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a b s t r a c t 

Cobalt (Co) and nickel (Ni) are key metals for next-generation clean technologies with broad applications in 

industrial, military and commercial products. However, the knowledge about their environmental impact and 

toxicity to aquatic organisms remain limited, especially for the early developmental stages of fish. Thus, the 

current study aimed to evaluate the developmental toxicity of Co and Ni in zebrafish ( Danio rerio ). Zebrafish 

embryo-larval toxicity test (ZELT) was conducted with Co and Ni at different concentrations (10, 20, 40, 60, 

80 and 100 mg L − 1 ) during 144 h in a static condition. Multiple biomarker responses were analyzed, such as 

mortality, hatching rate, neurotoxicity, cardiotoxicity, teratogenesis, and morphometric changes. Results showed 

high embryotoxicity of Ni compared to Co. Both metals inhibited the hatching process and induced morpholog- 

ical changes, such as inhibition of swim bladder inflation, yolk sac edema and pericardial edema. Co induced 

bradycardia in zebrafish embryos, while Ni caused tachycardia, indicating differential cardiotoxic effects. Over- 

all, the exposure to Co and Ni disrupts early development of zebrafish, confirming their risk to the health of 

freshwater fish. Results indicated the ZELT as a suitable approach to assess the environmental risk of metals for 

next-generation clean technologies. 
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. Introduction 

Cobalt (Co) and nickel (Ni) are naturally occurring metals in the

arth’s crust, which are widely exploited in industrial processes be-

ause they are metals with high durability and corrosion resistance

 USGS 2019a ). Co is obtained as a byproduct of copper (Cu) and Ni

ining and is exploited to produce parts for gas turbine engines, cata-

ysts, batteries, alloys, steel, dyes, pigments, varnishes, inks, paint dry-

ng agents, among others ( USGS 2019b ). Both metals are strategic for

ext-generation technologies, which aim to create a low-carbon soci-

ty and to reduce pollution ( Sun et al., 2019 ). An example of these

echnologies is the electrification of automobiles, which use lithium-ion

atteries as an energy source ( Feng et al., 2022 ). In addition to Li, Co

nd Ni also constitute the batteries. The growing trade in electric au-

omobiles should boost demand for these metals ( Maroufi et al., 2020 ;

injobi et al., 2022 ). 

The increase in demand for Co and Ni consequently increases the pro-

uction of waste, such as urban and industrial effluents, chemical waste,

nd mainly mining waste ( Al-Shahrani 2014 ; Zhou et al., 2021 ). Mining
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ctivities move large volumes of materials and generate waste both in

he extraction stage (considered sterile) and in the mining process (tail-

ngs), and the composition of these tailings is quite varied ( Muniz et al.,

008 ). Environmental contamination is the problem in this scenario

hen residues and tailings do not receive adequate treatment and desti-

ation. In surface waters, Co and Ni have the toxic potential for aquatic

iota, as these metals can accumulate in sediments and throughout the

ood chain ( Ahlf et al., 2009 ; Zhang et al., 2020 ; Xu et al., 2022 ). 

In the European Union, the limit for detection of Ni in the surface

ater is 0.034 mg L − 1 ( European Commission, 2008 ), while no limit for

o is established in surface waters. In Brazil, the maximum allowed con-

entration for Co for surface water is 0.05 mg L − 1 for rivers class 1 and

lass 2 and 0.2 mg L − 1 for rivers class 3. For Ni the limit is 0.025 mg L − 1 

or all river class ( BRASIL, 2005 ). In the USA, no limit for these metals

s established in surface waters. However, large amounts of these metals

ere found in the environment. In aquatic systems near to Co mining

ctivities, up to 500 mg L − 1 of Co was detected ( Cheyns et al., 2014 ).

i concentrations up to 245 mg L − 1 were detected in the wastewater of

he electroplating industry ( John et al., 2016 ). Thus, this exploitation
ber 2022 

ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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oupled with constant industry developments, consequently make man

nd the environment increasingly exposed to contamination by metals,

uch as Co and Ni ( Muñoz and Costa, 2012 ). 

The ecotoxicological impact of Co and Ni has been reported for dif-

erent trophic levels, such as marine plankton and fish. The Co exposure

nhibited the growth of diatoms ( Odontella mobiliensis, Coscinodiscus cen-

ralis, Skeletonema costatum ) and marine copepods ( Longipedia weberi )

 Karthikeyan et al., 2019 ), as well as induced oxidative stress on the

rain, liver and kidney of the goldfish Carassius auratus ( Kubrak et al.,

011 ). Similarly, Ni reduced the egg viability of the marine copepod

cartia tonsa ( Zhou et al., 2016 ) and caused changes in the hepatic an-

ioxidant enzymes and lipid peroxidation (LPO), as well as DNA dam-

ge in the gill cells and erythrocytes of neotropical fish Prochilodus lin-

atus ( Palermo et al., 2015 ). Furthermore, Ni induced the sensitivity

nd reduced thickness of olfactory epithelium in zebrafish ( Danio rerio )

 Lazzari et al., 2019 ), while the Co induced total blocking of hair cells

f the zebrafish lateral line ( Stewart et al., 2017 ). On the other hand,

he knowledge about the effects of both metals on early developmental

tages of aquatic organisms, especially vertebrates, remains limited. 

The zebrafish has become a widely used model in several research ar-

as worldwide ( Verma et al., 2022 ), especially in the Global South with a

earch history of more than two decades in Brazil ( Trigueiro et al. 2020 ).

he use of zebrafish has advantages such as rapid development, easy

aintenance, low-cost, external fertilization, high fertility and transpar-

nt embryos, in addition to allows faster toxicological testing and having

ts genome sequenced, with approximately 70% similarity to humans

 Sipes et al., 2011 ; Howe et al., 2013 ). The zebrafish embryo-larval tox-

city test (ZELT) allows an ecotoxicological assessment of organism de-

elopment from embryogenesis to larval phase ( OECD 2013 ). The ZELT

s recommended for toxicity assessment by European Union, Directive

6/609/ECC ( European Commission, 1986 ), the Registration, Evalua-

ion, authorisation, and Restriction of Chemicals (REACH) regulation

f the European Union ( European Commission, 2006 ), and Directive

010/63/EU ( European Commission, 2010 ). 

In this context, the current study aimed to evaluate the developmen-

al toxicity of Co and Ni in zebrafish. The hypothesis that the Ni and Co

nduce differential developmental toxicity on zebrafish was tested. The

resent study can contribute to the analysis and classification of the en-

ironmental risk of these metals, as well as establish zebrafish embryos

s a model system for analysis of environmental impacts of metals for

ext-generation clean technologies. 

. Material and methods 

.1. Fish maintenance and embryo production 

Adult wild-type zebrafish were obtained in zebrafish facilities at

nstitute of Tropical Pathology and Public Health (IPTSP) of Federal

niversity of Goiás (UFG). Fish were maintained in a water recircula-

ion system with oxygen saturation ≥ 60%, pH 6.8 – 7.2, temperature

6 ± 1 °C and photoperiod of 14:10 h (light: dark cycle) according to

ECD (2013) . Fish were fed four times a day with commercial food (Car-

ume® 36%; VB alimentos) and Artemia salina nauplii. The spawning

as induced in breeding tanks (TECNOPAST®) with males and females

n a ratio of 3:1. After spawning, viable embryos (2 – 4 hpf) were selected

sing a photomicroscope (Leica DM 750) associated with the LEICA

CC50 HD camera and LAS EZ software, based on Lammer et al. (2009) .

o perform the ZELT, reproduction viability ≥ 70%, and fertility rate ≥

0% were evaluated ( OECD 2013 ). 

.2. Zebrafish embryo-larval toxicity test (ZELT) 

Cobalt chloride (CoCl 2 ) (CAS n. 7791-13-1; purity: ≥ 97%)) and

ickel chloride (NiCl 2 ) (CAS n. 7791–20–0; purity: ≥ 97%) were

urchased from NEON®. For both metals, a metal stock solution

100 mg L − 1 ) was made in reconstituted water (294.0 mg L − 1 CaCl .2
2 

2 
 2 O; 123.3 mg L − 1 MgSO 4 .7 H 2 O; 63.0 mg L − 1 NaHCO 3 ; 5.5 mg L − 1 

Cl ( ISO 1996 ). Test solutions were prepared by dilution of stock solu-

ions in reconstituted water ( ISO 1996 ). 

Zebrafish embryos (4 up to 128 cell) were exposed separately to

obalt chloride (CoCl 2 ) and nickel chloride (NiCl 2 ) at different concen-

rations (10, 20, 40, 60, 80 and 100 mg L − 1 ) during 144 h. Similar

nvironmental concentrations were observed in aquatic systems near

o mining activities ( Cheyns et al., 2014 ; John et al., 2016 ). In addi-

ion, embryos were also maintained in reconstituted water (negative

ontrol) and exposed to 3,4-dichloroaniline at 6 mg L − 1 (positive con-

rol) ( OECD 2013 ). Embryos were individually exposed in 24 well plates

KASVI®) containing 2 mL of the solutions (1 embryo per well; 30 em-

ryos per experimental group) under static conditions (without renewal

f the medium). The exposure was performed in triplicate under con-

rolled temperature (26 ± 0.5 ºC), humidity (60%) and photoperiod

14/10 h light/dark) in B.O.D. incubator (Solab® SL-224/120). Similar

hysical and chemical parameters were observed between experimental

roups and the control group (see supplementary material Table S1). 

.2.1. Multiple biomarkers assessment 

During the exposure period (144 h), multiple biomarker responses

ere analyzed daily using a photomicroscope (Leica DM 750) associ-

ted with the LEICA ICC50 HD camera and LAS EZ software. The sur-

ival rate (%) was determined daily (24 – 144 h) using the following

quations: survival rate (%) = (number of viable embryo/larvae / total

umber of embryo/larvae) x 100. Embryos with no spontaneous con-

raction or heart, lack of somite formation, non-detachment of the tail

r coagulated embryos were considered as dead ( Lammer et al., 2009 ;

ECD, 2013 ). Similarly, the hatching rate (%) was determined daily (24

144 h) using the following equation: hatching rate (%) = (number of

atched larvae / total number of embryo/larvae) x 100 ( OECD, 2013 ).

urthermore, the frequency (%) of several morphological alterations,

uch as pericardial edema, swimming bladder deformity, blood accu-

ulation and yolk sac edema, was determined daily (24 – 144 h) ac-

ording to Lammer et al. (2009) and Beekhuijzen et al. (2015) . The to-

al morphological alteration frequency is the sum of all morphological

lterations. 

The neurotoxicity was analyzed after 24 h of exposure by measuring

he spontaneous contraction frequency (SCF) (number of movements

in − 1 ) ( Weichert et al., 2017 ). SCF has been indicated as an appro-

riate sublethal end point for the potential neurotoxicity of substances

 Weichert et al., 2017 ; Krzykwa et al., 2019 ). Cardiotoxicity was as-

essed by measuring the heart rate (number of beats min − 1 ) after 48 h

f exposure, especially due to the reduced movement and transparency

f the embryos ( Beekhuijzen et al., 2015 ; Babi ć et al., 2017 ). Both pa-

ameters were analyzed during 60 s in 30 embryos per experimental

ondition using a photomicroscope (Leica DM 750) associated with the

EICA ICC50 HD camera and LAS EZ software. For this, the embryos

ere positioned horizontally on a microscope slide in a thin layer of

econstituted water ( ISO, 1996 ). 

At the end of exposure period (144 h), the larvae were fixed by im-

ersion in 4% paraformaldehyde pH 7.2 for 4 h, washed in 0.2 M PBS

uffer pH 7.2 and then stored in 70% alcohol at 4 °C. Subsequently,

or morphometric analysis, images were taken of the lateral and dorsal

egion of the zebra fish larvae ( n = 10 per experimental group) using a

tereomicroscope Zeiss Stemi505® coupled to the image capture sys-

em (Camera, Axiocam 105 color) and software ZEN 2.6 Blue edition

EISS. The morphometric parameters were divided into four categories

ccording to Malafaia et al. (2020) : (i) sensory (ocular area - AO, min-

mum interocular distance - IDmin and maximum interocular distance

 IDmax); (ii) physiological (heart area - HA, swimming bladder area -

BA and yolk sac area - YSA); (iii) structural / skeletal (head height -

H, head width - HW, head depth - HD, anus to mouth distance - AMD);

iv) structural / muscular (angle between myosepts – ABM and distance

etween myosepts - DBM) (see supplementary material Figure S1). The
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Fig. 1. Survival rate (%) of zebrafish embryos and larvae from a control group and exposed to cobalt (A) and nickel (B) at different concentrations (20, 40, 60, 80 

e 100 mg L − 1 ) during 144 h. NC: Negative control; PC: Positive control. Letters indicate statistical differences ( p < 0.05), while similar letter show no statistically 

significant differences ( p > 0.05). 
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m  
easurements of each parameter were performed using the Image J soft-

are and results expressed as mean ± standard deviation. 

.5. Statistical analysis 

Statistical analyses were performed using the software R v. 4.0.2 ( R

ore Team 2020 ) and graphs were organized in the Prism 7 GraphPad R ○

oftware. Normality and homogeneity of variances were evaluated

hrough the residual dispersion graphics and the Levene test, respec-

ively. Log rank test were performed to analyze the survival and the

atching rates (survfit function), followed by multiple comparisons us-

ng the Pairwise survdiff test. Generalized linear models (GLM) were

erformed to assess differences between exposed groups to spontaneous

ontraction frequency (SCF) and heart rate, using the log link function to

he Poisson family (for heart rate) and the Negative Binomial family (for

CF, due to overdispersion). For morphological changes, a Zero-inflated

ount model (ZIP) with poisson distribution was fitted due to excess

eros (‘ pscl’ package). Multiple comparisons tests for the fitted models

ere performed using the ‘ emmeans’ package. The zebrafish morphome-

ric measures from the different exposed groups were analyzed using the

ruskal-Wallis test followed by the Dunn’s post-hoc test for pairwise com-

arisons of the ranked data. Results were considered significant when p

 0.05. Due to the delay in the development of zebrafish embryos ex-

osed to the positive control, this experimental group was not included

n the statistical analysis of SCF, heart rate and morphometric parame-

ers. 

. Results and discussion 

The differential developmental toxicity of Co and Ni in zebrafish

 Danio rerio ) was analyzed by multiple biomarker responses. Overall,

oth metals for next-generation clean technologies can induce toxic ef-

ects in zebrafish embryos and larvae according to the concentration and

xposure time, as described below. 

.1. Survival and hatching rates 

Results showed differential survival rate of zebrafish after exposure

o Co and Ni during 144 h ( Fig. 1A and 1B). Both metals decreased the

urvival rate during the exposure period when compared to the con-

rol group. The survival rate of the negative control group was 90%, as

ecommended by OECD (2013) . However, the zebrafish exposed to Co

howed a decline in survival rate over time, which was lower than 50%

fter exposure to 20, 40, 60, 80 and 100 mg L − 1 ( 𝜒2 
(6, 210) = 89.70, p <

.001; Fig. 1 A). Embryos exposed to Ni showed higher mortality when

ompared with those exposed to Co ( 𝜒2 
(6, 210) = 138.00, p < 0.001). The

xposure to Ni affected survival in a concentration-dependent pattern
3 
nd it was more lethal above 60 mg L − 1 , with zebrafish survival rates

elow 20% after exposure to 60, 80 and 100 mg L − 1 ( Fig. 1 B). These

esults confirmed that the embryotoxic effects of both metals were time

nd concentration dependent. Cai et al. (2012) also reported embry-

toxic effects in zebrafish induced by CoCl 2 at similar concentrations

20 to 100 mg L − 1 ). Kienle et al. (2008 , 2009 ) showed mortality of ze-

rafish exposed to lower NiCl 2 concentrations (10 and 15 mg L − 1 ) but

sing different exposure conditions (glass Petri plates; 30 embryos per

late under semi-static conditions). Thus, results showed that the Co

oxicity to early developmental stages of zebrafish depends on experi-

ental design. 

Similar to survival rate, both metals reduced the hatching rate of ze-

rafish when compared to the control group in a time and concentration-

ependent pattern ( Fig. 2 A and 2B). After 144 h, embryos exposed to

o showed a reduced hatch rate ( 𝜒2 
(6, 210) = 81.60, p < 0.001), even at

he lowest concentrations ( Fig. 2 A). Ni-exposed embryos also showed a

ignificant reduction in hatching rates ( 𝜒2 
(6, 210) = 136.00, p < 0.001),

ainly at concentrations above 60 mg L − 1 , that were similar to the pos-

tive control ( Fig. 2 B). Relatively, Co exposure to 20 and 40 mg L − 1 in-

ibited 51.5 and 66.3%, respectively, when Ni exposure at the same con-

entrations decreased 27.8 and 30.4% of hatching rate, respectively. On

he other hand, the unexposed embryos showed a hatching rate of 90%

fter 72 h, as recommended by Lammer et al. (2009) and ( OECD 2013 ).

atching delay in zebrafish embryos exposed to Ni was also reported by

ienle et al. (2008) , Scheil and Köhler (2009) , Scheil et al. (2009) and

abinger et al. (2018) . Regarding exposure to Co, the literature lacks

tudies that discuss delays in the hatching process due to Co toxicity.

he present study indicated that the Co exposure at a concentration

bove 20 mg L − 1 could inhibit the zebrafish hatching process. 

The zebrafish hatching is a complex process involving enzyme ac-

ivities and the spontaneous contraction of embryos ( Hagenmaier 1974 ;

reedevi et al., 2014 ). During embryonic development, metal ions may

nter the egg, causing changes in chorion permeability. Metals can in-

erfere at the production of the chorionase enzyme, which is responsi-

le for the chorion disintegration during hatching. Inhibition of this en-

yme may result in delayed hatching process ( Jezierska et al., 2009 ). The

atching delay induced by several metals, such as zinc (Zn), manganese

Mn), copper (Cu) ( Wu et al., 2014 ), cadmium (Cd) ( Capriello et al.,

019 ) and lead (Pb) ( Zhao et al., 2020 ) can reduce the survival, repro-

uctive capacity and the fish population. In addition, the late hatching

ay make animals more vulnerable to predation due to decreasing lar-

ae activity ( Kienle et al., 2009 ). 

.2. Neurotoxicity 

The spontaneous contraction frequency (SCF) (number of move-

ents min − 1 ) of zebrafish embryos exposed to Co was different between
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Fig. 2. Hatching rate (%) of zebrafish from a control group and exposed to cobalt (A) and nickel (B) at different concentrations (20, 40, 60, 80 and 100 mg L − 1 ) 

during 144 h. NC: Negative control; PC: Positive control. Letters indicate statistical differences ( p < 0.05), while similar letter show no statistically significant 

differences ( p > 0.05). 

Fig. 3. Spontaneous contraction frequency – SCF (number min − 1 ) in zebrafish embryos from control group and exposed to cobalt (A) and nickel (B) at different 

concentrations (20, 40, 60, 80 and 100 mg L − 1 ) for 24 h. NC: Negative control; PC: Positive control. Letters indicate statistical differences ( p < 0.05), while similar 

letter show no statistically significant differences ( p > 0.05). 
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0, 60 and 80 mg L − 1 concentrations ( 𝜒2 
(5, 180) = 14.82, p = 0.011)

 Fig. 3 A), while for Ni-exposure embryos the SCF was similar to the neg-

tive control ( 𝜒2 
(5, 180) = 14.82, p = 0.061) ( Fig. 3 B), indicating that the

o showed neurotoxic effects when compared to Ni, at the same expo-

ure conditions. Although the neurotoxicity mechanism of Co in fish is

ot well described in the literature, this metal induced neuronal necro-

is and increased hippocampus lipid peroxidation in Wistar rats exposed

o 4 mg kg − 1 by intraperitoneal injection ( Zheng et al., 2019 ), as well

s blocked the neuromasts of the lateral line in zebrafish exposed to

 mM ( Stewart et al., 2017 ). Also, Sonnack et al. (2015) observed that

ebrafish embryos exposed to CoSO 4 had abnormal primary and sec-

ndary motor neurons development and neuromast cells damage. Sub-

equently, these same authors showed that neurotoxicity might be as-

ociated with downregulated NK2 homeobox 2a (nkx2.2a) and Claudin

 (cldnb) genes, involved in the nervous system and neuromasts de-

elopment, respectively, after exposure to Co at 0.5 and 1.4 mg L − 1 

 Sonnack et al., 2017 ). Krzykwa et al. (2019) evaluate the responsive-

ess of zebrafish embryos to lower Ni concentrations ( < 2 mg L − 1 ) and

id not found significant differences in SCF. Instead, an acute test with

i on 5 day old zebrafish larvae showed decreased on the locomotory ac-

ivity at 10 and 20 mg L − 1 ( Kienle et al., 2008 ). Ni changed locomotory

o  

4 
ctivity, inhibited antioxidant enzymes, and induced apoptosis in fish

 Zheng et al., 2014 ) and its toxic effects were associated with oxidative

amages by ROS production. Topal et al. (2015) exposed rainbow trout

 Oncorhynchus mykiss ) adults to Ni and they confirmed histopathological

amages in brain tissues by demyelination of the fish cerebellum and a

ignificant decrease in brain acetylcholinesterase (AChE) enzyme activ-

ties. AChE is very important to fishes for many physiological functions,

uch as locating food and escaping predators. Decreased AChE enzyme

as been linked to essential functions, such as feeding and swimming,

hich can reduce fish fitness ( Glusczak et al., 2006 ). 

.4. Cardiotoxicity 

The heart rate of zebrafish embryos exposed to both metals is pre-

ented in Fig. 4 A and 4 B After 48 h of exposure, embryos exposed to Co

t all concentrations presented reduced heart rate (bradycardia) when

ompared to control group (( 𝜒2 
(5, 180) = 93.96, p < 0.001); Fig. 4 A),

imilarly, cases of bradycardia in zebrafish exposed to Co (0.1 and

.5 mg L − 1 ) were also reported by Cai et al. (2012) . According to previ-

us studies, the decrease in heart rate may occur due to the inhibition

f AChE by the pollutant, which may cause an increase in the synap-
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Fig. 4. Heart rate (min − 1 ) in zebrafish embryos from a control group and exposed to cobalt (A) and nickel (B) at different concentrations (20, 40, 60, 80 and 

100 mg L − 1 ) for 48 h. NC: Negative control; PC: Positive control. Letters indicate statistical differences ( p < 0.05), while similar letter show no statistically 

significant differences ( p > 0.05). 

Fig. 5. Morphological changes frequency (%) in zebrafish from a control and exposed to cobalt (A) and nickel (B) after 144 h of exposure. NC: Negative control; PC: 

Positive control; YSE: Yolk Sac Edema; SBD: Swim Bladder Deformity; PE: Pericardial Edema. Letters indicate statistical differences ( p < 0.05), while similar letter 

show no statistically significant differences ( p > 0.05). 
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ic concentrations of acetylcholine (ACh); consequently, cardiac muscle

ontractions are inhibited through interaction with muscarinic receptors

n Danio rerio ( Küster and Altenburger, 2007 ; Carlsson et al., 2014 ).

o-induced bradycardia has also been reported in Wistar rat studies.

yagbemi et al. (2018) reported antioxidant enzymes decreasing (GPx,

AT and GST) in cardiac tissue of Wistar rats treated orally with Co at

50, 300 and 600 ppm of CoCl 2 , indicating cardiotoxic effects mediated

y ROS production and oxidative stress. They also noticed a higher Bax

rotein expression in the cardiac tissue, an important apoptosis regula-

or associated with BCL-2 protein. 

In opposite to Co, the embryos exposed to Ni presented tachycardia

hen compared to the control group in a concentration-dependent pat-

ern ( 𝜒2 
(5, 180) = 210.17, p < 0.001). A significant difference in the heart

ate was observed between control group and the zebrafish exposed to

i at 60, 80 and 100 m L − 1 , which presented a tachycardia rate of

round 47, 63 and 83%, respectively. Individuals exposed to Ni at 20 and

a  

5 
0 mg L − 1 presented significant difference compared to the 60, 80 and

00 mg L − 1 groups. The literature does not report cases of Ni-induced

achycardia in zebrafish. However, there are reports of Ni-induced car-

iotoxicity effects in other organisms such as rodents ( Ilbäck et al.,

994 ; Lou et al., 2013 ), humans ( Afridi et al., 2011 ) and other types

f fish such as medaka marine ( Oryzias melastigma ) ( Liu et al., 2021 ).

iu et al. (2021) observed tachycardia in embryos and larvae of marine

edaka ( Oryzias melastigma ) exposed to Ni at concentrations ranging

rom 2 to 65 mg/L. According to the authors, Ni triggered a stress re-

ponse in the embryos, which caused an increase in their metabolic rate

nd heart rate to accelerate a detoxification process. 

.5. Morphological changes and morphometric analysis 

Potential teratogenic effects of Co and Ni on zebrafish were evalu-

ted daily during the exposure period (144 h). There were significant
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ifferences in the number of morphological changes in zebrafish em-

ryos and larvae exposed to both Co ( 𝜒2 
(6, 210) = 30.79, p < 0.001) and

i ( 𝜒2 
(6, 210) = 44.36, p < 0.001). The frequency (%) of morphologi-

al alterations induced by Co and Ni, and their reaction patterns are

n Table 1 , Figs. 5 and 6 . Pericardial edema, swim bladder deformity

nd yolk sac edema were the most frequent morphological changes in

he zebrafish embryo and larvae after exposure to both metals when

ompared to the control group ( Figs. 5-6 ). Swimming bladder defor-

ity was the most frequent alteration in zebrafish larvae exposed to Co,

hich presented a minimum frequency of 62.96% after exposure to Co

t 20 mg L − 1 and a maximum frequency of 83.33% after exposure to Co

t 60 and 80 mg L − 1 ( Fig. 5 A). Besides, zebrafish larvae exposed to Co

howed a higher frequency of swimming bladder deformity when com-

ared to those exposed to Ni. The frequency of zebrafish larvae with

wimming bladder deformity was a minimum of 6.67% and a maxi-

um of 43.33% after exposure to Ni at 100 and 60 mg L − 1 , respectively

 Fig. 5 B). 

Studies with zebrafish report the important role of thyroid hormones

n the swim bladder development. Some chemicals, when present in wa-

er, can alter the functioning of the thyroid gland, and consequently, it

an inhibit the swim bladder inflation. Stinckens et al. (2016) evaluated

ebrafish exposure to 2-mercaptobenzothiazole, which is a thyroid per-

xidase inhibitor and observed that this chemical affects the inflation of

sh swimming bladder. Another study found malformation in the swim-

ing bladder of zebrafish embryos exposed to perfluoropolyether car-

oxylic acids (PFECAs), chemicals widely used in the industry. Results

ndicated that exposure to PFECAs reduced levels of triiodothyronine

T3) and thyroxine (T4) (thyroid hormones) in fish that did not inflate

he swim bladder ( Wang et al., 2020 ). Studies relating to toxic action of

o and Ni to damage the endocrine system of fish are absent in the liter-

ture. However, in the 1950s, Co was widely used in medical treatments

ecause the metal is present in the composition of cyanocobalamin (vi-

amin B12), which acts to prevent anemia. In contrast, when metal is

dministered in high doses, damages to the neurological, cardiovascu-

ar and endocrine systems in humans were reported ( Leyssens et al.,

017 ). 

Dahms et al. (2014) and Garcia et al. (2020) report cases of dys-

egulation in the endocrine system caused by Co poisoning in patients

ndergoing total hip arthroplasty. After the placement of the prosthesis,

he patients developed hypothyroidism, which was related to elevated

evels of Co in the blood, in the order of a thousand times higher than the

ormal level. The high Co levels in the patients’ blood were related to

he type of prosthesis used. The primary materials used in hip prostheses

ave Co in its constitution, which can be released in the body. 

In addition to endocrine disruption, studies report a relation-

hip between heart damage and zebrafish swimming bladder inhibi-

ion ( Yue et al., 2015 ; Mitovic et al., 2021 ). Yue et al. (2015) and

itovic et al. (2021) observed cardiac damage and failure of swim-

ing bladder inflation in zebrafish exposed to dioxin and cadmium

espectively. According to the authors, changes in cardiac function

ay influenced the formation of the swimming bladder in zebrafish.

inata et al. (2010) showed that blood circulation plays an important

ole in the development of the swimming bladder in zebrafish. 

Another alteration observed in zebrafish exposed to both metals was

ericardial edema, which was more frequent in embryos exposed to

i ( Fig. 6 ). Some studies have linked cardiac damage in humans and

nimals exposed to metals. Charette et al. (2017) reported the devel-

pment of cardiomyopathy in humans due to the toxic action of Co.

artin et al. (2015) observed heart failure in humans also exposed to

o. For Ni, studies report variations in heart rate caused by exposure to

i in zebrafish ( Nabinger et al., 2018 ) and in rats ( Chuang et al., 2013 )

nd arrhythmia and altered systolic function in rats ( Lou et al., 2013 ).

lthough the studies showed cardiac changes caused by Co and Ni, the

echanisms related to the cardiotoxicity of metals are not fully eluci-

ated. Some research indicates that these mechanisms involve oxidative

tress due to an increase in ROS ( Chuang et al., 2013 ; Lou et al., 2013 ;
6 
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Fig. 6. Morphological changes in zebrafish embryos and larvae of the control groups and after exposure to cobalt and nickel for 48 and 144 h of exposure. NC: 

Negative control; PC: Positive control; Pe: pericardial edema; Yse: Yolk sac edema; Sbd: Swim bladder deformity; Ise: Irregular size of eyes; Hm: Head malformation. 

Bar scale = 500 μm. 
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Table 2 

Morphometric parameters in zebrafish larvae after exposure to Co and Ni at concentrations (20, 40, 60, 80 and 100 mg L − 1 ) for 144 h. 

Category Morphological alteration Control 20 mg L − 1 40 mg L − 1 60 mg L − 1 80 mg L − 1 100 mg L − 1 𝜒2 p 

Cobalt Sensory Ocular area 184.26 ± 9.56 161.99 ± 25.64 149.02 ± 16.74 154.11 ± 20.71 137.76 ± 15.47 154.15 ± 21.02 21.26 < 0.001 

Minimal interocular distance 6.08 ± 1.25 4.31 ± 1.13 4.09 ± 0.77 2.76 ± 0.82 3.77 ± 1.09 4.09 ± 0.99 28.93 < 0.001 

Maximum interocular distance 16.83 ± 0.91 26.99 ± 3.54 27.76 ± 1.79 28.49 ± 5.43 25.67 ± 1.79 26.31 ± 0.54 27.23 < 0.001 

Physiological Heart area 35.07 ± 2.39 22.46 ± 6.89 32.79 ± 4.39 27.38 ± 4.86 28.55 ± 5.23 29.78 ± 8.22 24.55 < 0.001 

Swimming bladder area 153.07 ± 19.62 62.65 ± 21.56 70.98 ± 22.75 58.05 ± 26.54 58.02 ± 30.76 76.11 ± 18.65 28.58 < 0.001 

Yolk sac area 379.62 ± 21.82 262.38 ± 70.46 286.59 ± 43.89 249.21 ± 50.03 299.38 ± 72.22 361.55 ± 52.03 24.59 < 0.001 

Structural skeletal Head height 26.75 ± 1.61 23.51 ± 3.06 24.25 ± 1.18 23.41 ± 1.40 24.65 ± 1.36 25.23 ± 0.69 22.46 < 0.001 

Head width 25.22 ± 0.97 23.04 ± 3.09 25.29 ± 2.18 22.29 ± 2.57 23.11 ± 1.50 23.61 ± 0.96 18.11 .003 

Head depth 38.53 ± 1.16 32.29 ± 6.40 35.83 ± 2.32 33.017 ± 1.89 32.48 ± 2.89 31.46 ± 1.13 30.89 < 0.001 

Anus to Mouth Distance 105.23 ± 3.93 93.51 ± 8.59 98.05 ± 7.49 90.931 ± 6.73 93.49 ± 6.46 92.57 ± 5.21 22.45 < 0.001 

Sstructural muscle Angle between myosepts 95.29 ± 3.66 94.11 ± 6.58 102.07 ± 1.45 98.515 ± 6.52 98.28 ± 7.3 103.24 ± 3.51 18.44 .002 

Distance between myosepts 3.89 ± 0.28 3.27 ± 0.34 3.61 ± 0.23 2.882 ± 0.29 3.435 ± 0.11 3.06 ± 0.41 32.45 < 0.001 

Nickel Sensory Ocular area 184.26 ± 9.56 163.26 ± 16.76 183.48 ± 16.11 168.99 ± 22.83 179.62 ± 15.15 n.a 9.57 .049 

Minimal interocular distance 6.08 ± 1.25 2.81 ± 0.37 6.25 ± 1.41 5.48 ± 0.51 8.41 ± 2.98 n.a 24.78 < 0.001 

Maximum interocular distance 16.83 ± 0.91 13.91 ± 0.75 28.86 ± 1.90 29.17 ± 1.65 31.99 ± 4.95 n.a 33.22 < 0.001 

Physiological Heart area 35.07 ± 2.39 31.86 ± 5.08 32.75 ± 4.61 40.28 ± 7.63 32.14 ± 7.48 n.a 5.99 .200 

Swimming bladder area 153.07 ± 19.62 119.62 ± 33.43 125.60 ± 8.22 86.92 ± 40.75 95.25 ± 19.24 n.a 20.24 < 0.001 

Yolk sac area 379.62 ± 21.82 333.65 ± 28.67 348.12 ± 31.19 364.41 ± 78.83 356.57 ± 35.14 n.a 8.57 .073 

Structural skeletal Head height 26.75 ± 1.61 3.88 ± 0.18 26.67 ± 1.06 25.12 ± 1.74 26.58 ± 2.19 n.a 24.55 < 0.001 

Head width 25.22 ± 0.97 12.58 ± 0.44 25.11 ± 0.99 25.31 ± 0.96 27.00 ± 4.10 n.a 22.09 < 0.001 

Head depth 38.53 ± 1.16 17.24 ± 1.42 37.98 ± 1.43 37.37 ± 1.52 36.97 ± 2.73 n.a 23.3 < 0.001 

Anus to Mouth Distance 105.23 ± 3.93 97.63 ± 6.64 99.21 ± 4.29 97.88 ± 8.01 94.98 ± 1.59 n.a 14.07 .007 

Sstructural muscle Angle between myosepts 95.29 ± 3.66 100.80 ± 6.06 98.07 ± 4.09 97.71 ± 3.77 105.83 ± 3.05 n.a 10.9 .028 

Distance between myosepts 3.89 ± 0.28 3.36 ± 0.23 3.52 ± 0.18 3.26 ± 0.13 3.42 ± 0.25 n.a 20.11 < 0.001 

Kruskal-Wallis results to Co (df = 5, n = 57) and Ni (df = 4, n = 40) exposures. n.a: morphometry not analyzed in organisms exposed to 100 mg/L of nickel. Mortality at this concentration was 100%. 
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abinger et al., 2018 ), which can cause oxidative damage to lipids, DNA

nd proteins, and consequently cause cell death ( Circu and Aw 2010 ;

ugoni et al., 2014 ). 

In addition to deformation in the swimming bladder and edema in

he pericardium, fish exposed to Co and Ni also showed yolk sac edema,

hich was more frequent in exposure to Ni ( Fig. 5 ). Yolk sac edema

n zebrafish larvae has been associated with changes in the glomerular

ltration barrier functions ( Hanke et al., 2013 ). Based on observed re-

ults, the potential effect of both metals in the integrity of the glomerular

ltration barrier of fish deserver further analysis. Furthermore, morpho-

etric parameters of zebrafish larvae exposed to Co and Ni at 20, 40, 60,

0 and 100 mg L − 1 for 144 h are shown in the Table 2 . The exposure

f zebrafish larvae to Co caused a significant reduction in the swim-

ing bladder of fish in all studied concentrations. As for exposure to Ni,

his reduction was significant only for concentrations of 60 mg L − 1 and

0 mg L − 1 , confirming the differential developmental toxicity induced

y metals for next-generation clean technologies. 

. Conclusions 

The present study showed that Co and Ni induce a toxic effect in

ebrafish embryos and larvae, confirming the initial hypothesis. Ni was

ore embryotoxic metal than Co. Both metals inhibited the hatching

rocess in a concentration-dependent pattern. Ni and Co caused changes

n heart rate and malformations in the pericardium, yolk sac, and swim-

ing bladder of exposed zebrafish. The most frequent morphological

hange was deformity of the swimming bladder of fish exposed to Co,

ndicating Co affects the endocrine system of zebrafish. This study high-

ights the importance of assessing the impacts of Co and Ni on aquatic

iota, as these metals are constantly exploited in industrial activities.

lso, it was observed that the effects of these metals on zebrafish are

ot yet fully known and explained in the literature. More research must

e carried out to increase knowledge about the mechanisms of action

nd toxicity of Ni and Co in fish species. Zebrafish was a suitable model

ystem to assess the toxicity of metals for next-generation clean tech-

ologies, such as Ci and Ni, in aquatic organisms. 

eclaration of Competing Interests 

The authors declare no conflict of interest. 

cknowledgments 

This work was funded by Fundação de Amparo à Pesquisa do Es-

ado de Goiás (FAPEG, Chamada pública 04/2018, Conservação da na-

ureza – Legados Verdes do cerrado, FAPEG/ Companhia Brasileira de

lumínio/ Reservas Votorantim), Coordenação de Aperfeiçoamento de

essoal de Nível Superior – Brazil (CAPES) and Conselho Nacional de

esenvolvimento Científico e Tecnológico (CNPq). Rocha T.L. is granted

ith productivity scholarship from CNPq (proc. n. 306329/2020-4). 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.hazadv.2022.100160 . 

eferences 

fridi, H.I., Kazi, T.G., Kazi, N., et al., 2011. Association of Environmental Toxic Elements

in Biological Samples of Myocardial Infarction Patients at Different Stages. Biol Trace

Elem Res 141, 26–40. doi: 10.1007/s12011-010-8713-2 . 

hlf, W., Drost, W., Heise, S., 2009. Incorporation of metal bioavailability into regulatory

frameworks —metal exposure in water and sediment. J. Soils Sediments 9, 411–419.

doi: 10.1007/s11368-009-0109-6 . 

l-Shahrani, S.S., 2014. Treatment of wastewater contaminated with cobalt using Saudi

activated bentonite. Alex. Eng. J. 53, 205–211. doi: 10.1016/j.aej.2013.10.006 . 

abi ć, S., Bari š i ć, J., Vi š i ć, H., et al., 2017. Embryotoxic and genotoxic effects of sewage

effluents in zebrafish embryo using multiple endpoint testing. Water Res. 115, 9–21.

doi: 10.1016/j.watres.2017.02.049 . 
9 
eekhuijzen, M., de Koning, C., Flores-Guillén, M.-.E., et al., 2015. From cutting edge to

guideline: a first step in harmonization of the zebrafish embryotoxicity test (ZET) by

describing the most optimal test conditions and morphology scoring system. Reprod.

Toxicol. 56, 64–76. doi: 10.1016/j.reprotox.2015.06.050 . 

RASIL (2005) Ministério do Meio Ambiente. Resolução CONAMA no 357, de 17 de

marçoo de 2005. Dispõe sobre a classificação dos corpos de água e diretrizes am-

bientais para o seu enquadramento, bem como estabelece as condições e padrões de

lançamento de efluentes, e dá ou 

ai, G., Zhu, J., Shen, C., et al., 2012. The effects of cobalt on the development, oxida-

tive stress, and apoptosis in zebrafish embryos. Biol. Trace Elem. Res. 150, 200–207.

doi: 10.1007/s12011-012-9506-6 . 

arlsson, G., Norrgren, L., Hylland, K., Tollefsen, K.E., 2014. Toxicity screening of pro-

duced water extracts in a zebrafish embryo assay. J Toxicol Environ Heal - Part A Curr

Issues 77, 600–615. doi: 10.1080/15287394.2014.887424 . 

apriello, T., Grimaldi, M.C., Cofone, R., et al., 2019. Effects of aluminium and cadmium

on hatching and swimming ability in developing zebrafish. Chemosphere 222, 243–

249. doi: 10.1016/j.chemosphere.2019.01.140 . 

harette, R.S., Neuwirth, A.L., Nelson, C.L., 2017. Arthroprosthetic cobaltism asso-

ciated with cardiomyopathy. Arthroplast. Today 3, 225–228. doi: 10.1016/j.artd.

2016.11.005 . 

heyns K., Banza Lubaba Nkulu C., Ngombe L.K., et al. (2014) Pathways of human ex-

posure to cobalt in Katanga, a mining area of the D.R. Congo. Sci. Total Environ.

490:313–321. 10.1016/j.scitotenv.2014.05.014 

huang, H.-.C., Hsueh, T.-.W., Chang, C.-.C., et al., 2013. Nickel-regulated heart rate vari-

ability: the roles of oxidative stress and inflammation. Toxicol. Appl. Pharmacol. 266,

298–306. doi: 10.1016/j.taap.2012.11.006 . 

ircu, M.L., Aw, T.Y., 2010. Reactive oxygen species, cellular redox systems,

and apoptosis. Free Radic. Biol. Med. 48, 749–762. doi: 10.1016/j.

freeradbiomed.2009.12.022 . 

ahms, K., Sharkova, Y., Heitland, P., et al., 2014. Cobalt intoxication diagnosed with the

help of Dr House. Lancet 383, 574. doi: 10.1016/S0140-6736(14)60037-4 . 

uropean C. (2008) Directive 2008/105/EC of the European Parliament and of the Council

of 16 December 2008 on environmental quality standards in the field of water policy,

amending and subsequently repealing Council Directives 82/176/EEC, 83/513/EEC,

84/156/EEC, 84/491/EEC, 86/280/EEC and amending Directive 2000/60/EC of the

European Parliament and of the Council. Off. J. L 2008, 348, 84–97. 

uropean, C., 1986. Council Directive 86/609/EEC of 24 November 1986 on the approx-

imation of laws, regulations and administrative provisions of the Member States re-

garding the protection of animals used for experimental and other scientific purposes

title. Off. J. L 358, 1–23 . 

uropean, C., 2006. Regulation (EC) No 1907/2006 of the European Parliament and of the

council of 18 December 2006 concerning the Registration, evaluation, authorisation

and Restriction of Chemicals (REACH). Off. J. L 136, 3–280 . 

uropean, C., 2010. Directive 2010/63/EU, 2010. European Parliament and of the council

of 22 September 2010 and of the council of 22 September 2010 on the protection of

animals used for scientific purposes. Off. J. L 276, 33–79 . 

eng, T., Guo, W., Li, Q., et al., 2022. Life cycle assessment of lithium nickel cobalt man-

ganese oxide batteries and lithium iron phosphate batteries for electric vehicles in

China. J. Energy Storage 52, 104767,. doi: 10.1016/j.est.2022.104767 . 

arcia, M.D., Hur, M., Chen, J.J., Bhatti, M.T., 2020. Cobalt toxic optic neuropathy and

retinopathy: case report and review of the literature. Am. J. Ophthalmol. Case Rep.

17, 100606,. doi: 10.1016/j.ajoc.2020.100606 . 

lusczak, L., dos Santos Miron, D., Crestani, M., et al., 2006. Effect of glyphosate

herbicide on acetylcholinesterase activity and metabolic and hematological pa-

rameters in piava ( Leporinus obtusidens ). Ecotoxicol. Environ. Saf. 65, 237–241.

doi: 10.1016/j.ecoenv.2005.07.017 . 

agenmaier, H.E., 1974. The hatching process in fish embryos —IV. The enzymologi-

cal properties of a highly purified enzyme (chorionase) from the hatching fluid of

the rainbow trout, Salmo Gairdneri rich. Comp. Biochem. Physiol. B 49, 313–324.

doi: 10.1016/0305-0491(74)90166-7 . 

anke, N., Staggs, L., Schroder, P., et al., 2013. Zebrafishing ” for novel genes relevant to

the glomerular filtration barrier. Biomed. Res. Int. doi: 10.1155/2013/658270 , 2013 .

owe, K., Clark, M.D., Torroja, C.F., et al., 2013. The zebrafish reference genome sequence

and its relationship to the human genome. Nature 496, 498–503. doi: 10.1038/na-

ture12111.The . 

lbäck, N.-G., Fohlman, J., Friman, G., 1994. Changed distribution and immune effects

of nickel augment viral-induced inflammatory heart lesions in mice. Toxicology 91,

203–219. doi: 10.1016/0300-483X(93)02776-D . 

SO, 1996. Water Quality —Determination of the Acute Lethal Toxicity of Substances to

a Freshwater Fish [ Brachydanio rerio Hamilton-Buchanan (Teleostei, Cyprinidae)] —

Part 3: Flow-through Method. ISO 7346-3:1996. International Organization for Stan-

dardization . 

ezierska, B., Ł ugowska, K., Witeska, M., 2009. The effects of heavy metals on em-

bryonic development of fish (a review). Fish Physiol. Biochem. 35, 625–640.

doi: 10.1007/s10695-008-9284-4 . 

ohn, M., Heuss-Aßbichler, S., Ullrich, A., Rettenwander, D., 2016. Purification

of heavy metal loaded wastewater from electroplating industry under synthe-

sis of delafossite (ABO2) by “Lt-delafossite process. Water Res. 100, 98–104.

doi: 10.1016/j.watres.2016.04.071 . 

arthikeyan, P., Marigoudar, S.R., Nagarjuna, A., Sharma, K.V., 2019. Toxicity assessment

of cobalt and selenium on marine diatoms and copepods. Environ. Chem. Ecotoxicol.

1, 36–42. doi: 10.1016/j.enceco.2019.06.001 . 

ienle, C., Köhler, H.-.R., Filser, J., Gerhardt, A., 2008. Effects of nickel chloride and

oxygen depletion on behaviour and vitality of zebrafish ( Danio rerio , Hamilton,

1822) (Pisces, Cypriniformes) embryos and larvae. Environ. Pollut. 152, 612–620.

doi: 10.1016/j.envpol.2007.06.069 . 



A.C.F. Alves, P.T.O. Saiki, R. da Silva Brito et al. Journal of Hazardous Materials Advances 8 (2022) 100160 

K  

 

K  

 

K  

 

K  

 

L  

 

L  

 

L  

 

L  

 

L  

 

M  

 

M  

 

M  

 

M  

 

 

M  

M  

 

M  

 

N  

O  

O  

 

 

P  

 

 

R  

 

S  

 

 

S  

 

 

S  

 

S  

 

S  

 

S  

 

S  

 

S  

 

 

S  

T  

 

 

T  

 

U  

U  

V  

 

W  

 

W  

 

 

W  

 

W  

 

W  

 

X  

 

 

Y  

 

Z  

 

 

Z  

 

 

Z  

 

Z  

 

Z  

Z  

 

 

ienle, C., Köhler, H.-.R., Gerhardt, A., 2009. Behavioural and developmental toxicity of

chlorpyrifos and nickel chloride to zebrafish ( Danio rerio ) embryos and larvae. Eco-

toxicol. Environ. Saf. 72, 1740–1747. doi: 10.1016/j.ecoenv.2009.04.014 . 

rzykwa, J.C., Saeid, A., Jeffries, M.K.S., 2019. Identifying sublethal endpoints for evaluat-

ing neurotoxic compounds utilizing the fish embryo toxicity test. Ecotoxicol. Environ.

Saf. 170, 521–529. doi: 10.1016/j.ecoenv.2018.11.118 . 

ubrak, O.I., Husak, V.V., Rovenko, B.M., et al., 2011. Cobalt-induced oxidative stress

in brain, liver and kidney of goldfish Carassius auratus. Chemosphere 85, 983–989.

doi: 10.1016/j.chemosphere.2011.06.078 . 

üster, E., Altenburger, R., 2007. Suborganismic and organismic effects of aldicarb and

its metabolite aldicarb-sulfoxide to the zebrafish embryo (Danio rerio). Chemosphere

68, 751–760. doi: 10.1016/j.chemosphere.2006.12.093 . 

ammer, E., Carr, G.J., Wendler, K., et al., 2009. Is the fish embryo toxicity test (FET)

with the zebrafish (Danio rerio) a potential alternative for the fish acute toxicity test?

Comp. Biochem. Physiol. C 149, 196–209. doi: 10.1016/j.cbpc.2008.11.006 . 

azzari, M., Bettini, S., Milani, L., et al., 2019. Differential nickel-induced responses

of olfactory sensory neuron populations in zebrafish. Aquat. Toxicol. 206, 14–23.

doi: 10.1016/j.aquatox.2018.10.011 . 

eyssens, L., Vinck, B., Van Der Straeten, C., et al., 2017. Cobalt toxicity in humans —a

review of the potential sources and systemic health effects. Toxicology 387, 43–56.

doi: 10.1016/j.tox.2017.05.015 . 

iu, K., Song, J., Chi, W., et al., 2021. Developmental toxicity in marine medaka (Oryzias

melastigma) embryos and larvae exposed to nickel. Comp. Biochem. Physiol. C 248,

109082. doi: 10.1016/j.cbpc.2021.109082 . 

ou, S., Zhong, L., Yang, X., et al., 2013. Efficacy of all-trans retinoid acid in preventing

nickel induced cardiotoxicity in myocardial cells of rats. Food Chem. Toxicol. 51,

251–258. doi: 10.1016/j.fct.2012.09.007 . 

aroufi, S., Assefi, M., Khayyam Nekouei, R., Sahajwalla, V., 2020. Recovery of lithium

and cobalt from waste lithium-ion batteries through a selective isolation-suspension

approach. Sustain. Mater. Technol. 23, e00139. doi: 10.1016/j.susmat.2019.e00139 . 

alafaia, G., de Souza, A.M., Pereira, A.C., et al., 2020. Developmental toxicity in ze-

brafish exposed to polyethylene microplastics under static and semi-static aquatic

systems. Sci Total Environ 700, 134867. doi: 10.1016/j.scitotenv.2019.134867 . 

artin, J.R., Spencer-Gardner, L., Camp, C.L., et al., 2015. Cardiac cobaltism: a rare com-

plication after bilateral metal-on-metal total hip arthroplasty. Arthroplast. Today 1,

99–102. doi: 10.1016/j.artd.2015.10.002 . 

itovic, N., Maksimovic, S., Puflovic, D., et al., 2021. Cadmium significantly

changes major morphometrical points and cardiovascular functional parameters

during early development of zebrafish. Environ. Toxicol. Pharmacol. 87, 103723.

doi: 10.1016/j.etap.2021.103723 . 

ugoni, V., Camporeale, A., Santoro, M.M., 2014. Analysis of oxidative stress in zebrafish

embryos. J. Vis. Exp. 89, e518. doi: 10.3791/51328 . 

uniz, D.H., de, F., Oliveira-Filho, E.C., 2008. Metais pesados provenientes de rejeitos

de mineração e seus efeitos sobre a saúde e o meio ambiente. Univ. Ciênc. Saúde 4,

83–100. doi: 10.5102/ucs.v4i1.24 . 

uñoz, A., Costa, M., 2012. Elucidating the mechanisms of nickel compound uptake: a

review of particulate and nano-nickel endocytosis and toxicity. Toxicol. Appl. Phar-

macol. 260, 1–16. doi: 10.1016/j.taap.2011.12.014 . 

abinger, D.D., Altenhofen, S., Bitencourt, P.E.R., et al., 2018. Nickel exposure alters

behavioral parameters in larval and adult zebrafish. Sci. Total Environ. 624, 1623–

1633. doi: 10.1016/j.scitotenv.2017.10.057 . 

ECD (2013) Guidelines for the Testing of Chemicals Nr 236: Fish Embryo Acute Toxicity

(FET) Test. Paris France 

yagbemi, A.A., Omobowale, T.O., Awoyomi, O.V., et al., 2018. Cobalt chloride toxic-

ity elicited hypertension and cardiac complication via induction of oxidative stress

and upregulation of COX-2/Bax signaling pathway. Hum. Exp. Toxicol. 38, 519–532.

doi: 10.1177/0960327118812158 . 

alermo, F.F., Risso, W.E., Simonato, J.D., Martinez, C.B.R., 2015. Bioaccumu-

lation of nickel and its biochemical and genotoxic effects on juveniles of

the neotropical fish Prochilodus lineatus . Ecotoxicol. Environ. Saf. 116, 19–28.

doi: 10.1016/j.ecoenv.2015.02.032 . 

 Core Team, 2020. R: A language and environment for statistical comput-

ing. R Foundation for Statistical Computing, Vienna, Austria . Available from:

http://www.R-project.org/ 

cheil, V., Köhler, H.-.R., 2009. Influence of nickel chloride, chlorpyrifos, and im-

idacloprid in combination with different temperatures on the embryogenesis

of the zebrafish Danio rerio . Arch. Environ. Contam. Toxicol. 56, 238–243.

doi: 10.1007/s00244-008-9192-8 . 

cheil, V., Zürn, A., Köhler, H.-.R., Triebskorn, R., 2009. Embryo development, stress pro-

tein (Hsp70) responses, and histopathology in zebrafish ( Danio rerio ) following expo-

sure to nickel chloride, chlorpyrifos, and binary mixtures of them. Environ. Toxicol.

165, 16. doi: 10.1002/tox . 

ipes, N.S., Padilla, S., Knudsen, T.B., 2011. Zebrafish —as an integrative model

for twenty-first century toxicity testing. Birth Defects Res. C 93, 256–267.

doi: 10.1002/bdrc.20214 . 
10 
onnack, L., Kampe, S., Muth-Köhne, E., et al., 2015. Effects of metal exposure on mo-

tor neuron development, neuromasts and the escape response of zebrafish embryos.

Neurotoxicol. Teratol. 50, 33–42. doi: 10.1016/j.ntt.2015.05.006 . 

onnack, L., Klawonn, T., Kriehuber, R., et al., 2017. Concentration dependent transcrip-

tome responses of zebrafish embryos after exposure to cadmium, cobalt and copper.

Comp. Biochem. Physiol. D 24, 29–40. doi: 10.1016/j.cbd.2017.07.004 . 

reedevi, B., Suvarchala, G., Philip, G., 2014. Morphological anddphysiological abnor-

malitiessduring development innzebrafishhdue toochlorpyrifos. Inidan J. Sci. Res. 5,

1–8 . 

tewart, W.J., Johansen, J.L., Liao, J.C., 2017. A non-toxic dose of cobalt chlo-

ride blocks hair cells of the zebrafish lateral line. Hear. Res. 350, 17–21.

doi: 10.1016/j.heares.2017.04.001 . 

tinckens, E., Vergauwen, L., Schroeder, A.L., et al., 2016. Impaired anterior

swim bladder inflation following exposure to the thyroid peroxidase inhibitor

2-mercaptobenzothiazole part II: zebrafish. Aquat. Toxicol. 173, 204–217.

doi: 10.1016/j.aquatox.2015.12.023 . 

un, X., Hao, H., Liu, Z., et al., 2019. Tracing global cobalt flow: 1995–2015. Resour.

Conserv. Recycl. 149, 45–55. doi: 10.1016/j.resconrec.2019.05.009 . 

opal, A., Atamanalp, M., Oruç, E., et al., 2015. Neurotoxic effects of nickel chloride in

the rainbow trout brain: assessment of c-Fos activity, antioxidant responses, acetyl-

cholinesterase activity, and histopathological changes. Fish Physiol. Biochem. 41,

625–634. doi: 10.1007/s10695-015-0033-1 . 

rigueiro NS de, S., Canedo, A., Braga, D.L., de, S., et al., 2020. Zebrafish as an emerging

model system in the global south: two decades of research in Brazil. Zebrafish 17,

412–425. doi: 10.1089/zeb.2020.1930 . 

SGS, 2019a. United State Geological Survey. National Minerals Information Center -

Cobalt Statistics and Information . 

SGS, 2019b. United State Geological Survey. National Minerals Information Center -

Nickel Statistics and Information . 

erma, R., Raj Choudhary, P., Kumar Nirmal, N., et al., 2022. Neurotransmitter sys-

tems in zebrafish model as a target for neurobehavioural studies. Mater. Today

doi: 10.1016/j.matpr.2022.07.147 . 

ang, J., Shi, G., Yao, J., et al., 2020. Perfluoropolyether carboxylic acids (novel alter-

natives to PFOA) impair zebrafish posterior swim bladder development via thyroid

hormone disruption. Environ. Int. 134, 105317. doi: 10.1016/j.envint.2019.105317 . 

eichert, F.G., Floeter, C., Meza Artmann, A.S., Kammann, U., 2017. Assessing the

ecotoxicity of potentially neurotoxic substances – Evaluation of a behavioural

parameter in the embryogenesis of Danio rerio. Chemosphere 186, 43–50.

doi: 10.1016/j.chemosphere.2017.07.136 . 

inata, C.L., Korzh, S., Kondrychyn, I., et al., 2010. The role of vasculature and

blood circulation in zebrafish swimbladder development. BMC Dev. Biol. 10 (3).

doi: 10.1186/1471-213X-10-3 . 

injobi, O., Kelly, J.C., Dai, Q., 2022. Life-cycle analysis, by global region, of automo-

tive lithium-ion nickel manganese cobalt batteries of varying nickel content. Sustain.

Mater. Technol. 32, e00415. doi: 10.1016/j.susmat.2022.e00415 . 

u, L., Jiang, Y., Zhang, L., et al., 2014. Toxicity of urban highway runoff in Shanghai

to Zebrafish (Danio rerio) embryos and luminous bacteria ( Vibrio qinghaiensis .Q67).

Environ. Sci. Pollut. Res. 21, 2663–2676. doi: 10.1007/s11356-013-2193-9 . 

u, F., Wang, Y., Chen, X., et al., 2022. Assessing the environmental risk and mobility

of cobalt in sediment near nonferrous metal mines with risk assessment indexes and

the diffusive gradients in thin films (DGT) technique. Environ. Res. 212, 113456.

doi: 10.1016/j.envres.2022.113456 . 

ue, M.S., Peterson, R.E., Heideman, W., 2015. Dioxin inhibition of swim bladder de-

velopment in zebrafish: is it secondary to heart failure? Aquat. Toxicol. 162, 10–17.

doi: 10.1016/j.aquatox.2015.02.016 . 

hang, T., Li, L., Xu, F., et al., 2020. Evaluation of the environment risk, fractions and

mobilization of nickel (Ni) in sediments of the Jialing River by sediment quality

guidelines, sequential extraction and Chelex-AgI gel DGT probe. Appl. Geochem. 118,

104634. doi: 10.1016/j.apgeochem.2020.104634 . 

hao, J., Zhang, Q., Zhang, B., et al., 2020. Developmental exposure to lead at

environmentally relevant concentrations impaired neurobehavior and NMDAR-

dependent BDNF signaling in zebrafish larvae. Environ. Pollut. 257, 113627.

doi: 10.1016/j.envpol.2019.113627 . 

heng, F., Luo, Z., Zheng, C., et al., 2019. Comparison of the neurotoxicity associated with

cobalt nanoparticles and cobalt chloride in Wistar rats. Toxicol. Appl. Pharmacol. 369,

90–99. doi: 10.1016/j.taap.2019.03.003 . 

heng, G.-.H., Liu, C.-.M., Sun, J.-.M., et al., 2014. Nickel-induced oxidative stress and

apoptosis in Carassius auratus liver by JNK pathway. Aquat. Toxicol. 147, 105–111.

doi: 10.1016/j.aquatox.2013.12.015 . 

hou, C., Vitiello, V., Casals, E., et al., 2016. Toxicity of nickel in the marine calanoid

copepod Acartia tonsa : nickel chloride versus nanoparticles. Aquat. Toxicol. 170, 1–

12. doi: 10.1016/j.aquatox.2015.11.003 . 

hou, H., Zhao, X., Kumar, K., et al., 2021. Removing high concentration of nickel (II) ions

from synthetic wastewater by an indigenous microalgae consortium with a Revolving

Algal Biofilm (RAB) system. Algal Res. 59, 102464. doi: 10.1016/j.algal.2021.102464 .


