Research Center Animal
Welfare Council date: 28 February 2025 No. GGT10.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors would like to thank Darius Bal¢itinas, Baldassare Fronte, and Chiara
Sangiacomo for their valuable knowledge and insightful consultations regarding work with zebrafish
embryos throughout the experimental phase of this study. Special thanks are extended to Nijolé
Kazlauskiené for her invaluable contributions to interpreting and discussing the research results and
for guiding the development of the project and experimental design.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

MCN Magnetite—chitosan nanocomposites
SEM Scanning electron microscopy
TEM Transmission electron microscopy

ATR-FTIR  Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy
XRD X-ray Diffraction

https://doi.org/10.3390 /biology 15080624


https://www.mdpi.com/article/10.3390/biology15080624/s1
https://www.mdpi.com/article/10.3390/biology15080624/s1
https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624 22 of 26

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Wang, M.; Zheng, X.; Oba, B.T; Lin, Y.; Shen, C.; Huang, X.; Yang, F.; Xiao, Q.; Ding, Y. Innovations in Nanomaterials for
Remediation of Heavy Metal—polluted Soil: Advances, Mechanistic Insights, and Future Prospects. Nano Mater. Sci. 2025, §,
11-35. [CrossRef]

Shaumbwa, V.R.; Liu, D.; Archer, B.; Li, J.; Su, F. Preparation and Application of Magnetic Chitosan in Environmental Remediation
and Other Fields: A Review. ]. Appl. Polym. Sci. 2021, 138, 51241. [CrossRef]

Ali, D.A; Ismail, G.G.; Osman, A.L; Alreshaidan, S.B.; Al-Fatesh, A.S. Novel Nanocomposite of Carbonized Chitosan-Zinc
Oxide-Magnetite for Adsorption of Toxic Elements from Aqueous Solutions. ACS Omega 2024, 9, 47567-47584. [CrossRef]
Tundwal, A.; Kumar, H.; Yadav, P; Yadav, V.; Mangla, B. Chitosan, Conducting Polymer, and Metal Oxide Nanocomposites:
Mechanistic Insights and Sustainable Approaches for Water Treatment. Next Mater. 2026, 10, 101559. [CrossRef]

Eltahan, N.N.; Abdel-Razik, H.H.; ElITaweel, EM.; Abdelaal, M.Y. Recent Chitosan@Magnetite Adsorbents for the Removal of
Heavy Metals and Organic Pollutants From Water. Biopolymers 2025, 116, €70047. [CrossRef]

Taha, G.; Baseer, R.A.; Sultan, M. Chitosan Nanocomposites for the Removal of Pollutants from Waste Water. Discov. Appl. Sci.
2025, 7, 1306. [CrossRef]

Ashraf, A; Dutta, J.; Farooq, A.; Rafatullah, M.; Pal, K.; Kyzas, G.Z. Chitosan-Based Materials for Heavy Metal Adsorption:
Recent Advancements, Challenges and Limitations. J. Mol. Struct. 2024, 1309, 138225. [CrossRef]

De Silva, M.; Cao, G.; Tam, K.C. Nanomaterials for the Removal and Detection of Heavy Metals: A Review. Environ. Sci. Nano
2025, 12, 2154-2176. [CrossRef]

Liberty, ].T.; Anil, A,; ljimdiya, S.J.; Kwaji, M.].; [jimdiya, R.U. Harnessing the Potential of Nanostructured Materials for Sustainable
Development. Nano-Struct. Nano-Objects 2024, 38, 101216. [CrossRef]

Lefevre, M.C.; Bernardeschi, M.; Battaglini, M.; Ciofani, G. Evaluation of the Dual Impact of Nanotechnologies on Health and
Environment Through Alternative Bridging Models. Adv. Healthc. Mater. 2026, 0, e05218. [CrossRef]

Igbal, Y.; Ahmed, L; Irfan, M.E; Chatha, S.A.S.; Zubair, M.; Ullah, A. Recent Advances in Chitosan-Based Materials; The Synthesis,
Modifications and Biomedical Applications. Carbohydr. Polym. 2023, 321, 121318. [CrossRef]

Jurgeléne, Z; Jagminas, A.; Montvydiené, D.; Stankevicitité, M.; Sauliute, G.; Pazusieng, J.; Butrimiené, R.; Mikalauskaite, A.;
Joksas, K.; Kazlauskiené, N.; et al. Toxicity of Different-Sized Cobalt Ferrite (CoFe,O,4) Nanoparticles to Oncorhynchus mykiss at
Early Development Stages. Environ. Sci. Pollut. Res. 2024, 31, 39735-39747. [CrossRef] [PubMed]

Kazlauskas, M.; Jurgeléné, 7.; Seméuk, S.; Joksas, K.; Kazlauskiené, N.; Montvydiené, D. Effect of Graphene Oxide on the Uptake,
Translocation and Toxicity of Metal Mixture to Lepidium sativum L. Plants: Mitigation of Metal Phytotoxicity Due to Nanosorption.
Chemosphere 2023, 312, 137221. [CrossRef] [PubMed]

Wu, H,; Yin, ].].; Wamer, W.G.; Zeng, M.; Lo, Y.M. Reactive Oxygen Species-Related Activities of Nano-Iron Metal and Nano-Iron
Oxides. |. Food Drug Anal. 2014, 22, 86-94. [CrossRef] [PubMed]

ATSDR (Agency for Toxic Substances and Disease Registry). Toxicological Profile for Cobalt. U.S. Department of Health and
Human Services, Public Health Service. 2024. Available online: https://www.atsdr.cdc.gov/ToxProfiles/tp33.pdf (accessed on
25 February 2026).

Genchi, G.; Lauria, G.; Catalano, A.; Carocci, A.; Sinicropi, M.S. Prevalence of Cobalt in the Environment and Its Role in Biological
Processes. Biology 2023, 12, 1335. [CrossRef]

Pourkhabbaz, A.; Khazaei, T.; Behravesh, S.; Ebrahimpour, M.; Pourkhabbaz, H.; Pourkhabbaz, A.; Khazaei, T.; Behravesh, S.;
Ebrahimpour, M.; Pourkhabbaz, H. Effect of Water Hardness on the Toxicity of Cobalt and Nickel to a Freshwater Fish, Capoeta
fusca. Biomed. Environ. Sci. 2011, 24, 656—660. [CrossRef]

Saili, K.S.; Cardwell, A.S.; Stubblefield, W.A. Chronic Toxicity of Cobalt to Marine Organisms: Application of a Species Sensitivity
Distribution Approach to Develop International Water Quality Standards. Environ. Toxicol. Chem. 2021, 40, 1405-1418. [CrossRef]
Stubblefield, W.A.; Van Genderen, E.; Cardwell, A.S.; Heijerick, D.G.; Janssen, C.R.; De Schamphelaere, K.A.C. Acute and Chronic
Toxicity of Cobalt to Freshwater Organisms: Using a Species Sensitivity Distribution Approach to Establish International Water
Quality Standards. Environ. Toxicol. Chem. 2020, 39, 799-811. [CrossRef]

Chen, C.; Xu, C.; Qian, D.; Yu, Q.; Huang, M.; Zhou, L.; Qin, ].G.; Chen, L.; Li, E. Growth and Health Status of Pacific White
Shrimp, Litopenaeus vannamei, Exposed to Chronic Water Born Cobalt. Fish Shellfish Immunol. 2020, 100, 137-145. [CrossRef]

Ali, Z.; Yaqoob, S.; Yu, J.; D’Amore, A.; Fakhar-e-Alam, M. A Comparative Review of Processing Methods for Graphene-Based
Hybrid Filler Polymer Composites and Enhanced Mechanical, Thermal, and Electrical Properties. J. King Saud Univ. Sci. 2024, 36,
103457. [CrossRef]

Rahman, A.N.A.; Elkhadrawy, B.A.; Mansour, A.T.; Abdel-Ghany, HM.; Yassin, EM.M.; Elsayyad, A.; Alwutayd, K.M,;
Ismail, S.H.; Mahboub, H.H. Alleviating Effect of a Magnetite (Fe304) Nanogel against Waterborne-Lead-Induced Physiological
Disturbances, Histopathological Changes, and Lead Bioaccumulation in African Catfish. Gels 2023, 9, 641. [CrossRef]

https://doi.org/10.3390 /biology15080624


https://doi.org/10.1016/j.nanoms.2025.06.008
https://doi.org/10.1002/app.51241
https://doi.org/10.1021/acsomega.4c06541
https://doi.org/10.1016/j.nxmate.2025.101559
https://doi.org/10.1002/bip.70047
https://doi.org/10.1007/s42452-025-07689-5
https://doi.org/10.1016/j.molstruc.2024.138225
https://doi.org/10.1039/D4EN01041H
https://doi.org/10.1016/j.nanoso.2024.101216
https://doi.org/10.1002/adhm.202505218
https://doi.org/10.1016/j.carbpol.2023.121318
https://doi.org/10.1007/s11356-024-33841-6
https://www.ncbi.nlm.nih.gov/pubmed/38833050
https://doi.org/10.1016/j.chemosphere.2022.137221
https://www.ncbi.nlm.nih.gov/pubmed/36403815
https://doi.org/10.1016/j.jfda.2014.01.007
https://www.ncbi.nlm.nih.gov/pubmed/24673906
https://www.atsdr.cdc.gov/ToxProfiles/tp33.pdf
https://doi.org/10.3390/biology12101335
https://doi.org/10.3967/0895-3988.2011.06.010
https://doi.org/10.1002/etc.4993
https://doi.org/10.1002/etc.4662
https://doi.org/10.1016/j.fsi.2020.03.011
https://doi.org/10.1016/j.jksus.2024.103457
https://doi.org/10.3390/gels9080641
https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624 23 of 26

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Samak, D.H.; Abd-Ellatieff, H.A.; Khalil, R.H.; Saleh, N.A.; Saleh, H.M. Mitigation of Cadmium Toxicity in African Catfish Using
Biological Nano Chitosan: Insights into Biochemical, Genotoxic, and Histopathological Effects. BMC Vet. Res. 2025, 21, 278.
[CrossRef]

Khalefa, H.S.; AbuBakr, H.O.; Aljuaydi, S.H.; Kotp, Y.H.; Al-Mokaddem, A K.; Abdel-moneam, D.A. Aquatic Assessment of
the Chelating Ability of Silica-Stabilized Magnetite Nanocomposite to Lead Nitrate Toxicity with Emphasis to Their Impact on
Hepatorenal, Oxidative Stress, Genotoxicity, Histopathological, and Bioaccumulation Parameters in Oreochromis niloticus and
Clarias gariepinus. BMC Vet. Res. 2024, 20, 262. [CrossRef]

Mahboub, H.H.; Beheiry, R.R.; Shahin, S.E.; Behairy, A.; Khedr, M.H.E.; Ibrahim, S.M.; Elshopakey, G.E.; Daoush, W.M.; Altohamy,
D.E,; Ismail, T.A; et al. Adsorptivity of Mercury on Magnetite Nano-Particles and Their Influences on Growth, Economical,
Hemato-Biochemical, Histological Parameters and Bioaccumulation in Nile Tilapia (Oreochromis niloticus). Aquat. Toxicol. 2021,
235, 105828. [CrossRef]

Zhao, W.; Chen, Y.; Hu, N.; Long, D.; Cao, Y. The Uses of Zebrafish (Danio rerio) as an in Vivo Model for Toxicological Studies: A
Review Based on Bibliometrics. Ecotoxicol. Environ. Saf. 2024, 272, 116023. [CrossRef] [PubMed]

Priyan V, V.; Kumar, N.; Narayanasamy, S. Toxicological Assessment and Adsorptive Removal of Lead (Pb) and Congo Red (CR)
from Water by Synthesized Iron Oxide/Activated Carbon (Fe30,/AC) Nanocomposite. Chemosphere 2022, 294, 133758. [CrossRef]
[PubMed]

Samrot, A.V,; Bavanilatha, M.; Krithika Shree, S.; Sathiyasree, M.; Vanjinathan, J.; Shobana, N.; Thirugnanasambandam, R.; Kumar,
C.; Wilson, S.; Rajalakshmi, D.; et al. Evaluation of Heavy Metal Removal of Nanoparticles Based Adsorbent Using Danio rerio as
Model. Toxics 2022, 10, 742. [CrossRef] [PubMed]

Oliveira, EM.N.; Selli, G.I; von Schmude, A.; Miguel, C.; Laurent, S.; Vianna, M.R.M.; Papaléo, R.M. Developmental Toxicity of
Iron Oxide Nanoparticles with Different Coatings in Zebrafish Larvae. J. Nanoparticle Res. 2020, 22, 87. [CrossRef]

Abou-Saleh, H.; Younes, N.; Rasool, K.; Younis, M.H.; Prieto, R.M.; Yassine, H.M.; Mahmoud, K.A.; Pintus, G.; Nasrallah, G.K.
Impaired Liver Size and Compromised Neurobehavioral Activity Are Elicited by Chitosan Nanoparticles in the Zebrafish Embryo
Model. Nanomaterials 2019, 9, 122. [CrossRef] [PubMed]

Bhoopathy, S.; Inbakandan, D.; Thirugnanasambandam, R.; Kumar, C.; Sampath, P.; Bethunaickan, R.; Raguraman, V.; Vijayaku-
mar, G.K. A Comparative Study on Chitosan Nanoparticle Synthesis Methodologies for Application in Aquaculture through
Toxicity Studies. IET Nanobiotechnol. 2021, 15, 418-426. [CrossRef] [PubMed]

Luis, A.LS.; Campos, E.V.R,; Oliveira, J.L.; Vallim, ].H.; Proenga, P.L.E; Castanha, R.F; de Castro, V.L.S.S.; Fraceto, L.F. Ecotoxicity
Evaluation of Polymeric Nanoparticles Loaded with Ascorbic Acid for Fish Nutrition in Aquaculture. ]. Nanobiotechnology 2021,
19, 163. [CrossRef]

Younes, N.; Pintus, G.; Al-Asmakh, M.; Rasool, K.; Younes, S.; Calzolari, S.; Mahmoud, K.A.; Nasrallah, G.K. “safe” Chitosan/Zinc
Oxide Nanocomposite Has Minimal Organ-Specific Toxicity in Early Stages of Zebrafish Development. ACS Biomater. Sci. Eng.
2020, 6, 38-47. [CrossRef] [PubMed]

Tan, Z.; Deng, L.; Jiang, Z.; Xiang, G.; Zhang, G.; He, S.; Zhang, H.; Wang, Y. Selenium Nanoparticles Attenuate Cobalt
Nanoparticle-Induced Skeletal Muscle Injury: A Study Based on Myoblasts and Zebrafish. Toxics 2024, 12, 130. [CrossRef]
[PubMed]

Semcuk, S.; Jurgeléne, 7.; Pakstas, V;; Montvydiené, D.; Drabavitius, A.; Joksas, K.; Talaikis, M.; Mazeika, J.; MaZeika, K.;
Kuzborskaja, K.; et al. Different Magnetization Levels of Magnetite-Chitosan Nanocomposites for Co (II) Adsorption from
Natural Waters. Nanomaterials 2026, 16, 393. [CrossRef]

Reinardy, H.C,; Syrett, ].R.; Jeffree, R.A.; Henry, T.B.; Jha, A.N. Cobalt-Induced Genotoxicity in Male Zebrafish (Danio rerio), with
Implications for Reproduction and Expression of DNA Repair Genes. Aquat. Toxicol. 2013, 126, 224-230. [CrossRef]

OECD. Test No. 236: Fish Embryo Acute Toxicity (FET) Test, OECD Guidelines for the Testing of Chemicals, Section 2; OECD Publishing:
Paris, France, 2025. [CrossRef]

European Commission. Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the
Protection of Animals Used for Scientific Purposes. Off. J. Eur. Union 2010, 50, 33-79.

Sénchez Jiménez, A.; Puelles, R.; Perez-Fernandez, M.; Barruetabefia, L.; Jacobsen, N.R.; Suarez-Merino, B.; Micheletti, C.; Manier,
N.; Salieri, B.; Hischier, R.; et al. Safe(r) by Design Guidelines for the Nanotechnology Industry. Nanolmpact 2022, 25, 100385.
[CrossRef] [PubMed]

Bonfanti, P.; Colombo, A.; Bengalli, R.; Gualtieri, M.; Zanoni, I.; Blosi, M.; Costa, A.; Mantecca, P. Functional Silver-Based
Nanomaterials Affecting Zebrafish Development: The Adverse Outcomes in Relation to the Nanoparticle Physical and Chemical
Structure. Environ. Sci. Nano 2024, 11, 2521-2540. [CrossRef]

Pomar-Portillo, V.; Suarez-Merino, B.; Aparicio, S.; Badetti, E.; Boyles, M.; Brunelli, A.; Fito-Lopez, C.; Garmendia-Aguirre, I;
Giubilato, E.; Katsumiti, A.; et al. Methods and Tools for the Safety Assessment Part of the European Commission’s Safe and
Sustainable by Design Framework When Applied to Advanced Materials. Environ. Int. 2025, 205, 109904. [CrossRef]

https://doi.org/10.3390 /biology 15080624


https://doi.org/10.1186/s12917-025-04673-4
https://doi.org/10.1186/s12917-024-04094-9
https://doi.org/10.1016/j.aquatox.2021.105828
https://doi.org/10.1016/j.ecoenv.2024.116023
https://www.ncbi.nlm.nih.gov/pubmed/38290311
https://doi.org/10.1016/j.chemosphere.2022.133758
https://www.ncbi.nlm.nih.gov/pubmed/35101427
https://doi.org/10.3390/toxics10120742
https://www.ncbi.nlm.nih.gov/pubmed/36548575
https://doi.org/10.1007/s11051-020-04800-2
https://doi.org/10.3390/nano9010122
https://www.ncbi.nlm.nih.gov/pubmed/30669437
https://doi.org/10.1049/nbt2.12047
https://www.ncbi.nlm.nih.gov/pubmed/34694707
https://doi.org/10.1186/s12951-021-00910-8
https://doi.org/10.1021/acsbiomaterials.8b01144
https://www.ncbi.nlm.nih.gov/pubmed/33463193
https://doi.org/10.3390/toxics12020130
https://www.ncbi.nlm.nih.gov/pubmed/38393225
https://doi.org/10.3390/nano16070393
https://doi.org/10.1016/j.aquatox.2012.11.007
https://doi.org/10.1787/9789264203709-en
https://doi.org/10.1016/j.impact.2022.100385
https://www.ncbi.nlm.nih.gov/pubmed/35559891
https://doi.org/10.1039/D3EN00813D
https://doi.org/10.1016/j.envint.2025.109904
https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624 24 of 26

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Queiroz, M.E,; Melo, K.R.T; Sabry, D.A.; Sassaki, G.L.; Rocha, H.A.O. Does the Use of Chitosan Contribute to Oxalate Kidney
Stone Formation? Mar. Drugs 2015, 13, 141-158. [CrossRef]

Kumirska, J.; Czerwicka, M.; Kaczynski, Z.; Bychowska, A.; Brzozowski, K.; Thoming, J.; Stepnowski, P. Application of
Spectroscopic Methods for Structural Analysis of Chitin and Chitosan. Mar. Drugs 2010, 8, 1567-1636. [CrossRef]

Lujaniené, G.; Novikau, R.; Joel, E.F,; Karalevi¢iate, K.; Semcuk, S.; MaZeika, K ; Talaikis, M.; Pakstas, V.; Tuménas, S.; MaZeika, ],
et al. Preparation of Graphene Oxide-Maghemite-Chitosan Composites for the Adsorption of Europium Ions from Aqueous
Solutions. Molecules 2022, 27, 8035. [CrossRef]

Kasaai, M.R. A Review of Several Reported Procedures to Determine the Degree of N-Acetylation for Chitin and Chitosan Using
Infrared Spectroscopy. Carbohydr. Polym. 2008, 71, 497-508. [CrossRef]

Ledesma-Fosados, L.I.; Gallardo-Rivas, N.V.; Padramo-Garcia, U.; Garcia-Alamilla, R.; Pérez-Bueno, J.d.].; Mendoza-Martinez,
A M. Enhanced Control of Magnetite Nanoparticle Electrosynthesis through Cyclic Voltammetry. Int. J. Electrochem. Sci. 2025, 20,
100956. [CrossRef]

Beppu, M.M,; Vieira, R.S.; Aimoli, C.G.; Santana, C.C. Crosslinking of Chitosan Membranes Using Glutaraldehyde: Effect on Ion
Permeability and Water Absorption. . Memb. Sci. 2007, 301, 126-130. [CrossRef]

Khalid, M.U,; Stirke, A.; Talaikis, M.; Pakstas, V.; Kavleiskaja, T.; da Silva, A.M.H.; Melo, W. De Characterization and Structural
Evaluation of Niobium-Integrated Chitosan-Gelatin Hybrid Hydrogels. Gels 2026, 12, 107. [CrossRef] [PubMed]

Thomas, M.E,; Johnson, C.E. Mossbauer Spectroscopy; Dickson, D.P.E., Berry, E]J., Eds.; Cambridge University Press: Cambridge,
UK, 1986; p. 193.

Oh, SJ.; Cook, D.C.; Townsend, H.E. Characterization of Iron Oxides Commonly Formed as Corrosion Products on Steel. Hyperfine
Interact. 1998, 112, 59-66. [CrossRef]

Zhang, Q.; Zhuang, S.; Wang, ]. Biosorptive Removal of Cobalt(Il) from Aqueous Solutions Using Magnetic Cyanoethyl Chitosan
Beads. J. Environ. Chem. Eng. 2020, 8, 104531. [CrossRef]

Karimi, E; Ayati, A.; Tanhaei, B.; Sanati, A.L.; Afshar, S.; Kardan, A.; Dabirifar, Z.; Karaman, C. Removal of Metal Ions Using
a New Magnetic Chitosan Nano-Bio-Adsorbent; A Powerful Approach in Water Treatment. Environ. Res. 2022, 203, 111753.
[CrossRef]

Alves, A.C.F,; Saiki, P.T.O.; da Silva Brito, R.; Scalize, P.S.; Rocha, T.L. How Much Are Metals for Next-Generation Clean
Technologies Harmful to Aquatic Animal Health? A Study with Cobalt and Nickel Effects in Zebrafish (Danio rerio). . Hazard.
Mater. Adv. 2022, 8, 100160. [CrossRef]

Gouva, E.; Nathanailides, C.; Skoufos, I.; Paschos, I.; Athanassopoulou, F.; Pappas, I.5. Comparative Study of the Effects of Heavy
Metals on Embryonic Development of Zebrafish. Aquac. Res. 2020, 51, 3255-3267. [CrossRef]

Bristy, ES.; Hossain, M.A.; Das, M.; Udoy, ER.; Sarker, M.S.A.; Jebin, M.; Banu, M.R. Exposure to Cobalt Chloride Alters
Hemato-Biochemical Indices and Erythrocyte Morphology in Stinging Catfish, Heteropneustes fossilis. Fish. Aquat. Life 2025, 33,
46-58. [CrossRef]

Stewart, W.J.; Johansen, J.L.; Liao, J.C. A Non-Toxic Dose of Cobalt Chloride Blocks Hair Cells of the Zebrafish Lateral Line. Hear.
Res. 2017, 350, 17-21. [CrossRef] [PubMed]

Huang, D.; Jahazi, ].D.; Ren, M.; Zhang, L.; Liang, H. Effects of Dietary Cobalt Levels on Growth Performance, Antioxidant
Capacity, and Immune Status of Juvenile Largemouth Bass (Micropterus salmoides). Vet. Sci. 2024, 11, 576. [CrossRef] [PubMed]
Jurgeléne, 7.; Morkvenas, A.; Dzingeleviciené, R.; Dzingelevi¢ius, N.; Baranauskis, K.; Montvydiene, D.; Kowalkowski, T.;
Raugel¢, S.; Buszewski, B.; Karabanovas, V. Effects of Co-Treatment with Nano/Microplastics and Hydroxychloroquine on Early
Development Stages of Salmo trutta. Mar. Environ. Res. 2025, 208, 107096. [CrossRef] [PubMed]

Zakaria, Z.Z.; Mahmoud, N.N.; Benslimane, FM.; Yalcin, H.C.; Al Moustafa, A.E.; Al-Asmakh, M. Developmental Toxicity of
Surface-Modified Gold Nanorods in the Zebrafish Model. ACS Omega 2022, 7, 29598-29611. [CrossRef]

Torres-Ruiz, M.; de Alba Gonzalez, M.; Morales, M.; Martin-Folgar, R.; Gonzalez, M.C.; Cafias-Portilla, A.L; De la Vieja, A.
Neurotoxicity and Endocrine Disruption Caused by Polystyrene Nanoparticles in Zebrafish Embryo. Sci. Total Environ. 2023, 874,
162406. [CrossRef]

Negrini, B.; Floris, P.; D’Abramo, C.; Aldaghi, S.A.; Costamagna, M.; Perucca, M.; Saibene, M.; Perelshtein, I.; Colombo, A.;
Bonfanti, P; et al. Comparative Toxicity and Environmental Impact Assessments of Sonochemically-Synthesized CuO and
Zn-Doped CuO Nanoparticles Using Zebrafish and LCA Tools. Discov. Nano 2025, 20, 51. [CrossRef]

Ogungbemi, A.; Leuthold, D.; Scholz, S.; Kiister, E. Hypo- or Hyperactivity of Zebrafish Embryos Provoked by Neuroactive
Substances: A Review on How Experimental Parameters Impact the Predictability of Behavior Changes. Environ. Sci. Eur. 2019,
31, 88. [CrossRef]

https://doi.org/10.3390 /biology15080624


https://doi.org/10.3390/md13010141
https://doi.org/10.3390/md8051567
https://doi.org/10.3390/molecules27228035
https://doi.org/10.1016/j.carbpol.2007.07.009
https://doi.org/10.1016/j.ijoes.2025.100956
https://doi.org/10.1016/j.memsci.2007.06.015
https://doi.org/10.3390/gels12020107
https://www.ncbi.nlm.nih.gov/pubmed/41744979
https://doi.org/10.1023/A:1011076308501
https://doi.org/10.1016/j.jece.2020.104531
https://doi.org/10.1016/j.envres.2021.111753
https://doi.org/10.1016/j.hazadv.2022.100160
https://doi.org/10.1111/are.14660
https://doi.org/10.2478/aopf-2025-0004
https://doi.org/10.1016/j.heares.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/28412580
https://doi.org/10.3390/vetsci11110576
https://www.ncbi.nlm.nih.gov/pubmed/39591350
https://doi.org/10.1016/j.marenvres.2025.107096
https://www.ncbi.nlm.nih.gov/pubmed/40168853
https://doi.org/10.1021/acsomega.2c01313
https://doi.org/10.1016/j.scitotenv.2023.162406
https://doi.org/10.1186/s11671-025-04225-7
https://doi.org/10.1186/s12302-019-0270-5
https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624 25 of 26

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

von Hellfeld, R.; Gade, C.; Baumann, L.; Leist, M.; Braunbeck, T. The Sensitivity of the Zebrafish Embryo Coiling Assay for
the Detection of Neurotoxicity by Compounds with Diverse Modes of Action. Environ. Sci. Pollut. Res. 2023, 30, 75281-75299.
[CrossRef]

Zindler, F.; Beedgen, F.; Brandt, D.; Steiner, M.; Stengel, D.; Baumann, L.; Braunbeck, T. Analysis of Tail Coiling Activity of
Zebrafish (Danio rerio) Embryos Allows for the Differentiation of Neurotoxicants with Different Modes of Action. Ecotoxicol.
Environ. Saf. 2019, 186, 109754. [CrossRef] [PubMed]

Lai, Z.; Lu, L.; Zhang, Y.; Zhou, Q.; Pu, Y.; Yin, L. Copper Exposure Induced Developmental Toxicity and Cardiotoxicity in
Zebrafish. Food Chem. Toxicol. 2025, 204, 115660. [CrossRef]

Pham, D.H.; De Roo, B.; Nguyen, X.B.; Vervaele, M.; Kecskés, A.; Ny, A.; Copmans, D.; Vriens, H.; Locquet, ].P; Hoet, P et al. Use
of Zebrafish Larvae as a Multi-Endpoint Platform to Characterize the Toxicity Profile of Silica Nanoparticles. Sci. Rep. 2016, 6,
37145. [CrossRef]

Hsiao, B.Y.;; Horng, J.L.; Yu, C.H.; Lin, W.T.; Wang, Y.H.; Lin, L.Y. Assessing Cardiovascular Toxicity in Zebrafish Embryos
Exposed to Copper Nanoparticles. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2024, 277, 109838. [CrossRef]

Saputra, O.A.; Wibowo, ER.; Lestari, W.W.; Handayani, M. Highly Monodisperse and Colloidal Stable of L-Serine Capped
Magnetite Nanoparticles Synthesized via Sonochemistry Assisted Co-Precipitation Method. Adv. Nat. Sci. Nanosci. Nanotechnol.
2020, 11, 025012. [CrossRef]

Maeda, H.; Fukushima, N.; Hasumi, A. Standardized Method for the Assessment of Behavioral Responses of Zebrafish Larvae.
Biomedicines 2021, 9, 884. [CrossRef] [PubMed]

Jarema, K.A.; Hunter, D.L.; Hill, B.N.; Olin, J.K,; Britton, K.N.; Waalkes, M.R; Padilla, S. Developmental Neurotoxicity and
Behavioral Screening in Larval Zebrafish with a Comparison to Other Published Results. Toxics 2022, 10, 256. [CrossRef]

Dang, A.; Zhao, G.; Xu, J.; Wagle, M.; Guo, S. A High-Throughput Behavioral Assay for Screening Novel Anxiolytics in Larval
Zebrafish. Pharmaceuticals 2025, 18, 968. [CrossRef] [PubMed]

Hagen, E.V,; Harper, M.M.M.; Zhang, Y.; Hamilton, T.J. Exploring the Impact of Acute Solvent Exposure on Larval Zebrafish
Behaviour. Front. Behav. Neurosci. 2025, 19, 1717998. [CrossRef]

Uddin, M.H.; Salvador, C.; Ritu, J.R.; Putnala, S.K.; Chivers, D.P.; Niyogi, S. Selenomethionine-Induced Neurotoxicity and
Behavioural Alterations in Larval Zebrafish (Danio rerio). Ecotoxicol. Environ. Saf. 2025, 303, 118788. [CrossRef]

Do, T.; Vaculciakova, S.; Kluska, K.; Peris-Diaz, M.D.; Priborsky, ].; Guran, R.; Krezel, A.; Adam, V.; Zitka, O. Antioxidant-Related
Enzymes and Peptides as Biomarkers of Metallic Nanoparticles (Eco)Toxicity in the Aquatic Environment. Chemosphere 2024, 364,
142988. [CrossRef] [PubMed]

Feng, M.; Luo, J.; Wan, Y.; Zhang, J.; Lu, C.; Wang, M.; Dai, L.; Cao, X.; Yang, X.; Wang, Y. Polystyrene Nanoplastic Exposure
Induces Developmental Toxicity by Activating the Oxidative Stress Response and Base Excision Repair Pathway in Zebrafish
(Danio rerio). ACS Omega 2022, 7, 32153-32163. [CrossRef]

Cai, G.; Zhu, J.; Shen, C.; Cui, Y.; Du, J.; Chen, X. The Effects of Cobalt on the Development, Oxidative Stress, and Apoptosis in
Zebrafish Embryos. Biol. Trace Elem. Res. 2012, 150, 200-207. [CrossRef]

Santos, D.; Félix, L.; Luzio, A.; Parra, S.; Cabecinha, E.; Bellas, J.; Monteiro, S.M. Toxicological Effects Induced on Early Life Stages
of Zebrafish (Danio rerio) after an Acute Exposure to Microplastics Alone or Co-Exposed with Copper. Chemosphere 2020, 261,
127748. [CrossRef]

Liu, N.; Tong, L.; Li, K.; Dong, Q.; Jing, ]. Copper-Nanoparticle-Induced Neurotoxic Effect and Oxidative Stress in the Early
Developmental Stage of Zebrafish (Danio rerio). Molecules 2024, 29, 2414. [CrossRef]

Neogi, N.; Choudhury, K.P.; Hossain, I.; Hossain, S.; Golam Sazid, M. Nanoparticle-Induced Oxidative Stress: Mechanisms and
Implications for Human Health and Environmental Safety. Environ. Earth Sci. Proc. 2025, 37, 1. [CrossRef]

Cano-Viveros, S.; Galar-Martinez, M.; Gasca-Pérez, E.; Garcia-Medina, S.; Ruiz-Lara, K.; Gémez-Olivan, L.M.; Islas-Flores, H.
The Relationship Between Embryotoxicity and Oxidative Stress Produced by Aluminum, Iron, Mercury, and Their Mixture on
Cyprinus carpio. Water Air Soil Pollut. 2021, 232, 376. [CrossRef]

D’Amora, M.; Schmidt, T.J.N.; Konstantinidou, S.; Raffa, V.; De Angelis, F,; Tantussi, F. Effects of Metal Oxide Nanoparticles in
Zebrafish. Oxid. Med. Cell. Longev. 2022, 2022, 3313016. [CrossRef] [PubMed]

Sherif, A.H.; Fadel, A.; Kasem, E.A.; Mahfouz, M.E.; Eldessouki, E.A.; Fahmy, H.A. The Nanocomposite of Chitosan-Vitamin C
Modulates the Expression of Inmune and Antioxidant-Related Genes in Nile Tilapia Stressed with Lead (Pb). Aquac. Int. 2025, 33,
136. [CrossRef]

Lei, P; Zhang, W.; Ma, J.; Xia, Y;; Yu, H.; Du, J.; Fang, Y.; Wang, L.; Zhang, K.; Jin, L.; et al. Advances in the Utilization of Zebrafish
for Assessing and Understanding the Mechanisms of Nano-/Microparticles Toxicity in Water. Toxics 2023, 11, 380. [CrossRef]
Campo Dall’Orto, V.; Carballo, R.; Hurst, ]J.A.; Rezzano, I. UV-Vis Spectroscopic Study of Co(II) / Co(III) Oxidation in Poly[M-
Protoporphyrins] Films and Their Interaction with Axial Ligands. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2005, 61, 2089-2093.
[CrossRef] [PubMed]

https://doi.org/10.3390 /biology15080624


https://doi.org/10.1007/s11356-023-27662-2
https://doi.org/10.1016/j.ecoenv.2019.109754
https://www.ncbi.nlm.nih.gov/pubmed/31606639
https://doi.org/10.1016/j.fct.2025.115660
https://doi.org/10.1038/srep37145
https://doi.org/10.1016/j.cbpc.2024.109838
https://doi.org/10.1088/2043-6254/ab9192
https://doi.org/10.3390/biomedicines9080884
https://www.ncbi.nlm.nih.gov/pubmed/34440088
https://doi.org/10.3390/toxics10050256
https://doi.org/10.3390/ph18070968
https://www.ncbi.nlm.nih.gov/pubmed/40732259
https://doi.org/10.3389/fnbeh.2025.1717998
https://doi.org/10.1016/j.ecoenv.2025.118788
https://doi.org/10.1016/j.chemosphere.2024.142988
https://www.ncbi.nlm.nih.gov/pubmed/39103097
https://doi.org/10.1021/acsomega.2c03378
https://doi.org/10.1007/s12011-012-9506-6
https://doi.org/10.1016/j.chemosphere.2020.127748
https://doi.org/10.3390/molecules29112414
https://doi.org/10.3390/eesp2025037001
https://doi.org/10.1007/s11270-021-05312-y
https://doi.org/10.1155/2022/3313016
https://www.ncbi.nlm.nih.gov/pubmed/35154565
https://doi.org/10.1007/s10499-024-01806-8
https://doi.org/10.3390/toxics11040380
https://doi.org/10.1016/j.saa.2004.08.010
https://www.ncbi.nlm.nih.gov/pubmed/15911396
https://doi.org/10.3390/biology15080624

Biology 2026, 15, 624 26 of 26

85. Chaouachi, S.; Elleuch, S.; Hamdi, B.; Zouari, R. Experimental (FTIR, Raman, UV-Visible and PL) and Theoretical (DFT
and TDDEFT) Studies on Bis(8-Hydroxyquinolinium) Tetrachlorocobaltate(II) Compound. J. Mol. Struct. 2016, 1125, 149-161.
[CrossRef]

86. Malik, M.; Chan, K.H.; Azimi, G. Quantification of Nickel, Cobalt, and Manganese Concentration Using Ultraviolet-Visible
Spectroscopy. RSC Adv. 2021, 11, 28014-28028. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /biology15080624


https://doi.org/10.1016/j.molstruc.2016.06.050
https://doi.org/10.1039/D1RA03962H
https://www.ncbi.nlm.nih.gov/pubmed/35480763
https://doi.org/10.3390/biology15080624

	Introduction 
	Materials and Methods 
	Chemicals Used for Synthesis 
	Synthesis of Magnetite-Chitosan Nanocomposite (MCN) 
	Characterization Techniques Used for MCN 
	Adsorption Capacity and Removal Efficiency 
	Chemicals and Exposure Conditions 
	Zebrafish Maintenance and Breeding 
	Tail Activity Assessment (24 h Post-Exposure) 
	Heart Rate Assessment 48–96 h Post-Exposure 
	Locomotor Behavior (96 h Post-Exposure) 
	Assessment of Oxidative Stress–Related Biomarkers 
	Statistical Analysis 

	Results and Discussion 
	Characterization of MCN 
	Electron Microscopy (SEM, TEM) 
	X-Ray Diffraction (XRD) 
	Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
	Mössbauer Spectroscopy 

	Removal Efficiency and Adsorption Capacity Study 
	Mortality and Hatching Success 
	Early Embryonic Behavior 
	Heart Rate Alteration 
	Locomotor Behavior 
	Oxidative Stress Biomarkers 

	Conclusions 
	References

