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HIGHLIGHTS 

➢ Individual and combined toxic effects of NaAsO2 and CuO-NPs in adult zebrafish 

were evaluated in a 28-day experiment.  

➢ ROS and MDA increased in the single and combined treatment groups, however 

antioxidant enzymes (SOD and CAT) were inhibited throughout the experiment. 

➢ AChE activity in zebrafish brain was reduced as a result of single and joint toxicity 

test of NaAsO2 and CuO-NPs.   

➢ Comet assay indicated DNA damage with increased tail length and tail moment in 

all treatment groups. 

➢ Histopathological alterations such as segmental necrosis, degeneration and splitting 

of muscle fibers, necrosis, and shortening of muscle fiber were examined in skeletal 

muscles in all treatment groups. 

➢ Combined exposure of NaAsO2 and CuO-NPs revealed significant damage in all 

biomarkers as compared to single exposure.
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ABSTRACT 

Background: Sodium arsenite is widely known for its use as herbicide in agriculture and 

has been found to be highly toxic to exposed organisms. Nanoparticles are emerging 

pollutants that can affect the toxicological risks associated with the already existing 

contaminants after interacting with them. Nanoparticles due to their variety of unique 

properties can impact the toxicity of sodium arsenite when jointly exposed. Therefore, the 

present study aims at evaluating the individual toxic effects of sodium arsenite (NaAsO2), 

copper oxide nanoparticles (CuO-NPs) and their joint toxicity on zebrafish Danio rerio. 

Methodology: Nanoparticles used in the study were characterized for size and morphology 

using SEM, however chemical composition, surface functional groups and crystallography 

information were analyzed using EDX, FTIR and XRD, respectively. The adult zebrafish 

were exposed to these contaminants in four different treatment groups; control group; 

NaAsO2 (300µg/L); CuO-NPs (1mg/L); and NaAsO2+CuO-NPs (300µg/L+1mg/L). The 

exposure period consisted of 28 days with samples taken at 7, 14, 21 and 28 days. The fish 

were exposed in triplicates (n=3) and the organs were obtained through dissection. Total 

protein content, oxidative stress (ROS and MDA) and antioxidant enzymes (SOD and 

CAT) were assessed in the gills, acetylcholinesterase (AChE) activity was measured in the 

brain and DNA damage was evaluated in the liver, histopathological alterations were 

assessed in skeletal muscles.  

Result: Both contaminants significantly (p<0.05) increased ROS levels and MDA content, 

hence inducing oxidative stress in the exposed fish. Whereas the activities of SOD and 

CAT were inhibited significantly throughout the experiment. Furthermore, the exposure to 

both contaminants significantly (p<0.05) decreased AChE activity in the brain and 

synergistic effect was observed in the co-exposure treatment group. The DNA damage was 

caused by both NaAsO2 and CuO-NPs inducing increase in tail length and movement. 

Furthermore, histopathological changes including segmental necrosis, degeneration and 

splitting of muscle fibers, necrosis and shortening of muscle fiber were observed in all 

treatment groups other than the control group at all sampling intervals. 

Conclusion:  The results of the present study indicate that the combined exposure of 

NaAsO2 and CuO-NPs leads to a synergistic toxic effect in zebrafish Danio rerio. 
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Environmental toxicity and its drivers 

Since the onset of the human race, the quest for perfection and advancement in every aspect 

of human life has increased by leaps and bounds, therefore, it has seen no restriction 

whatsoever in history. Humans have carved out ways to satisfy their needs and desires to 

live a prosperous life. One of those eager ways has led to industrialization and the industrial 

revolution began in the 18th century (Szreter, 2004). The pollutants are released in the 

environment through multiple sources emerging both from anthropogenic and natural 

means. Due to rapid progression in industrial sector across the globe alongside 

urbanization, the levels of anthropogenic pollutants keep on ascending to variable extents 

in different regions of the world. Whereas chemicals from natural means seem to exist in 

nature and cause no meaningful harm upon exposures to organisms unless their quantities 

are altered either in response to human activities or as a result of natural disasters (Engwa 

et al., 2019). Industrialization is the main source of the existence of chemicals in the 

environmental followed by agricultural practices that mostly end up disrupting various life 

process and adversely impacting living organisms by altering their respective ecosystems 

(He et al., 2014). These chemicals become part of the water we drink, the food we eat and 

the air we breathe, hence, putting our lives at risk (Balistrieri and Mebane, 2014). Under 

such circumstances the term that encompasses such measures and studies them in detail is 

known as environmental pollution (EP). The main culprits are often categorized as heavy 

metals, pesticides, plastic, persistent organic pollutants (POP) and pharmaceuticals and 

personal care products (PPCPs), plastic products etc. are collectively known as pollutants 

(Coetzee et al., 2018; Rice et al., 2014; Boverhof and Zacharias, 2005). Hence, these 

pollutants have adverse effects on organisms that are encountering them. These effects 

might result in severe health implications for humans and animals and pose a threat to the 

well-being of plants (Wu et al., 2016).  

It is high time to establish the possible linkages between the release of these chemicals and 

them becoming part of our environment as an existential threat. The field that mainly 

studies the toxic relationship of anthropogenic and natural pollutants with the biotic factors 

of the environment is “Environmental Toxicology”. The pollutants are studied individually 
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to determine their toxicological effects as well as the mixtures of chemicals are studied to 

get a better understanding of their toxic effects (Wu et al., 2016). It is essential in this 

regard to get a better understanding of the origin of these pollutants and from where they 

are emerging in the environment (Enfrin et al., 2019). This leads us to further determine 

their fate and consequences that they might have on living organisms upon exposure 

(Altenburger et al., 2013). The focus of environmental toxicology is to deeply study the 

effects of toxic agents that could be physical, chemical, and biological in nature exist in 

different environmental mediums such as air, water, and soil (Agathokleous and Calabrese, 

2020). Therefore, it promises a multidisciplinary approach in this domain to comprehend 

the effects of toxicants on ecosystems and the population and communities they harbor 

(Asha et al., 2022).  

1.2 Ecotoxicity and its effects on aquatic ecosystem 

The recent advancement in industrial and agricultural sectors for the betterment of lifestyle 

on individual basis ranging from public places to household level has put the health of our 

ecosystem at the risk of irreversible damage (Sharma et al., 2019). These sectors are 

responsible for the occurrence and existence of a number of pollutants and contaminants 

in aquatic ecosystems (Hoang et al., 2020). Therefore, these pollutants are responsible for 

putting the life cycles of aquatic organisms in jeopardy (Mokarram et al., 2020). 

Agricultural runoff, industrial and household effluents are the main sources of the 

emergence of such pollutants (Saha and Paul, 2018). Micro-(Nano) plastics, heavy metals, 

pesticides, persistent organic pollutants, and endocrine disrupting chemicals (EDC) are 

notoriously famous for polluting the waterways and aquatic lifestyle. These pollutants have 

the ability to disrupt life processes by transforming into their highly toxic compounds such 

as heavy metals (Zhou et al., 2008). These compounds can further bioaccumulate in the 

organisms and magnify along the food chains, hence, making their ways to be consumed 

by humans at the end leading to various diseases such as immunotoxicity, behavioral 

abnormalities, altered metabolism and specific organ dysfunctions (Prüss-Ustün et al., 

2011). 

Toxic exposure of pollutants to aquatic organisms have been reported to exhibit severe 

abnormalities in organisms that include underdevelopment of internal organs such as heart, 
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liver, brain, eyes etc. and morphological malformations (Wang and Fowler, 2008). The 

severity these pollutants have on aquatic dwellers is dependent on their bioavailability and 

chemical forms (Adams et al., 2019). Therefore, various toxicity tests have been employed 

on living organisms such as zebrafish, brown mussel, earthworms, African catfish (Tortella 

et al., 2020). in order to expose them to a variety of pollutants to evaluate their toxicological 

effects. These models test organisms that are examined under the laboratory conditions to 

understand the interaction of living organisms and pollutants upon exposure. Such 

experiments are either done with a single chemical exposure or combined toxicity tests are 

carried out to analyze how certain mixtures of chemicals affect the well-being of aquatic 

species. For instance, Lin et al. (2019) examined the combined toxicity of Polychlorinated 

biphenyls (PCBs) and polystyrene nanoparticles on Daphnia magna and found out that the 

presence of polystyrene nanoplastics affects the toxic activity of polychlorinated biphenyls 

due to the adsorption of the latter on the nanoparticles. Further on it is essential to determine 

the toxic effects of pollutants on various life stages of organisms through acute or chronic 

exposure depending on the toxicity test. The toxicity tests of certain pollutants have been 

reported on embryonic stages, larval development, and adult organisms to have a better 

understanding of toxicity endpoints (He et al., 2014). Gandara-e-Silva et al. (2016) reported 

the toxicity of leachate of microplastics on larval development of brown mussels and 

concluded that indirect exposure of plastic debris is harmful to the aquatic organisms to a 

point that it can cause lethality in them.  

1.3 Toxicological impacts of heavy metals  

The exponential rise in the human population across the globe has caused an ever-growing 

surge in the dependence on energy as lifestyles have evolved in the recent years mainly 

due to industrial development (Armansyah and Jaman, 2023; Tchounwou et al., 2014). The 

global demand to acquire goods and modern-day technology has gone through the roof in 

the last few decades urging industrialists to come up with a variety of ways to make 

maximum economical gains (Muthusaravanan et al., 2019). This has led to their heavy 

reliance on heavy metals among other elements. Heavy metals are naturally occurring 

elements having high density of more than 5g/cm3 with atomic number greater than 20 and 

atomic weight five times higher than water (Briffa et al., 2020). They are naturally present 
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in the earth crust with varying compositions depending on the spatial distribution of these 

elements across the globe (Jaishankar et al., 2014). Normally, they are present in their trace 

quantities but when they exceed their threshold concentrations, they become toxic 

depending on the degree of their concentration in the respective environmental matrix 

(Bayata, 2020). Some of the heavy metals play an essential role in the biological well-being 

of the organisms but they exceed the required amount they cause toxicity in the same 

organisms whilst most of the heavy metals play no role and are just toxic (Garai et al., 

2021). Moreover, their toxicity is heavily influenced by the pathways of exposures of these 

elements that determine their bioavailability to the target organisms across the ecosystems 

(Kim et al., 2015). It is essential to determine the fate and consequences of these heavy 

metals once they are released in the environment by conducting toxicological studies on 

organisms (Briffa et al., 2020). 

The emergence of heavy metals from industries, agriculture and household sources have 

elevated the levels of their concentrations in the natural environment (Yang et al., 2018). 

Heavy metals are persistent in the environment and there is no natural mechanism for their 

biodegradation, hence, they remain in the environment unless removed through 

remediation techniques (Kapahi and Sachdeva, 2019). The living organisms are exposed 

to it once the persistent heavy contaminants become bioavailable to their targets in different 

ecosystems (Moiseenko and Gashkina, 2020). The contaminants are easily taken up by the 

roots to the rest of the plants when they enter soil and cause adversity upon their exposure 

(Wan et al., 2020). Similarly, when these contaminants enter water bodies, they put aquatic 

biota at risk by direct exposure after being dissolved in water (Joseph et al., 2019).  

Heavy metals can cause damage to the nervous system of aquatic animals making up the 

food web (Kapoor and Singh, 2021). They can biomagnify along the food chain and remain 

persistent in the aquatic ecosystem (Nkwunonwo et al., 2020). The heavy metals that 

bioaccumulate and have toxic effect on organisms are Arsenic (As), Copper (Cu), 

Chromium (Cr), Cadmium (Cd), Lead (Pb), Mercury (Hg), and Zinc (Zn) (Sheikhzadeh 

and Hamidian, 2021). In rainbow trout (Salmo gairdneri) chromium affected the 

development of fish and embryo hatching when exposed to the concentration of 2 mg/L 

(van der Putte et al., 1982). Cadmium caused anemia in American eel fish at the 

concentration of 150 µg/L by reducing hemoglobin and erythrocyte counts (Gill and Epple, 
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1993). Furthermore, cadmium causes toxicity in fish by inhibiting the electron transfer 

chain in mitochondria and inducing reactive oxygen species (Wang et al., 2004).  Copper 

has been reported to be neurotoxic to fish and affects the function of olfactory neurons in 

them (Johnson et al., 2007). Lead bioaccumulates in the organs of fish mainly it occurs in 

liver, spleen, kidney, and gills which affects locomotion and morphology of the fish (Hou 

et al., 2011; Cretì et al., 2009). Mercury enters the fish body mostly through skin and gills 

causing physiological, biochemical, and morphological alterations in the fish. For instance, 

methyl mercury can cross blood-brain barrier in the fish due to its lipophilic properties 

hence causing neurotoxicity by accumulating in the nervous system (Garai et al., 2021).  

1.4 An overview of Arsenic (As)  

Arsenic is a metalloid that is naturally present in the earth’s crust and is also released in 

the aquatic environment from several anthropogenic activities. It is widely distributed in 

the environment and its compartments air, water, and land (Rehman et al., 2021; Han et 

al., 2019:). It hardly occurs in a free state and is mostly found in its combined form with 

sulfur, oxygen, and iron. It appears in the environment as trivalent arsenic (arsenite, AsIII) 

and pentavalent arsenic (arsenate, AsV). The trivalent arsenic is 60 times more toxic than 

pentavalent arsenate (Raju, 2022). AsV is the stable oxidation state of arsenic in oxygen-

containing waters, but it can be reduced to AsIII under anoxic or reducing conditions (see 

Figure 1). The large amounts of arsenic from anthropogenic sources and trace quantities 

from natural sources collectively pose ecological toxicity to organisms coming in contact 

with the organisms and put their well-being at risk (Canivet et al., 2001).  
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Figure 1: Mechanism of AsV reduction to AsIII (Kumari et al., 2017) 

1.5 Presence of As in the environment 

Naturally, As is found in huge quantities in sedimentary or igneous rocks alongside other 

elements and also as major constituent in more than 200 minerals for e.g., elemental 

arsenic, arsenide, arsenite and arsenate that are rarely found in the natural environment 

(Figure 2). These forms of arsenic are mostly released in the environment from 

anthropogenic sources as a result of industrial activities (Kumari et al., 2016). The low 

concentrations of Arsenic causes bioaccumulation in the vital organs of fish such as kidney 

and liver upon chronic exposure through food chain (Rahaman et al., 2021; Kumari et al., 

2016). Arsenic alters histopathology in gills and tissues of liver in freshwater fish tilapia 

Oreochromis mossambicus (Ahmed et al., 2013). Sodium arsenate caused neurotoxicity in 

zebrafish at acute exposure of 6h with the concentration of 65 mg/L (Guidi et al., 2023). 

Arsenic is mainly exposed through consumption of As contaminated food and water by 

humans and animals (Ohno et al., 2007). Arain et al. (2008) examined the food irrigated 

by lake and canal water and estimated the daily intake of As concentration in the diet to be 

within the range of 9.7– 12.2 μg/kg body weight/day. As has been classified as a human 

carcinogen by WHO whereas low concentrations of As causes gastrointestinal issues, 

reduced production of red and white blood cells, affected heart rhythm, damaged blood 

vessels and sensation of “pins and needles” in hands and feet (Abernathy et al., 2003). 

Arsenic has been categorized as a number 1 toxic pollutant among top 20 priority pollutants 
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by the Agency of Toxic Substances and Disease Registry (ATSDR) and it reported arsenic 

to be responsible for impaired fetal development, low birth weight, fetal malformations 

ultimately causing fetal death during prenatal exposure (Murtaza et al., 2019). Also, It can 

cause blood vessel damage, lower IQ, reduced nerve function hence leading to mortality in 

children as a result of the exposure. Furthermore, it has been stated that arsenic is 

responsible for cardiovascular diseases and neurological disturbances (ATSDR, 2007).   

 
Figure 2: Interaction of naturally occurring and anthropogenic arsenic in the 

environmental matrices. This figure is taken from the study of Rehman et al. (2021). 

1.6 National and International Existing levels of arsenic detected in water  

The guideline for arsenic concentration in drinking water by the World Health 

Organization is 10 ppb (μg/L) (WHO, 2017). The permissible concentration of arsenic 

differs from country to country, for example it is as low as 7 ppb and 5 ppb in Australia 

and America, respectively, and as high as 50 ppb in countries like Pakistan, Argentina, 

Bangladesh, China, Chile etc. (Chakrabarti et al., 2019; Raju 2022; Rahman et al., 

2009Ahmed et al., 2004). A geological survey by the United States of America to estimate 

the values of Arsenic found out the average concentration of Arsenic in groundwater to be 
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around 11g/L resulting in significant human exposure in drinking water (Fatoki and 

Badmus, 2022). In India, arsenic concentration was found to be more than 50 μg/L whereas 

the standard level for country is 50 μg/L exposing more than five million to arsenic toxicity 

(Sharma et al., 2018). Furthermore, a previous study reported arsenic concentration to be 

more than standard level of 50 μg/L of arsenic in groundwater in China (Rodriguez-Lado 

et al., 2013). In central China, the average concentration reported in drinking water was 

around 1.3 𝜇g/L (Wang et al., 2022). Previously according to a study by Raessler (2018) 

in Bangladesh around 3 million tubewells out of 11 million had reported higher 

concentration of arsenic than WHO recommended guideline of arsenic i.e. 10 μg/L. 

Furthermore, arsenic concentration in groundwater of Nadia district, West Bengal ranged 

between 0.26 and 0.73 mg/L (Samal et al., 2021).  

In Pakistan, the high levels of Arsenic were reported in the surface water of Nagarpakar, 

Sindh within the range of 360-683 μg/L whereas in the groundwater of Lahore, Punjab the 

levels were found to be in the increasing trend of 1-525 μg/L (Brahman et al., 2014; Sultana 

et al., 2013). According to National Environmental Quality Standards (NEQS) and 

Pakistan Environmental Protection Agency (Pak-EPA), the acceptable limit of arsenic is 

50 μg/L in Pakistan (Shahid et al., 2022; NEQS, 2010; Pak-EPA, 2008). In 2016, a study 

reported the range of As concentration 3.0–50.0, and 13–106 μg/L in surface and ground 

water, respectively (Memon et al., 2016). According to the groundwater monitoring data 

by the Pakistan Council of Research in Water Resources (PCRWR) and United Nations 

International Children's Emergency Fund (UNICEF), concentration of As was found to be 

within10 to 200 μg/L in Punjab whereas, in Sindh higher concentration than 10μg/L 

exposing 16-36% people to As consumption (Shahab et al., 2018). Previously, a study by 

Shahid et al. (2017) reported arsenic concentration in groundwater of Vehari, Mailsi, and 

Burewala were 47.9 µg/L, 130 µg/L and 28 µg/L, respectively. Furthermore, a study 

conducted in various cities of Sindh and Punjab i.e.  reported As concentration ranged 

between 0.2 and 501.1μg/L in groundwater hence exceeding WHO recommended 

guideline of Arsenic (10 μg/L) (Ali et al., 2019). 
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Table 1: The permissible drinking water limits for arsenic across the globe. 

No. Country Permissible 

limit (ppb) 

References 

1 WHO 10 (Podgorski and Berg, 2020) 

2 US-EPA  10 (Frisbie and Mitchell, 2022)  

3  Pak-EPA (NEQS) 50 (Nawaz et al., 2023; Murtaza et al., 

2019) 

4 Australia 07 (Chakrabarti et al., 2019) 

5 Bangladesh 50 (Hossain et al., 2023; Ahmed et al., 

2004) 

6 China 50 (Sun, 2004) 

7 Chile  50 (Ahmad and Bhattacharya, 2019) 

8 India 10 (Alsubih et al., 2021) 

9 Nepal 50 (Gwachha et al., 2020) 

10 New Zealand 10 (Robinson et al., 2003) 

11 Pakistan 50 (Shahid et al., 2022) 

12 Taiwan 10 (Ahmad and Bhattacharya, 2019) 

13 United States of America  05 (Chakrabarti et al., 2019) 

1.7 Sodium arsenite (NaAsO2) and its characteristics 

Typically, arsenic is found as arsenite (AsIII) and arsenate (AsV). Sodium arsenite 

(NaAsO2), being a trivalent form of arsenic is an inorganic white-gray salt that is odorless, 

tasteless, and highly soluble in water. The chemical characteristics of NaAsO2 are 

described in Figure 3. Sodium arsenite is used as a weed killer, rodenticide and is mostly 

used in the glass manufacturing processes. It is formed from the reaction of arsenic trioxide 

with caustic soda. Historically, arsenic based compounds were used as insecticides in the 

18th century as treatments against insects such as Leptinotarsa decemlineata (Colorado 

Potato Beetle) in potatoes, Aclypea opaca (Beet Carrion Beetle) in sugar beet and 

Anthonomus grandis (Boll Weevil) in cotton. Later on in the 19th century, inorganic form 

of arsenic, NaAsO2 was then used as herbicides. These practices were mainly carried out 

in agriculture and viticulture to prevent the crops from diseases in the 20th century as 
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NaAsO2 was also used as a fungicide against grapevine trunk diseases, anthracnose, 

phomopsis cane, and leaf spot. Furthermore, it was also used against the attacks by snails 

in mid-20th century (Songy et al., 2019).  

 

Figure 3: Chemical characteristics of sodium arsenite 

Pertaining to its toxic effects and high risks, NaAsO2 was banned in Europe in 2003 against 

its practice to control diseases caused by fungal pathogens in woods. It was found out that 

NaAsO2 caused developed leaf senescence symptoms leading to decrease in chlorophyll 

content and increase in lipid peroxidation in grapevine plants treated with the compound. 

Furthermore, NaAsO2 was found to have affected crops by penetrating into woody tissues, 

and moving from roots to shoots and berries and later on released in the soil (Li et al., 

2015). It has also been found to trigger stress response in plants by adversely affecting 

plant growth and its productivity by altering ATP synthesis, photosynthesis, and nutrients 

levels (Abbas et al., 2018). Interaction of arsenite with sulfhydryl groups (-SH) of enzymes 

and the reactive oxygen species adversely affects plant metabolism by causing DNA 

damage (Finnegan and Chen, 2012). Sodium arsenite is an emerging pollutant in the 

aquatic environment from anthropogenic sources after mainly being used as herbicides, 

pesticides but also as dyes, antiseptics, soaps etc. (Hughes, 2002). 

1.8 Fate of sodium arsenite in aquatic ecosystem 

The inorganic form of Arsenic in trivalent oxidative state, NaAsO2 is more toxic to the fish 

than arsenate as the former rapidly enters the fish and accumulates therein (Garai et al., 

2021). Arsenite contamination in the water puts the life of aquatic organism at risk to great 

lengths due to certain toxicity mechanisms such as oxidative stress (Kumar and Banerjee, 

IUPAC 
Name

Sodium 
Arsenite

Molecular 
Formula
NaAsO2

Appearance
White/grayis

h powder  
hygroscopic

Density
1.87g/cm3

Molar mass
129.910 
g/mol

Structure
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2012; Ahmed et al., 2013). Since Arsenic is highly toxic to aquatic organisms at low 

concentrations, USEPA regulated a permissible limit for aquatic organisms to be 150 μg/L 

upon chronic exposure (USEPA, 1995; Sun et al., 2020). In aquatic ecosystem, both forms 

of arsenite (AsIII) and arsenate (AsV) are found to be present. Among the As species, AsV 

is majorly found in well-oxygenated water, but it can be eliminated easily through As 

removal techniques and technologies. Whereas AsIII is more toxic, soluble, and difficult 

to remove from the contaminated water. The conversion of AsIII to AsV in well-

oxygenated water may take time depending on specific conditions. Therefore, the presence 

of AsIII is considered to be a potential threat to aquatic organisms (Dong et al., 2018).  

 

Figure 4: Chronic and acute toxicity of Arsenic in fish (Kumari et al., 2017) 

Fish, the top predators in aquatic ecosystems, are the main target of As contamination than 

other aquatic organisms. Furthermore, low concentrations of AsIII can adversely impact 

fish (Sun et al., 2020). For instance, Datta et al. (2009) concluded that AsIII concentration 

at 100 µg/L is toxic to Clarias batrachus upon 30- days exposure by causing macrophage 
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apoptosis and adversely affecting immune system. Whereas as low concentration as 50 

µg/L of AsIII affected antioxidant defense system in zebrafish (Sarkar et al., 2017). Sodium 

arsenite has been reported to cause several toxicity mechanisms in aquatic animals and also 

when the arsenite contaminated fish is consumed by humans, it causes toxicity in them as 

it travels along the food chain (Alarcón-Herrera and Gutiérrez, 2022). Sodium arsenite 

caused genotoxicity in a dose-dependent in adult and embryonic stages of Danio rerio 

within the low range of 0 -500 ppb concentration (Hallauer et al., 2016). Histological 

toxicity was observed in the gills of zebrafish alongside oxidative stress at environmentally 

relevant concentrations of sodium arsenite i.e., 0-150 μg/L (Sun et al., 2020). It is well 

reported that the main mechanism of sodium arsenite induced is oxidative stress as even at 

low concentrations, AsIII damages zebrafish antioxidant defense mechanisms (Dong et al., 

2018). Severe morphological abnormalities were reported in Labeo rohita at the sodium 

arsenite concentrations of 2.5, 15 and 30 mg/L after 14 days of exposure (Rabbane et al., 

2022).  

 

Danio rerio Labeo rohita 

Figure 5: The aquatic organisms used as toxicity models to assess effects of NaAsO2 
Gambusia affinis Clarias batrachus 
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Table 2: Toxicological studies of sodium arsenite conducted on aquatic organisms. 

Species Concentration Experimental type/ 
Exposure duration Studied Parameters Results References 

Danio rerio 
(Embryos and 
Larvae) 
 
 
 
 
 

 100, 200, 300, 400, 
500, 600 nM  

 
 
 
 

Acute test  
(24 to 96 hours post 

fertilization (hpf) 
 
 
 
 
 
 

• Determination of 
embryotoxicity 

• Evaluation of behavioral 
toxicity and malformation. 
Assessment of antioxidant 
enzymes. 

• Analysis of gene expression. 

• Morphological abnormalities 
were observed at 300-600nM 
in embryos.  

• Touch response was severely 
affected at 500-600 nM in 
larvae, hence affecting 
behavioral patterns.  

• Abnormal turning behavior 
was observed at 400-600nM. 

Piyushbhai et al. 
(2022) 

 
 
 
 
 

Labeo rohita 
 
  

2.5, 15, and 30 mg/L 
 
  

Acute test  
(14 days) 

  

• Morphological observations 
• Evaluated histopathology and 

gene expression.    

• Severe morphological 
abnormalities were reported.  

• Highest mortality was 
reported at high conc of 30 
mg/L whereas no mortality 
was found at 2.5 mg/L 

Rabbane et al. 
(2022) 

Gambusia 
affinis  

0.75, 7.50 and 75 μg/L  
Chronic test 

(30 days)  

• Evaluated morphological and 
reproductive outcomes. 

•  

• Altered fish morphology. 
• Adversely affected 

reproductive system. 
Smith et al. (2022)  

Danio rerio 
 
 
 

0, 10, 50, 100, and 150 
μg/L 

 
 

Chronic test 
(28 days) 

 
 

• Measurement of antioxidant 
response, oxidative damage. 

• Assessment of histological 
changes in the gills of 
zebrafish. 

• Histological changes were 
induced in zebrafish gill. 

• Oxidative stress was observed. 
• CAT activity was increased by 

46-87% while SOD decreased 
by 19%. 

Sun et al. (2020) 
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Danio rerio 
 
 
 
 
 
 

Embryos and larvae: 
0, 50, 

100, 300, and 500 
μg/L 

Adult zebrafish: 
50,100. 300 ppb 

 

Chronic test 
(6 months for adults) 

 
 
 
 
 

• Accumulation of As 
•  Analysis neurological activity 
• Evaluation of oxidative stress 
 
 
 
 

• No significant accumulation 
via exposure.  

• The highest levels were 
reported in liver, eye and skin.  

• Induced increased heart rate in 
dose-dependent manner, 
reduced locomotion at 100 and 
300 ppb. 

• Oxidative stress was observed. 

Hallauer et al. 
(2016) 

Danio rerio 
  

50 μg/L 
  

Chronic test  
(90 days)  

• Biochemical analysis 
  

• Oxidative stress was induced 
in the brain of zebrafish at the 
low doses of arsenite 
affecting antioxidant enzymes 
activities. 

Sarkar et al. 
(2014) 

Clarias 
batrachus 

 
 

1 mg/L 
 
 
 

Chronic test 
(60 days) 

• Bioaccumulation of sodium 
arsenite in different organs. 

• Excessive deposition in tissue 
but no mortality.  

• The bioaccumulations 
increased with exposure 
period and were time 
dependent. 

Kumar and 
Banerjee (2012) 

Danio rerio 
 
 

0, 10, 50, or 500 μg/L 
 
 

Chronic test  
(7 and 21 days) 

 

• Histopathology, RNA 
extraction and cDNA synthesis 
were evaluated. 

• Genotoxicity was reported at 
low doses of sodium arsenite.  

• No histopathological changes 
were observed. 

Canivet et al.  
(2001) 
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1.9 Key aspects of engineered nanoparticles  

The world population stands around 7 billion and is expected to grow exponentially in the 

near future. Therefore, to meet the needs of the population it is essential to come up with 

innovative ways and ideas to counter the production costs whilst ensuring quality and a 

wide range of consumer products (Dunphy Guzmán et al., 2006). Recent decades have 

witnessed the production of nanoparticles from anthropogenic sources and their 

applications due to unique and multiple properties of nanotechnology (Lowry et al., 2012). 

The size of nanoscale materials ranges from 1-100 nm at least in one dimension hence 

resulting in higher surface area than macromaterials. Nanoparticles (NPs) have different 

types including metal based engineered nanoparticles for example, titanium oxide, copper 

oxide, iron oxide and also carbon-based nanotubes (Hristozov and Malsch, 2009). Owing 

to their novel characteristics (Figure 6) nanoparticles are being engineered into useful 

applications for a variety of fields such as medical, agriculture, information technology 

computers, automotive industry etc. (Helland et al., 2007). The diversity of nanosized 

materials can be put into use for the betterment of environment and counter existing 

pollution by reducing waste and our reliance on non-renewable resources (Rickerby and 

Morrison, 2007). For the last few years, the synthesis of nanoparticles is being employed 

for its strategic use in treating wastewater with carbon nanotubes, fullerenes, nanoploymers 

and is the subject of extensive research in this regard (Ali et al., 2021). The emergence of 

nanotechnology is expected to have a significantly positive impact on sustainable 

development (Sarkar et al., 2022). This innovation of nanoparticles implies the 

conservation of renewable resources through reduced energy consumption and efficient 

use of materials for large scale production in the industrial sector (Bour et al., 2015). 

Nanomaterials can be used for environmental remediation with an approach to propose 

commercially viable solutions for the treatment of wastewater, contaminated soil, and 

industrial waste due to widespread use of chemicals (Rafeeq et al., 2022).    
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Although manufactured nanoparticles have proven to be an economically viable solution 

to counter over-consumption of non-renewable resources, its potentially harmful impact 

on the environment cannot be ignored (Patil et al., 2022). NPs contaminate the environment 

through several pathways including discharge from the source during its synthesis, and 

after its usage. The functionalization nanomaterials through a specific coating for high 

activity can determine the fate and toxicity of NPs. It may also enter the environment from 

sewage plants, incinerators and landfills acting as the potential sources of NPs in soil and 

waterbodies (Dimkpa et al., 2013). The concern towards the impact of NPs on the 

environment due to its nanosized properties on plants, microbes, animals, human beings is 

being studied in detail to have a better understand of the mechanisms involved in its 

toxicity, for example, the increased production of reactive oxygen species (ROS) 

(Kiendrebeogo et al., 2022). A study found out that aluminum oxide nanoparticles 

potentially decreased ascorbate and glutathione proteins in soybean that in return increased 

oxidative stress by reducing ROS scavenging activity (Mustafa and Komatsu, 2016). In 

other ways the toxicity mechanisms involve the bioaccumulation and transfer of NPs along 

the food web because of the direct environmental exposures to NPs mainly due to 

consumption of contaminated food (Abbas et al., 2020; Tangaa et al., 2016). NPs have been 

documented to interact with the activity of microbes responsible for the decomposition and 

High Surface area

High activity  

Catalytic Surface

Adsorbent

Prone to agglomeration

                             Figure 6: Key characteristics of nanoparticles NPs 
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degradation of natural organic matter and toxic pollutants (Ren et al., 2018). These 

nanoparticles become bioavailable to the microbes due to their dissolution and penetration 

of toxins through cell membrane of microbes, hence, altering with their chemical activities 

and inducing oxidative stress in them (Dinesh et al., 2012). According to recent studies, 

nanoparticles can be taken up by plants upon interaction with either the roots in the soil or 

parts that are above the ground (Rizwan et al., 2017). It has been reported that NPs interfere 

with early stages of plant growth and have an adverse effect of seed germination of food 

crops. For instance, seed germination was decreased by 10-20% in response to silver 

nanoparticles exposure as compared to the control experiment (El-Temsah and Joner, 

2012). 

 

Figure 7: Classification and types of different types of nanoparticles 

1.10 Threat of nanotoxicity to the aquatic ecosystem (Nanotoxicology) 

The extensive use of nanoparticles across the globe has raised concerns about its potential 

environmental risks upon entering the aquatic ecosystems. They become part of 

waterbodies after being released through various point and non-point sources in 

considerable quantities (Vance et al., 2015).  The discharge of wastewater effluents is a 

point source for nanomaterials mainly from treatment plants and industrial sectors into 

aquatic ecosystem (Zhang et al., 2019). 
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In order to comprehend and solve the mysteries behind the complex linkages between 

nanomaterials and their exposure to living groups on the receiving end, nanotoxicology has 

been introduced in the last few years as a research field to deal with the modern-day 

toxicology challenges (Walters et al., 2016). Nanotoxicology employs studies to 

understand the exposure routes of nanomaterials along the aquatic food chains and trophic 

transition of nanoparticles taking place in the process affecting living organisms (Zhang et 

al., 2018). Therefore, there is a heavy reliance found on research studies and findings on 

prominent ecological influences of nanoparticles on aquatic organisms. Nanotoxicity poses 

a serious threat to aquatic plants and animals involved in the food chain that links the 

exposure of NPs to humans as a potential final receptor (Vázquez Núñez and de la Rosa-

Álvarez, 2018) (see Fig. 8).  

    

Figure 8:   Schematic representation of nanoparticles pathway along the food chain. (This 
figure is developed from the following studies: Singh et al., 2021; Chen et al., 2012; 
Asghari et al., 2012; Kim et al., 2011) 

Nanoparticles upon their release in the environment mostly end up in aquatic ecosystems, 

hence, altering and adversely influencing the aquatic balance of the species involved 

therein (Chae and An, 2017). NPs not only affect fish that is the main aquatic vertebrate 

ecologically responsible for aquatic functions, but also microbial communities, aquatic 

plants and phytoplankton are at risk (Casabianca et al., 2021). Titanium dioxide 
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nanoparticles (TiO2-NPs) pose a threat to aquatic organisms at higher concentrations, 

proving that the aquatic systems have high tolerance for the respective metal (Sun et al., 

2007). For instance, a study by Kim et al. (2011) showed that Lemna paucicostata plants 

exposed to high concentration of TiO2-NPs i.e. 250 ppm had an adversely affected 

development compared to the low concentration of 1 ppm of silver nanoparticles. Daphnia 

magna being at the bottom of the aquatic food chain is an important species to understand 

the pathway of nanotoxicity across trophic levels (Banerjee and Roychoudhury, 2019). 

Silver nanoparticles have been reported to cause mortalities in Daphnia magna in a dose 

dependent manner by employing different types of silver nanoparticles to determine the 

lethal and toxic effect of composition of NPs on the crustacean species (Asghari et al., 

2012). Furthermore, it was reported that the iron oxide nanoparticles caused the decrease 

in chlorophyll in Chlorella vulgaris, and this provided reasons for an adverse effect on CO2 

absorption and the net photosynthetic rate (Chen et al., 2012).  

1.11 Toxic Effects of nanoparticles on fish 

 Fish have been the prime choice to examine toxic effects of nanoparticles on aquatic 

vertebrates in order to broaden the spectrum of ecotoxicology in aquatic ecosystems 

(Banerjee and Roychoudhury, 2019). Nanoparticles have been reported to induce oxidative 

stress in fish, accumulation in vital organs and in extreme cases death (Singh et al., 2021). 

A study on Danio rerio concluded that copper oxide nanoparticle caused damage to gills 

and posed acute lethal toxicity to the fish against environmentally realistic concentration 

i.e. the LC50 was found to be at 1.5 mg/L for 48h (Griffitt et al., 2007).  Silver nanoparticles 

(Ag-NPs) decreased the efficiency of antioxidant defense mechanism in embryos of the 

African catfish to the concentration of 25 ng/L and its toxicity kept on fluctuating with 

higher doses succeeding this manner ultimately causing severe oxidative stress hence 

setting the basis for Ag-NPs toxicity in the developmental stages of Clarias gariepinus 

(Sayed and Soliman, 2017). Andrade et al. (2019) investigated the effect of temperature on 

carbon nanotubes (CNTs) toxicity on brown mussels and found the over production of 

reactive oxygen species and ineffective antioxidant levels in response to CNTs toxicity 

combined with high temperature whereas no synergistic effects were observed. Titanium 

dioxide nanoparticles (TiO2-NPs) affected the growth rate of the goldfish at 10 and 100 

mg/L concentrations upon acute exposure by decreasing its body weight. It was found out 
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that 1.8% of the body weight increased at 10 mg/L compared to the control group which 

reported 8.1% increase in bodyweight whereas at high concentration of 100 mg/L 19.7% 

decrease in bodyweight was measured. The same study reported accumulations in gills and 

intestines of the fish whilst no TiO2-NPs accumulation was detected on the muscle and 

brain (Ates et al., 2013). It was observed that polystyrene nanoparticles induced 

genotoxicity and oxidative stress when combined with copper oxide and zinc oxide 

nanoparticles (ZnO-NPs). However, genotoxicity reduced upon co-exposure of 

polystyrene nanoparticles and polycyclic aromatic hydrocarbons (Singh et al., 2021).  

1.12 Copper oxide nanoparticles (CuO-NPs) 

The present study focuses on the toxicity of copper oxide nanoparticles (CuO-NPs) that 

are widely known for their use as industrial catalysts and to enhance mechanical strength 

by mixing with other materials (Siddiqi and Husen, 2020). CuO-NPs are formed from 

copper and oxygen that are block d and block p elements in periodic table, respectively. It 

is also known as cupric oxide, a black transition metal oxide that has a monoclinic crystal 

structure with a bandgap of 1.2-1.9 eV as shown in Figure 9) (Narayan et al., 2018; Singh 

et al., 2021). It has several properties such as high thermal conductivity, high stability, and 

photovoltaic abilities. They are extensively used in several applications such as semi-

conductors, gas sensors, anti-microbial fluids, and in machines as heat transfer fluids 

(Carmona et al., 2015). The practice of engineered copper oxide nanoparticles has 

advanced exponentially in electronics, biomedicines, and environmental remediation due 

to their unique set of properties (Khatoon et al., 2018). CuO-NPs have effective 

electrochemical, anti-fungal, and anti-microbial properties that may lead to their use in 

plastics, coatings, graphite surfaces and textiles etc. (Bondarenko et al., 2013). The usage 

of CuO-NPs has urged the need of its toxicity assessment to evaluate how it is impacting 

organisms in different ecosystems after their unchecked release across different 

compartments of environment. The CuO-NPs have adverse impact on aquatic organisms 

upon emergence from industrial plants, textile units, health sector, electrical appliances, 

and automobiles as its potential sources. Like any other nanoparticle, it is essential to learn 

the pathway of CuO-NPs to determine its exposure routes, fate and consequences in aquatic 

ecosystem (Hu et al., 2014).  
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1.13 Potential toxicity of CuO-NPs  

To establish the possible influence of CuO-NPs size, shape and charge on the mechanisms 

that determine its toxicity in organisms exposed to them, it is essential to characterize 

nanoparticles prior to their study. These mechanisms mainly include cellular uptake, 

interaction with targeted organisms and intracellular stability upon internalization within 

cells and tissues (Naz et al., 2020). A comparative study showed that small nanoparticles 

are more toxic than large nanoparticles. Due to high surface area of copper nanoparticles 

(25 nm) compared to copper microparticle (14-25 μm) were found to adversely disrupt 

cellular structures by crossing cell membranes and translocation between cells in rats (Lee 

et al., 2016). Humans are extremely prone to CuO-NPs due to their use in pharmaceutical 

industry and are exposed to it through skin and inhalation. Therefore, a study was 

conducted to examine the cytotoxic effect of CuO-NPs on human blood lymphocytes and 

concluded that cell viability decreased in a dose-dependent manner with inhibition 

concentration of 382 µM. Also, CuO-NPs effectively caused oxidative stress in the 

lymphocytes (Assadian et al., 2017).  

Furthermore, copper oxide nanoparticles cause oxidative stress, DNA damage, 

inflammation of organs, affects growth performance, and in extreme case cell death that 

might lead to lethality in aquatic organisms. Genotoxicity, cytotoxicity, immunotoxicity 

and teratogenicity are one of the many adverse effects of copper oxide nanoparticles on 

Figure 9: Monoclinic structure of copper oxide (Singh et al., 2021) 
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different life stages of organisms in different ecosystems (Ganesan et al., 2015; Li et al., 

2016). These toxic effects are heavily influenced and determined by the concentration of 

nanoparticles and the duration depending on acute and chronic exposures of NPs in aquatic 

systems (Naz et al., 2020). A study concluded that the aquatic species Ceriodaphnia 

silvestrii and Hyphessobrycon eques were sensitive to CuO nanoparticles showing 

production of ROS in both organisms. The 48-h EC50 for Ceriodaphnia silvestrii was found 

to be at 12.6 μg/L and for Hyphessobrycon eques the 96 h LC50 was observed to be at 

211.4μg/L of CuO nanoparticles (Mansano et al., 2018). In another study, the growth of 

Cyprinus carpio fish was inhibited by CuO nanoparticles at the concentration of 100 mg/L 

upon chronic exposure of 30 days (Zhao et al., 2011). CuO-NPs induced oxidative stress 

in liver and gills of Carassius auratus post 21-day exposure at the concentration of 1 and 

10 mg/L (Ates et al., 2014). In a comparative study, copper oxide, zinc oxide and nickel 

oxide nanoparticles (NiO-NPs) were investigated against their toxic effects on Danio rerio, 

and it concluded CuO-NPs to be more lethal than other metal oxide nanoparticles in the 

study. The LC50 at 96h was 2.25 mg/L for CuO-NPs whereas for ZnO-NPs and NiO-NPs 

were 48.2 mg/L and 175 mg/L, respectively (Hou et al., 2018). CuO nanoparticles with 

diameter in the range of 20-95 nm caused 60% mortality of zebrafish embryos at the 

concentration of 50 ppm while at 5ppm the mortalities increased by 20% and 40% at 96hpf 

and 120 hpf, respectively (Xu et al., 2017). In another study, CuO-NPs delayed hatching 

in zebrafish embryos by inducing oxidative stress and suppressing embryonic motility 

(Zhang et al., 2018).  
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Table 3: Toxicological studies of CuO-NPs conducted and its effects on aquatic organisms. 

Species Concentrations 
Experimental 

Type/ Exposure 
duration 

Studied Parameters Results References 

Danio rerio 
 
 
 
 
 
 

0, 50, 100,  
and 200 μg/L 

 
 
 
 
 

Acute test (24h) 
 
 
 
 
 
 

• Assessment of metabolic 
rate, specific ammonia 
excretion, and swimming 
ability. 

 
 

• Fish metabolism was adversely 
affected. 

• Decrease in specific ammonia 
excretion was observed by 34% 
and 83% and in swimming 
capacity by 34% and 55% at 
concentrations of 100 and 200 
μg/L, respectively. 

de Oliveira 
Eiras et al. 

(2022) 
 
 
 

Danio rerio 
(Embryos) 

 

1, 5, and 10 mg/L 
 
 

Acute test 
(96hpf) 

 

• Mortality, hatching, 
heartbeat, and 
malformation 

• CuO-NPs toxicity increased with 
decrease in ionic strength of 
exposure medium. 

Chao et al. 
(2021) 

Danio rerio 
 
 
 
 
 

1 and 3 mg/L 
 
 
 
 
 

Chronic test 
(30 days) 

 
 
 
 

• Total protein content, 
functional markers, 
mRNA expression levels, 
histology and 
immunochemistry, 
oxidative stress, and 
AChE activity. 

• Muscle toxicity, oxidative stress, 
SOD and CAT levels decreased 
as the concentration increased. 

 
 
 

Mani et al. 
(2019) 

 
 
 
 

Danio rerio 
(Embryos and 

Larvae) 
 

CuO-NPs  
(50, 25, 12.5, 

6.25, or 1 mg/L 
 

Acute test 
(4 hpf) 

 
 

• Measurement of SOD 
activity. 

• Examination of 
histopathology  

• The embryos were not affected at 
low conc. But at 12.5 mg/L or 
higher doses led to phenotypic 
malformations. 

• Locomotor ability was affected.  

Li et al. 
(2016) 

https://www.sciencedirect.com/science/article/pii/S014765132100871X
https://www.sciencedirect.com/science/article/pii/S014765132100871X
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• Immunohistochemistry 
and behavioral analysis. 

• Analysis showed underdeveloped 
liver and delayed retinal growth.  

• SOD activity was reduced hence 
affecting antioxidant defense 
system. 

Danio rerio 
(Embryos) 

 
 
 
 
 
 
 
 
 

10 mg/L 
 
 
 
 
 
 
 
 
 
 

Acute test 
(120 hpf) 

 
 
 
 
 
 
 
 
 

• Survival, hatching rates 
and malformation. 

 
 
 
 
 
 
 
 
 

• Exposure to CuO- NPs or bulk 
CuO up to 10 mg Cu/L did not 
produce any significant decrease 
on embryo survival. An LC50 
value of 3.083 mg/L was 
calculated for ionic copper which 
significantly increased embryo 
mortality at 5 and 10 mg/L. CuO-
poly NPs showed higher toxicity 
than bulk CuO. Significantly 
decreased hatching rate was 
observed in embryos treated with 
CuO- NPs at 10 mg/L. 

Vicario-Parés 
et al. (2014) 

 
 
 
 
 
 
 
 
 
 

Cyprinus 
carpio 

 
 
 

100 mg/L 
 
 
 

Chronic test (30 
days) 

 
 

• Cholinesterase activity 
assay Accumulation, tissue 
distribution and excretion 
of nanoparticles. 

• Accumulation was found in 
intestines, gills, liver, brain, 
muscle and scale. Neurotoxicity 
as cholinesterase activity was 
inhibited. 

Zhao et al. 
(2011) 

Danio rerio 
 
 

 

0.25, 1.5 mg/L 
 

 
Acute test 

(48h) 
 

• Biochemical, and 
histology analysis. 

• Acute toxic effects in the fish 
were observed that included 
histopathology was induced 
primarily in the gills. 

Griffitt et al. 
(2007) 

 

https://link.springer.com/article/10.1007/s11051-014-2550-8
https://link.springer.com/article/10.1007/s11051-014-2550-8
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1.14 Interactive Toxicity of Arsenic and Nanoparticles with Other Pollutants 

Because of increasing population and rapid industrialization, several chemicals are released 

into the environment in different temporal and spatial settings (Tazitdinova et al., 2018). 

These chemicals interact with each other in different environmental compartments and 

collectively pose a threat to the relevant biota in ecosystems (Granero and Domingo, 2002). 

This cocktail of contaminants puts the lives of the exposed organisms at risk and threatens 

their life systems (Tongesayi et al., 2013). However, there is a lack of sufficient 

information on this matter to better understand and evaluate the composition of these 

environmental mixtures and interaction with each other. Previously, it has been reported 

that co-exposure of copper ions and TiO2 nanoparticles enhances the uptake and 

accumulation of copper in Daphnia magna (Liu et al., 2015). Hou et al. (2018) investigated 

the joint toxicity of copper oxide, zinc oxide, and nickel oxide nanoparticles in zebrafish 

through microarray analysis and comet assay. It was found out that CuO-NPs were more 

toxic than zinc oxide nanoparticles and nickel oxide nanoparticles with increased DNA 

damage and oxidative stress. Furthermore, copper oxide nanoparticles were used to 

evaluate its interactive toxicity with zinc oxide nanoparticles and titanium dioxide 

nanoparticles in developing zebrafish embryos upon exposure for 120 hours. It was found 

out that that CuO-NPs were the most toxic nanoparticles by delaying hatching and 

increasing malformations (Vicario-Parés et al., 2014). Freitas et al. (2018) reported 

neurotoxicity in clams upon co-exposure of carbon nanoparticles and arsenic. The 

combined exposure of aluminum and zinc oxide nanoparticles had synergistic toxic effect 

on Carassius auratus (Benavides et al., 2016). Another study reported the synergetic role 

of TiO2 nanoparticles in the accumulation of arsenate in Cyprimus carpio (Sun et al., 2006).  

  A study on combined exposure of copper and arsenite was concluded to be 

synergistic in brain tissues of Gallus gallus as it induced oxidative stress and autophagy 

(Sun et al., 2018). Similar results were reported by Liu et al. (2020) that copper elevated 

the toxicity of arsenic upon co-exposure by causing oxidative stress and autophagy in 

chicken brain. Whereas Wang et al. (2021) upon examining the combined toxicity of 

arsenite and Zinc (Zn) concluded that Zn effectively reduces the accumulation of arsenite 

and alleviated oxidative stress by improving antioxidant defense in common carp. On the 

contrary, nanoplastics, an emerging pollutant, promoted the adverse effects of arsenic by 
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elevating its accumulation in zebrafish brain hence increasing oxidative stress and causing 

histological alterations (Zhang et al., 2023).  

1.15 Zebrafish (Danio rerio): A Toxicological Model Organism 

1.15.1 Characteristics of Zebrafish 

Zebrafish (Danio rerio) is considered as a model organism in research. The size of an adult 

zebrafish is typically found between 3 and 5 cm. It has a streamlined body form with dorsal, 

anal, and caudal fin. The color of the body can vary such as wild-type zebrafish having 

blue-gray bodies with black stripes. Figure 7 shows the detailed anatomy and morphology 

of zebrafish (Gupta and Mullins, 2010; Liu et al., 2016). 

 

Figure 10: Morphology and anatomy of zebrafish 

The average life span for zebrafish is 2-3 years, although under ideal conditions they can 

live up to 5 years. Being oviparous, zebrafish reproduce by laying eggs. The female 

releases the eggs, and the male fertilizes them externally, a process known as external 

fertilization. (Parichy et al., 2009). Adult zebrafish show a range of behaviors, such as 

feeding, swimming, interacting with their environment, and mating. They are nocturnal 

and exhibit shoaling behavior, preferring to be in groups. The fins, heart, and central 

nervous system of zebrafish are proficient in regeneration. They serve as an excellent 

model for studying tissue regeneration and repair since they are capable of regenerating 
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lost tissue and organs (Poss, 2002). Taxonomic classification of Zebrafish is provided in 

Table 3. 

Table 4: Scientific taxonomy of zebrafish (Danio rerio) 

Kingdom Animalia 

Phylum Chordata 

Class Actinopterygii 

Order  Cypriniformes 

Family Cyprinidae 

Subfamily Danioninae 

Genus Danio 

Species Danio rerio 

 

1.15.2 Zebrafish as an Ideal Toxicity Indicator 

Zebrafish (D. rerio) is a tropical freshwater vertebrate animal popularly used as a toxicity 

model in ecotoxicology (He et al., 2014).  Its use is mainly employed to understand the 

toxic mechanisms induced by contaminants upon exposure in humans and animals leading 

to certain diseases. Genomic studies confirm high genetic homology to humans hence 

sharing a common set of genes i.e. around 75% similarity (Catchen et al., 2011; Woods, 

2005). The fish has certain unique characteristics that include its small size (3-4cm), high 

sociability, short reproductive cycle, transparent embryo, and rapid embryo development 

(Zakaria et al., 2022).  

Zebrafish can be used to monitor and evaluate environmental pollution due to heavy 

metals, organic pollutants, nanoparticles etc. (Dai et al., 2013). Another advantage that is 

notable in this regard is its cost-effectiveness and also, it’s readily available in the market. 

Therefore, the zebrafish is becoming an effective toxicity modal in environmental 

toxicology, genetics, pharmacology and developmental studies to evaluate the effect of 

drugs and pollutants (Ray et al., 2017; Sarkar et al., 2014). 
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Figure 11: Toxicity endpoints of zebrafish (Bhagat et al., 2020) 

Biomarkers and endpoints in zebrafish for heavy metals include Acetylcholinesterase 

activity, oxidative stress, SOD and CAT activity, bioaccumulation in vital organs and 

genotoxicity (Senger et al., 2010) (Fig.10). It was reported that copper and cadmium were 

highly toxic to zebrafish embryos by inhibiting hatching rate and morphological 

malformations (Santos et al., 2021).  It was found out that fullerenes caused malformations, 

edema and mortality in embryos at the concentration of 200 μg/L (Usenko et al., 2007). 

Polystyrene nanoparticles caused accumulation in the intestine of adult zebrafish after 21 

days of exposure (Gu et al., 2020). The combined toxicity of microplastics and cadmium 

showed that microplastics reduced the lethal effects of cadmium on zebrafish embryos 

whereas synergistic effects were observed on the development (Zhang et al., 2020).  
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1.15.4 Distribution of Zebrafish in Pakistan 

Zebrafish (Danio rerio) is a freshwater fish that is native to South Asia and is a tropical 

and subtropical fish. Its location ranges in Pakistan, Bangladesh, Nepal, Bangladesh, and 

Bhutan. It can be found in a variety of freshwater bodies in Pakistan, including canals, 

streams, ponds, ditches, and rice paddies. Zebrafish are found in Mehran province. This 

region includes 50% of Kashmir and Pakistan. Also, Peshawar's hills, valleys, and Indus 

Plain are included in this region.  The climate in this area can range from marine to 

subtropical, with chilly winters and hot summers with moderate temperatures (Mirza et al., 

1994). 

1.16 Toxicity biomarkers 

Toxicity biomarkers are biological parameters of organisms that can be measured in 

response to exposure or the impacts of environmental pollutants. They indicate the level of 

stress and toxicity in the affected organisms upon exposure to environmental pollutants 

(Azize et al., 2017). The following toxicity biomarkers have been determined in this study 

to assess toxicity in zebrafish: 

1.16.1 Oxidative stress  

It is of great importance to assess aquatic toxicology by analyzing oxidative stress in a 

species that is exposed to various pollutants. Naturally, there is a balance between reactive 

oxygen species (ROS) and the antioxidant systems to protect the cells from ROS 

(Slaninova et al., 2009). ROS are generated by various mechanisms as a response to a stress 

hence disrupting the biochemical balance (Figure. 12 and 13) (Davies et al., 1994). 

Numerous pollutants such as pesticides, heavy metals etc. can induce oxidative stress 

through biochemical mechanisms that may include impairment of membrane-bound 

electron transport and inactivation of antioxidants. The resultant action of ROS production 

is lipid peroxidation that is determined by measuring Malondialdehyde (MDA) which is 

mainly a product of lipid peroxidation consisting of polysaturated fatty acids (Marnett, 

1999). The combined study of arsenic and nanoplastics on zebrafish was found to 

significantly increase the MDA content at environmentally relevant concentrations of 

200μg/L and 1mg/L, respectively. Furthermore, ROS levels also increased significantly in 

the same study at same concentrations (Zhang et al., 2023).  
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1.16.2 Antioxidant defense systems 

When a body of an organism produces ROS in response to a xenobiotic, it reacts by lining 

up a defense system to ROS, low-molecular weight compounds that are involved in 

scavenging and eliminating ROS out of the living system (Chowdhury and Saikia, 2022).   

 

 

 

Figure 12: Schematic diagram of relationship between SOD, CAT, GST activities, ROS level, MDA 
content, and DNA damage in organs of zebrafish. This figure is obtained from the study by Ge 
et al. (2015). 
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Figure 13: Antioxidant defense system in aquatic organisms (Hoseinifar et al., 2020) 

The most important enzymes responsible for the detoxification of ROS are primarily 

superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidases (GPXs) 

(Slaninova et al., 2009). SOD is involved in altering O2 free radical into a less toxic form 

and eliminating superoxide that further facilitates the dismutation of two molecules of O2
- 

into oxygen and hydrogen peroxide (H2O2). Without SOD, these free radicals aid the 

formation of hydroxyl radicals. However, with the production of CAT, SOD creates H2O2 

that eventually results in water and molecular oxygen. H2O2 is eliminated by CAT and GPx 

and with O2 increasing, the activity of CAT decreases (Hoseinifar et al., 2020). In a study 

by Purushothaman et al. 2014, it was reported that acute exposure to Titanium dioxide 
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nanoparticles at 5 mg/L concentration for 24 and 48hr increased reactive oxygen species 

and lipid peroxidation products in zebrafish gill tissues. Therefore, causing tissue damage 

as the low levels of SOD and CAT were unable to defend the system against ROS 

production.  

1.16.3 Acetylcholinesterase inhibition 

Acetylcholinesterase (AChE) is a neurological enzyme present in both vertebrates and 

invertebrates. It is mostly found at neuromuscular junctions and is also reportedly present 

in erythrocytes, liver, and muscles (Nayak and Patnaik, 2021). It is involved in the 

functions related to the central nervous systems and is essential in ceasing the 

neurotransmitter’s function by catalyzing hydrolysis of acetylcholine. AChE activity and 

structure are reportedly different in different aquatic organisms such as crustaceans, 

mollusks, and fish (Bertrand et al., 2000).   

Therefore, it can be used as an important biochemical biomarker in the brain for 

toxicological studies alongside antioxidant enzymes to evaluate neurotoxicity (Sharma et 

al., 2017). Numerous pollutants such as pesticides, herbicides, heavy metals, industrial 

chemicals, textile effluents etc. can inhibit AChE activity and alter its mode of action by 

disrupting neurotransmission hence affecting behavior and survival of the organism (Thi 

Tu et al., 2009). AChE activity is preferably examined in brain and muscles of the organism 

under test as it is a cholinergic agent and is responsible for muscle behavior and function 

(Stefânia Konrad Richetti et al., 2011).  

1.16.4 DNA damage 

Pollutants have the potential to alter biological processes of exposed population in aquatic 

ecosystems. Therefore, it is essential to examine genotoxicity of the contaminants on the 

targeted organisms. Evaluation of the genotoxic effects of environmental pollutants on the 

fish can be done systematically studying DNA damage (Pei and Strauss, 2013). In this 

regard, comet assay is a single cell gel electrophoresis that has a strong dose-response 

pattern even at relatively low concentrations. The assay has a shorter duration and is cost 

effective. It efficiently evaluates the acute and chronic effects of genotoxin on exposed 

aquatic organisms (Du et al., 2012).  
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1.16.5 Histopathological alterations 

As a biomarker histopathology studies, the effect of chemical stressors existing in the 

environment on the muscles of the fish to examine the possible damages caused to the 

organisms upon chronic or acute exposure It is frequently employed to observe the health 

status of the exposed fish. (Brandts et al., 2022). Histopathological findings may include 

cellular alterations such as necrosis, atrophy, apoptosis, inflammatory response, fibrosis 

etc. (Azize et al., 2017; Menke et al., 2011).  

1.17 Research Gap 

Numerous research studies have reported singular toxicological effects of sodium arsenite 

and CuO nanoplastics on zebrafish as a toxicity modal organism. However, there is a dearth 

of literature on the combined exposure of the above-mentioned pollutants sodium arsenite 

and copper oxide nanoparticles. Sodium arsenite has been reported to have caused 

combined toxicity with other pollutants such as heavy metals and organic pollutants upon 

exposure to living organisms. On the other hand, Copper oxide nanoparticles have a high 

surface area to absorb such pollutants therefore it is essential to understand its interactive 

potential towards sodium arsenite. Several research studies have reported the emergence 

of sodium arsenite and CuO nanoparticles in the aquatic environment hence it is important 

to examine their combined exposure on aquatic organisms, but little is known about their 

ecological toxicity.  It is essentially important to understand the interactive toxic effects of 

CuO-NPs and sodium arsenite on aquatic organisms due to the current lack of information 

in this regard. The present literature is not sufficient to bridge the gap concerning the 

interaction of sodium arsenite and copper oxide nanoparticles in order to determine the 

extent of their adversity once combined in different environmental matrices. Therefore, 

research should be carried out concerning joint toxicity of sodium arsenite and CuO-NPs 

to solve the mystery of the mechanisms upon interaction with each other in the environment 

and upon exposure to affected organisms.   

1.18 Problem Statement 

Presently, Arsenic (As) is considered a highly toxic element that is released into the aquatic 

environment through anthropogenic sources after its extensive use in agriculture as 



 Chapter1                                                                                             Introduction 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)  
      34 
  

pesticides, burning of fossil fuels, and mining activities. In Pakistan, As contamination is 

reported in groundwater that is used for drinking purposes, hence putting the lives of people 

at risk.  Its trivalent form (arsenite) is observed to be more toxic than its pentavalent form 

(arsenate). However, sodium arsenite is an inorganic herbicide that emerges into the 

environment after its use mostly through agricultural runoff. CuO nanoparticles is an 

emerging pollutant that can increase the toxicity of other harmful pollutants such as arsenic 

once coming into contact with them. It ends up interfering with the well-being of the fish 

and inhibiting their growth upon entering the aquatic ecosystem. Several studies have 

reported combined toxicity of various chemical mixtures to understand and evaluate the 

effects of these mixtures in aquatic ecosystems. Zebrafish is an emerging toxicity modal 

mainly used to understand the toxic effects of chemical stressors in the environment not 

only on aquatic life but also humans. As both zebrafish and humans share the same set of 

genes, it is used to carry out toxicological studies. Therefore, the toxicity studies on 

zebrafish can guide our way in understanding the complex relationship of chemicals and 

their effects on humans and other aquatic life. 

1.19 Objectives 

The aim of the present study was to understand the interactive toxicological impact of 

sodium arsenite and copper oxide nanoparticles on adult zebrafish through chronic toxicity 

tests. The objectives of this study include: 

➢ To evaluate the oxidative stress by measuring total protein levels, reactive oxygen 

species (ROS) and malondialdehyde (MDA) levels and activity of antioxidant 

enzymes superoxide dismutase (SOD) and catalase (CAT) in the gills of   zebrafish.  

➢ To examine the combined toxicity of NaAsO2 and CuO-NPs on the activity of 

acetylcholinesterase (AChE) in brain.  

➢ To analyze the impact of combined toxicity on DNA damage in liver tissue of 

zebrafish through comet assay.  

➢ To examine muscle damage by histopathological alterations in muscle tissue of 

zebrafish.  
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2.  MATERIALS AND METHODS 
2.1 Chemical and reagents 

Copper Oxide Nanoparticles 40 nm diameter [CAS: 1317-38-0; Purity 99.5 %] were 

purchased from Macklin Biochemical Co. Ltd. Sodium Arsenite [CAS;7784-46-5; Purity 

99%] was purchased from Fluka Chemika. Dimethyl Sulfoxide (DMSO) was purchased 

from Honeywell Company (Morristown, NJ, USA). Acetylthiocholine iodide [CAS: 2260-

50-6: purity: 99.0%] and Nitrotetrazolium Blue chloride (NBT) [CAS Number: 298-83-9; 

purity; 98%] were purchased from Sigma Aldrich® (Germany). Ethylenediamine tetra 

acetic acid (EDTA) [CAS: 60-00-4; purity; 99%] of Sigma Aldrich, Germany, Hydrogen 

peroxide [CAS: 7722-84-1] riboflavin [CAS: 83-88-5: purity; 98%] of Merck (Darmstadt, 

Germany) were used. All other chemicals and solvents used were of analytical grade (AG).  

2.2 Characterization of Copper Oxide Nanoparticles 

2.2.1 SEM/EDX 

The characterization of particle size and morphology was done by Scanning Electron 

Microscopy (SEM) (EV018 Carl Zeiss, Germany). The suspension of nanoparticles of 10 

mg/L was coated on a glass slide and sputtered with gold after drying. The sample was then 

observed under a high magnification scanning electron microscope prior to EDX analysis. 

2.2.2 Fourier transform infrared spectroscopy (FTIR) 

The functional groups of CuO-NPs were analyzed using Fourier Transform Infra-Red 

(FTIR) spectroscopy (FT/IR-6600typeA Spectrometer, Jasco). The mixture of dry 

nanoparticle powder and Potassium bromide (KBr) was pressed under 5000–10,000 psi in 

the dye in order to create a transparent pellet. The transmittance spectrum was attained and 

plotted within the wavenumber range of 4000 cm−1 to 400 cm−1 using OriginPro 8.5. 

2.2.3 X-ray diffraction (XRD) 

The crystalline structure of nanoparticles was characterized by X-Ray Diffraction pattern. 

The scanning was done by 2.2-kW Cu anode radiation produced by the ceramic X-ray tube 

at a wavelength of 1.54 Å. The wavelength was recorded in the range of 5°-70°. The results 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectrometer
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were cross-checked with the Joint Committee on Powder Diffraction Standards (JCPDS) 

database by using X’Pert HighScore software to confirm its crystalline structure. 

2.3 Preparation of stock solution 

The stock solutions of Copper Oxide Nanoparticles and Sodium Arsenite were prepared in 

distilled water.  

2.3.1 Sodium arsenite  

To achieve the final concentration of 300µg/L, the 100ppm stock solution of sodium 

arsenite was prepared in distilled water. Finally, 45 ml was added to the tanks with 15-

Lwater to attain the final concentration of the exposure medium. The solution of the 

required concentration was prepared through the following formula:  

C1V1=C2V2 

2.3.2 Copper oxide nanoparticles  

The stock suspension was made by adding 50mg of CuO-NPs (40 nm) in 1000 ml of 

distilled water to attain the final concentration of 50ppm. Next the suspension was 

sonicated with an ultrasonicator at 100W 40 KiloHertz for 60 minutes to disperse the 

nanoparticles before exposing the zebrafish. 300ml of this solution was added to the 

aquaria for the final concentration of 1mg/L. The solution of the required concentrations 

was prepared through the following formula.  

C1V1=C2V2 

2.4 Experimental model animals  

Adult zebrafish (AB wild-type strain, 6 months old) were maintained at Environmental 

Toxicology and Chemical Stress Ecology Lab, Quaid-i-Azam University, Islamabad. The 

fish were purchased from a local vendor in Rawalpindi. The fish were acclimatized for 14 

days in dechlorinated water. Each aquarium contained 50 individuals with aeration for 

dissolved oxygen maintained at 7 ± 1 mg/L. The photoperiod of 14:10 h light and dark was 

maintained at 27± 1 C° temperature, and pH within the range of 7.4-8.1. Optimum Betta 

was used to feed the fish daily at 5% body weight.  The fish were not placed in the aquaria 

on the basis of gender but randomly. 
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2.5 Experimental design 

For the experiment, 250 healthy fish were selected for the experiment of length (3-4 cm) 

and weight (350mg ±20) and placed in 20L tanks containing 15L of exposure medium. 

Three treatment groups were assigned in total (T1, T2 and T3). One of the tanks was kept 

as control group (C) while all the treatment groups were run in replicates. To maintain 

dissolved oxygen aerators were put in the tanks. The experiment was carried out in 

dechlorinated water whereas water quality parameters were checked and recorded on a 

daily basis.  

The experiment examined the sub-lethal toxicity effects of single and co-exposure of 

NaAsO2 and CuO-NPs on the zebrafish. Treatment 1 (T1) was NaAsO2 with the 

concentration of 300µg/L, Treatment 2 (T2) was assigned to CuO-NPs group exposed to 

1mg/L of CuO-NPs and Treatment 3 (T3) was the co-exposure group of NaAsO2 and CuO-

NPs with the concentration of 300µg/L and 1mg/L, respectively. The fish were exposed 

for 28 days while the samples were taken on 7, 14, 21, and 28 days of exposure. The water 

in the treatment tanks was changed every alternate day to ensure good quality of the water 

and maintain concentrations of the contaminants. To evaluate the sublethal effects, the test 

concentration for sodium arsenite of 300µg/L was based on a study by Hallauer et al., 2016 

that explored the toxic effects of chronic exposure of arsenic in zebrafish at the same 

concentration. Whereas for CuO-NPs Mani et al., 2019 reported sub-lethal effects at the 

same concentration used in the current study i.e. 1mg/L in adult zebrafish. The criteria for 

the test concentrations used in singular and joint exposure of sodium arsenite and CuO-

NPs in this study was based on environmental concentrations (Ali et al., 2019; Shahid et 

al., 2017; Sultana et al., 2013) and the results of the previous studies (Zhang et al., 2023; 

Sun et al., 2020). The entire experimental trial was subject to approval by Bioethics 

Committee, Quaid-i-Azam University. 
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Figure 14: Treatment plan used in the experimental setup during the 28-day exposure. 

 

At each sampling interval, four fish were taken from each treatment group and organs were 

preserved as one sample. Prior to the dissection of the fish, they were euthanized in ice-

cold water (Figure11). The organs that were obtained upon dissection included brains, 

livers, and gills (Figure12) on ice plate and further on transferred to eppendorfs with 

Phosphate Buffer Saline with pH 7.4 and immediately frozen at -80ºC. The muscles were 

cut and preserved in Neutral Buffer Formalin (NBF) at 4 ºC.  

Control 
Treatment (CT) 

Treatment 1 (T1) 

(NaAsO2 300 µg/L) 

Treatment 2 (T2) 

(CuO-NPs 1mg/L) 

Treatment 3 (T3) 

(NaAsO2 300 µg/L 
+ CuO-NPs 1mg/L) 
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Figure 15: Schematic representation for the dissection of the fish at each sampling interval 
throughout the experiment.  

 

Figure 16: Dissection process of zebrafish at each sampling interval during the experiment. 



Chapter 2                                                                                           Materials and Methods 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)  

40 
 

2.6 Phosphate buffer saline (PBS) preparation  

Phosphate buffer saline solution (PBS) was prepared from PBS tablets (CAT NO. 2810305) 

which was purchased from Bio World. The tablets were dissolved in 1000 mL distilled 

water to make 1 Liter of PBS (1 tablet/100mL).   

2.7 Neutral buffer formalin (NBF) preparation  

The preferred fixative for histopathology was 10% natural buffered formalin (NBF). The 

NBF contained 37-40% formaldehyde in an aqueous solution. It is an un-buffered solution 

and 10% from this solution was mixed with 90% distilled water to create a histological 

fixative. The pH of formalin was maintained at 3-4 and the following chemicals were used 

to prepare the formalin solution:  

• 100 ml formalin (37-40% stock solution) 

• 900ml distilled water  

• 4g Monobasic Salt (NaH2PO4) 

• 6g Dibasic Anhydrous Salt (Na2HPO4) 

These salts were mixed and stirred for ten minutes using a magnetic stirrer and the buffer 

formalin solution was stored in the refrigerator for usage.  

2.8 Homogenate preparation  

The tissues of brain, gills, and liver were homogenized using a Bertin Technologies 

Precellys Evolution Homogenizer on individual basis in 50mM potassium phosphate buffer 

with pH 7.0 in 2ml eppendorfs. The homogenizer was centrifuged at 10,000 rpm for 10 

minutes. The supernatant was removed and transferred to other eppendorfs for additional 

examination.  
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Figure 17: The Homogenizer and temperature-controlled centrifuge used for 

homogenization of the samples. 

2.9 Estimation of total protein by Bradford Method 

The total protein content of zebrafish was assessed using Bovine Serum Albumin (BSA) 

as standard and through the Sigma Bradford Method. The Bradford was purchased from 

Sigma Aldrich. Five dilutions of BSA (10, 20, 40, 60, 80 and 100µg/L) were prepared in 

the reagent. The absorbance of BSA was measured at 595nm on UV-Vis 

Spectrophotometer and standard curve was generated. The level of protein was determined 

by using BSA curve. The following equation was used to calculate the total protein content:  

Y=0.008X + 0.0097 

X= Y - 0.0097/0.008 

Where, Y stands for absorbance of the samples and X is the total protein estimation. 

2.10 Measurement of reactive oxygen species (ROS) 

The methodology employed for evaluating ROS in gills tissue of zebrafish was based on 

the protocol described by Hayashi et al. (2007). To prepare 0.1 molar sodium acetate 

buffer, 4.1g of sodium acetate was added and dissolved in 500ml of distilled water. The 

pH was maintained at 4.8 by adding 10 mg of N-Diethyl-p-phenylenediamine sulphate salt 

(DEPPD) in 100 ml of sodium acetate buffer and 50mg of Ferrous Sulphate (FeSO4) was 
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added in 10 ml of sodium acetate buffer. The solutions were then mixed in a 1:25 ratio and 

incubated in the dark for 20 minutes at room temperature. The reaction mixture in the 

cuvette contained the following:  

• 20 µ𝐿 of solution mixture 

• 1.2 mL of sodium acetate buffer 

• 20 µ𝐿 of enzyme supernatant  

The absorbance was measured at 505nm using UV-Vis Spectroscopy. Each sample 

received three readings every 15 seconds and calculated by using the following formula: 

ROS = 
(𝑺𝒂𝒎𝒑𝒍𝒆 𝑶𝑫×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝟏𝟎^𝟔)

𝑷𝒓𝒐𝒕𝒆𝒊𝒏 ×𝑺𝒂𝒎𝒑𝒍𝒆 𝑽𝒐𝒍.×𝚫𝑻𝒊𝒎𝒆×𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕 𝟏𝟓𝟔𝟎𝟎
   

 Units = nanomoles/mg protein 

Where: 

o Sample OD                        = Sample Absorbance 

o Cuvette Volume = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Volume = Volume of Enzyme Supernatant 

o Time = Measurement Time 

o 15600    =Extinction Co-efficient (M-1 cm-1) 

2.11 Measurement of Malondialdehyde (MDA) Content  

Thiobarbituric acid reactive substance assay (TBARS) was used to analyze 

malondialdehyde content in gill tissues of zebrafish using the method described by Zhang 

et al. (2013). 

Reaction mixture contained: 

• 200µL of enzyme supernatant 

• 200µL of 8.1% Sodium Dodecyl Sulfate (SDS) 

• 1500µL of 20% Acetic Acid (pH3.5) 

• 100µL of 1% Thiobarbituric Acid 

• And 1000µL distilled water 
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The resulting solution was then kept in water bath for one hour at 90°C. After that, the 

solution was cooled and centrifuged at 3000 rpm for 15 minutes. Absorbance of resulting 

mixture was measured at 532nm using UV-Vis Spectrophotometer. In the assay, mixture 

without tissue homogenate was considered as blank. The MDA content was observed as 

the content of thiobarbituric acid reactive substances nanomoles per milligram of protein. 

MDA = 
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝒌)×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝟏𝟎^𝟔)

(𝑷𝒓𝒐𝒕𝒆𝒊𝒏 ×𝑺𝒂𝒎𝒑𝒍𝒆 𝑽𝒐𝒍.×𝚫𝑻𝒊𝒎𝒆×𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕 𝟏𝟓𝟔𝟎𝟎)
  

 Units = nanomoles/mg protein 

Where: 

o ΔSample                         = Change in Sample Absorbance 

o ΔBlank = Change in Blank Sample Absorbance 

o Cuvette Volume = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Vol = Volume of Enzyme Supernatant 

o 𝚫Time = Measurement Time 

o 15600    =Extinction Co-efficient (M-1 cm-1) 

 

2.12 Estimation of Superoxide Dismutase (SOD) Activity 

Protocol described by Shao et al. (2012) were followed to measure activity of superoxide 

dismutase activity. 

Reaction mixture was 3ml that contained: 

• 50mM Phosphate Buffer (pH 7.8) 

• 100µM Ethylenediaminetetraacetic acid (EDTA) 

• 130mM Methionine  

• 750µM Nitroblue Tetrazolium Chloride (NBT) 

• 20µM Riboflavin  

• And 50µL enzyme supernatant 
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The resulting mixture was irradiated with 4000 1x fluorescent lamp for 20 minutes, and 

absorbance of the mixture was measured at 560 nm using UV-Vis Spectrophotometer 

(T80+ UV/Visible spectrometer). One unit of superoxide dismutase activity was termed as 

the enzyme quantity necessary to cause inhibition of 50% of (NBT) photoreduction rate. 

The results obtained were expressed as U/mg of protein. 

SOD = 
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝒌)×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝟏𝟎^𝟔) 

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 × 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭(𝟔.𝟐𝟐))
  

Units = U/mg protein 

Where: 

o ∆Sample                = Change in Sample Absorbance 

o ∆Blank                  = Change in Blank Sample Absorbance 

o Cuvette Vol. = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Vol. = Volume of Enzyme Supernatant 

o 𝚫 time = Measurement Time 

o 6.22  =Extinction Co-efficient (M-1 cm-1) 

2.13 Estimation of Catalase (CAT) Activity 

Catalase activity was measured following the methods used by Muazzam et al. (2019).  

Reaction mixture contains: 

• 500µL of 5.9mM H2O2  

• 1mL of 50mM Potassium Phosphate Buffer 

• 100µL of tissue homogenate 

The resulting mixture was incubated at 37°C for 15 minutes. Absorbance was noted at 

240nm. Activity of catalase was denoted in U/mg protein. 

CAT=   
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝐤)× 𝐂𝐮𝐯𝐞𝐭𝐭𝐞 𝐕𝐨𝐥.× 𝟏𝟎^𝟔) 

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 × 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 𝟒𝟑.𝟏)
     

Units = U/mg protein 

Where:  
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o ∆Sample                = Change in Sample Absorbance 

o ∆Blank                  = Change in Blank Sample Absorbance 

o Cuvette Vol. = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Vol. = Volume of Enzyme Supernatant 

o 𝚫time = Measurement Time 

o 43.1  =Extinction Co-efficient (M-1 cm-1) 

2.14 Inhibition of Acetylcholine Esterase (AChE) 

The acetylcholine esterase inhibition in zebrafish was determined by using a test for sub-

lethal toxicity. For the purpose of determining AChE inhibition, the brain tissues of 

exposed fish were dissected on an ice-cold plate and then immediately transferred to 2 mL 

Eppendorf tubes having 1.5 mL buffer formalin, and stored below -20 °C.  

            2.14.1 Determination of AChE Activity 

The AChE activity was measured by following a modified study of Ellman et al. (1961). 

The mixture contains: 

• 50μL of 0.5 mM DTNB 

• 1% Sodium Citrate 

• 650μL H2O 

• 200μL 0.5 M Phosphate buffer (pH 8.0) 

• 50μL 10 mM acetyl thiocholine iodide 

• 50μL enzyme supernatant 

 
Figure 18: Solution preparation and UV-spectroscopy for determination of AChE activity 
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Acetylthiocholine iodide was not present in the control cuvette. Enzyme activity was 

determined by reading the changes in absorbance over course of 5 minutes with readings 

taken at every minute at 412 nm on UV Spectrometer. The activity was measured using the 

following formula:  

AChE Activity = 
(𝑻𝒇− 𝑻𝒊) 

𝟎.𝟎𝟏
  

Units = U/min 

Where:  

o Tf = Final Absorbance 

o Ti = Initial Absorbance 

o 0.01= Constant (Time Constant for 1 minute) 

2.15 Analysis of DNA Damage by Comet Assay (SCGE) 

DNA damage in zebrafish liver tissues was evaluated using Single-cell gel Electrophoresis. 

In order to perform Comet Assay, the method described by Ge et al.; (2015) was employed.  

2.15.1 Reagents Preparations 

Following reagents were prepared to perform Comet Assay: 

• Low Melting Agarose (LMA) was prepared by dissolving 250 mg of LMA in 50 

ml of 1% PBS. This solution was then maintained at a low temperature in the 

refrigerator and brought to 37 °C just prior to use.  

• Normal Melting Agarose: In order to dissolve 500 mg of normal melting agarose 

in 50 ml of distilled water the solution was heated to prepare 1% NMA.  

• Lysing solution: This solution was obtained by dissolving 1.46g of NaOH (2.5M), 

37.2g of EDTA (100M), and 1.2g of Trizma base (100M) in distilled water and 

increasing the volume to 890ml. The pH was adjusted at 10.0 with HCl or NaOH 

and the final volume was increased to 1000 ml. The final lysing solution was 

prepared by combining already prepared suspension with 10% DMSO and 1% 

Triton X. The final solution must be chilled for 30 minutes, prior to making slides. 
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• Electrophoresis buffer: The electrophoresis buffer contains 0.5 ml of EDTA (200 

mM) and 30 ml of NaOH in 1000 ml of distilled water. The pH was kept basic 

(>13).  

• Neutralization buffer: A pH of 7.5 was attained by dissolving 48.5g of 0.4 M tris in 

1000ml of distilled water, and the mixture was stored at room temperature. 

• Staining solution: 50ml of distilled water was used to dissolve 10mg of ethidium 

bromide in the staining solution.  

• PBS buffer: 990 ml of phosphate buffer saline was prepared, and the volume was 

raised to 1000 ml when the pH was set at 7. 

2.15.2 Slides Preparation 

The slides were cleaned with methanol prior to use and then burned in order to disinfect 

them. The slides were then coated with NMA, 200 µL of LMA and cell suspension were 

pipetted. After the first layer of LMA solidified, the second one (85 µL) was added. Slides 

were then immersed in lysis solution and chilled for 120 minutes while being kept in the 

dark following the fixation of the second layer. 

2.15.3 Electrophoresis  
After two hours, the slides were removed from the lysis solution and placed in the 

horizontal gel apparatus. Slides were dipped into a previously made buffer solution. Power 

at 24 volts was provided for 30 minutes whilst waiting for the DNA to uncoil. After that, a 

neutralizing buffer was applied to the slides. The same steps were taken twice. 80 liters of 

1X ethidium bromide was used for staining, and cover slips were put over the plates. 

2.15.4 Slides Visualization 

To analyze DNA damage, a fluorescent microscope (Nikon, 40X) was used. The software 

CASP 1.2.3.b was useful in assessing the degree of DNA damage. DNA migration from 

head to tail was assessed in each sample, which contained between 50 and 100 cells. 

Comparing each cell's DNA transfer and the proportion of cells with a high DNA fragment 

migration ratio allowed for the mounting of results. 
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2.16 Evaluation of Tissue Histopathology 

The skeletal muscle tissues were examined for histological alterations. Fish were dissected 

and skeletal muscle was cut out in each sampling interval. They were immediately 

transferred into 2mL Eppendorf tubes with 1.5 mL of NBF. Samples were kept at 4°C until 

further analysis was done.  

2.16.1 Hematoxylin and Eosin (H and E) Staining of Skeletal Muscle  

Using the Hematoxylin and Eosin staining technique, the histopathological alterations in 

the muscle tissues following exposure to CuO, Sodium Arsenite and co-exposure were 

analyzed. Fixation, dehydration, embedding, slide preparation, staining, and microscopy 

are some of the steps. The obtained tissues were washed and rinsed with a saline solution 

containing 0.75% NaCl. Sections of the tissues were cut into 4–6-micron thick pieces, 

embedded in paraffin wax, fixed in aqueous Bouins solution for 24 hours, processed in a 

graded series of alcohols, cleaned in xylene, stained with hematoxylin eosin, and dissolved 

in 70% alcohol (Hampton et al., 1985). An Olympus-CX41 light microscope was used to 

analyse histopathological lesions on slides at a 1000X magnification, and a TUCSEN 

digital camera was used to take pictures of the liver and gill tissues (Model: ISH500).  

 

Figure 19:Examination of histopathological alteration on light microscope (Olympus-CX41) 
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2.17 Statistical Analysis  

The studies were run in triplicate for each tested concentration (treatment), and the 

calculations considered the means and standard deviations. Statistical analysis was 

performed on all experimental data via IBM SPSS Statistics, version 21.0. (SPSS Inc., 

USA). Three replicates mean (n=3) and standard deviation are used to express the data 

(SD). One-way analysis of variance (ANOVA) was done to determine the statistical 

differences between treatment and control groups. Means were separated using the Tukey’s 

Post-Hoc comparison test. The p-value of 0.05 being considered significant.
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3. RESULTS 
 

The current study was carried out for a period of 28-days, during which we investigated 

the individual and joint toxicity of sodium arsenite (NaAsO2) and copper oxide 

nanoparticles (CuO-NPs) on adult zebrafish. The nanoparticles used in this study were 

characterized to assess the surface morphology, elemental composition, spectral peaks, 

and x-ray diffraction. Furthermore, water quality parameters were measured continuously 

throughout the experiment. The fish samples were collected at specific intervals (7, 14, 

21, and 28 days) and analyzed to determine total protein, oxidative stress markers 

including reactive oxygen species (ROS) and malondialdehyde content (MDA) and 

antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) in the gills. 

Moreover, functional neuromarker acetylcholinesterase (AChE) was assessed in the brain 

and DNA damage was evaluated in the liver. Histopathological alterations were examined 

in the skeletal muscles of the fish. The results of the present study are presented and 

explained in this section.  

3.1 Characterization of Copper Oxide Nanoparticles (CuO-NPs) 

3.1.1 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 

The surface morphology of the CuO-NPs was observed to be a rice-grained shaped 

structure as examined by scanning electron microscopy (SEM). The size of the 

nanoparticles ranged between 50 to 100nm as revealed by SEM analysis. The purity and 

chemical composition of the synthesized materials was confirmed by the energy dispersive 

spectra of the sample. Despite minor impurities, the strong peaks of Copper (Cu) and 

Oxygen (O) indicate high purity of nanoparticles. Furthermore, sharp, and narrow peaks 

showed the highly crystalline nature of the CuO-NPs. The CuO-NPs were found to be 

homogenous in nature and showed aggregation with slight irregularity. The calculated 

weight percentage for copper was 71.4% whereas for oxygen it was found to be 20.9%. 

The SEM image of CuO-NPs has been shown in Figure 19.  
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Figure 20: (A) Scanning Electron Micrograph of Copper Oxide (CuO) Nanoparticles; 
(B) EDX of Copper Oxide Nanoparticles  
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3.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 

The FT-IR spectral peak of CuO-NPs fell in the range of 4000–400 cm−1 (see Figure. 21). 

The broad spectral band at 3421.1 cm−1 corresponds to OH stretching of the O-H hydroxy 

group. This characteristic of absorbed water molecules on nanocrystalline may be due to 

their large surface area. The sharp peak at 1112.72 cm−1 corresponds to C-N stretching 

vibrations of the amine group. The intense peaks at 597.82, 524.54 and 512.97 cm−1 

attributed to the stretching vibrations of Cu (II)-O bonds. There is sharp peak observed at 

512 cm-1 in the spectrum CuO nanoparticles which is due to the Cu-O bond formation. 

 

Figure 21: FT-IR Spectrum of Copper Oxide Nanoparticles. Intense peaks indicate purity 
of the nanostructures. 

3.1.3 X-Ray Diffraction (XRD) 
The X-ray diffraction pattern showed crystalline structure of CuO-NPs used in the current 

study as shown in figure 22. The XRD pattern exhibited intense peaks at 35.5°, 38.6°, 



Chapter 3                                                                                                                  Results 

 
Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                 52 

48.8°, 53.5°, 58.2°, 61.5°, 66.3°, 68° positions corresponding to (002), (111), (202), (020), 

(202), (113), (311) and (113) planes of the monoclinic crystal system CuO-NPs (JCPDS 

card no. 45-0937) (Ahamed et al., 2014). Lack of impurity peaks indicates high quality of 

CuO-NPs. 

 

Figure 22: XRD Pattern of Copper Oxide Nanoparticles 

3.2 Water Quality Parameters 

In present studies the parameters such as pH, electrical conductivity (EC), temperature, 

dissolved oxygen (DO) and total dissolved solids (TDS) were analyzed at different 

intervals randomly over the experiment period of 28 days. A slight difference has been 

observed in the TDS and EC values of control and exposed treatment groups. The values 

for pH ranged between 7.37 and 7.45. Mean values of temperature and electrical 

conductivity were found to be 25ºC and 375 µS/cm, respectively.  Whereas, TDS and DO were 

266.5 mg/L and 6.75 mg/L, respectively.  The values of all parameters were found in the 

optimum range suggested for zebrafish maintenance in the laboratory by Avdesh et al. 

(2012).
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Table 5: Physicochemical parameters of aquarium water exposed to different treatment groups over 28 days of experiment. 

Treatments  Temperature (C°) EC (µS/cm) TDS (mg/L) DO (mg/L) pH 
 

Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean 

CT 23.3 26.9 25.1 367 388 377.5 257 276 266.5 6.2 7 6.6 7.26 7.5 7.38 

T1 23.3 26.8 25.05 358 389 373.5 253 273 263 6.2 7.3 6.75 7.14 7.6 7.37 

T2 23.4 27.5 25.45 365 382 373.5 257 272 264.5 6.1 7.2 6.65 7.2 7.7 7.45 

T3 23.2 26.8 25 358 382 370 255 272 263.5 6 7.1 6.55 7.2 7.7 7.45 

 

CT: Control 

T1:NaAsO2 (300µg/L) 

T2: CuO-NPs (1mg/L) 

T3: NaAsO2  (300µg/L) + CuO-NPs (1mg/L)
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3.3 Total Protein Estimation 

Total protein (TP) content is an essential biochemical parameter used to estimate the 

adverse effects of toxic pollutants in aquatic organisms (Kayhan et al., 2022).  

3.3.1 Calibration curve for total protein estimation using Bovine Serum Albumin  

Bovine Serum Albumin (BSA) solution was used to prepare serial dilutions as standards 

(Table 7). Absorbance was recorded at 595 nm and the values were used to plot a standard 

calibration curve (Fig 23) for estimating the total protein values in unknown samples. 

Table 6: Absorbance for Bovine Serum Albumin (BSA) standards. 

BSA Standard Dilutions  

(mg/L = µg/mL) 

Absorbance at 595 nm 

0 0 

10 0.019 

20 0.028 

40 0.048 

60 0.059 

80 0.071 

100 0.081 

 

 
Figure 23: Standard Calibration Curve for Total Protein Estimation in Danio rerio gill 

samples at 595 nm. 
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3.4 Total Protein Content in Zebrafish Gills 

Total protein content was measured in zebrafish gills to evaluate oxidative stress during 

the experiment. Across all sampling intervals, CT (control) had the highest evaluated total 

protein content than the treatment groups T1 (NaAsO2), T2 (CuO-NPs) and T3 

(NaAsO2+CuO-NPs).  On day 7, 14 and 28 of exposure, sampling intervals, CT (control 

group) showed highest total protein content compared to exposed groups at a significant 

difference at the order CT>T2>T1>T3. However, a different trend was observed after 21 

days of exposure with CT and T2 showing the highest and lowest total protein content at 

a significant difference, respectively. Treatment groups T1 and T3 showed no significant 

difference (p > 0.05). The estimated total protein content has been plotted in a graph 

shown in Figure 24.  

Table 7: Assessment of Total Protein content in Danio rerio exposed to singular and joint 

toxicity of NaAsO2 and CuO-NPs. 

Treatments 

 

Exposure Days 

D7 D14 D21 D28 

CT (Control) 15.1±1.1ᵅ 15.4±0.95ᵅ 15.7±0.90ᵅ 15.9±1.1ᵅ 

T1 (NaAsO2) 13.5±0.9ᶜ  13.5±1.05ᶜ 13.33±1.05ᶜ 13.6±0.9ᶜ 

T2 (CuO-NPs) 14.3±0.95ᵇ 14.6±0.9ᵇ 14.8±0.7ᵇ 14.8±0.95ᵇ 

T3 (NaAsO2+CuO-NPs) 12.8±1.1ᵈ 12.86±0.65ᵈ 13.1±0.9ᶜ 13.2±1.1ᵈ 
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Figure 24: Total protein levels in Danio rerio gills after single and joint exposure to 

NaAsO2+ CuO-NPs. Treatments are presented as following; CT: Control, T1: NaAsO2, T2: 

CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent mean ± SD of triplicates 

(n=3). Significant difference (p<0.05) in treatments is denoted by lowercase alphabet. 

3.5 Oxidative Parameters 

The reactive oxygen species levels and malondialdehyde content were measured in order 

to analyze the oxidative induced in zebrafish upon exposure to low doses of NaAsO2 and 

CuO-NPs in a time dependent manner as shown in Figures 29 and 30.  

3.5.1 Reactive Oxygen Species 

Reactive oxygen species (ROS) was measured in zebrafish gills to evaluate oxidative stress 

during the experiment. Across all sampling intervals, CT (control) had the lowest evaluated 

reactive oxygen species than the treatment groups T1 (NaAsO2), T2 (CuO-NPs) and T3 

(NaAsO2+CuO-NPs).  On day 7 of exposure, all the treatment groups were significantly 

higher than CT whereas T1 and T3 were significantly different from each other. However, 

T2 was not significantly different than T1 and T3 (p<0.05). At 14-day and 21-day interval, 

CT was significantly lower than the treatment groups whereas T3 showed highest levels of 

ROS than T1 and T2 that were not significantly different compared to each other. On the 

28th day of exposure, T3 was significantly highest among other treatment groups. In this 

interval, T2 was significantly lower than T3 and T1 but had higher levels of reactive oxygen 
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species than CT as shown in figure 25. The trend was similar during the experiment with 

CT showing lowest levels of reactive oxygen species compared to the treatment groups 

hence exhibiting an increasing order CT<T2<T1<T3 in a significant fashion (p<0.05).  

Table 8: Assessment of Reactive Oxygen Species in Danio rerio gills exposed to singular 

and joint toxicity of NaAsO2 and CuO-NPs. 

Treatments 
Exposure Days 

D7 D14 D21 D28 

CT (Control) 21.11±0.93ᶜ 23.86±0.90ᶜ 25.87±1.06ᶜ 23.70±1.22ᵈ 

T1 (NaAsO2) 31.38±1.49ᵇ 33.16±0.94ᵇ 34.24±1.41ᵇ 36.64±1.03ᶜ 

T2 (CuO-NPs) 28.25±1.07ᵅᵇ 31.59±1.18ᵇ 31.85±1.06ᵇ 33.53±1.07ᵇ 

T3 (NaAsO2+CuO-NPs) 33.64±1.10ᵅ 36.97±1.49ᵅ 38.56±0.87ᵅ 40.66±0.96ᵅ 

 

 

Figure 25: Levels of reactive oxygen species in Danio rerio gills following single and joint 

exposure to NaAsO2 and CuO-NPs. Treatments are presented as following; CT: Control, 

T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent mean ± 

SD of triplicates (n=3). Significant difference (p<0.05) in treatments is denoted by 

lowercase alphabet. 
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3.5.2 Malondialdehyde Content (MDA)  

The Malondialdehyde levels were analyzed in gills of zebrafish to estimate the oxidative 

damage induced in CT (control) and T1 (NaAsO2), T2 (CuO-NPs) and T3 (NaAsO2+CuO-

NPs) the treatment groups to measure significant difference between them (p<0.05). At 

first interval i.e., after 7 days exposure, CT was significantly different from T1 and T3 but 

T2 showed no significant variance in this interval (p<0.05). Treatment group T3 was 

significantly higher than T2 however there was no significant difference between T1 and 

T2. In the second interval of 14 days of exposure, T1 and T3 were not significantly different 

but showed significantly higher MDA content than T2 and CT with T2 being significantly 

different to CT. In the last two intervals of 21 and 28 days of exposure, a similar trend was 

observed with T3 and CT showing the highest and lowest MDA content in a significant 

manner, respectively (Figure 26). Treatment T2 was lower than both T1 and T4 but higher 

than CT with significant difference (p<0.05). The evaluated values showed the order 

CT<T2<T1<T3 throughout the experiment. The values for MDA content have been plotted 

in a graph shown in figure 26.  

Table 9: Assessment of Malondialdehyde levels in Danio rerio gills exposed to singular 

and joint toxicity of NaAsO2 and CuO-NPs. 

Treatments Exposure Days 
D7 D14 D21 D28 

CT (Control) 13.20±1.02ᶜ 13.49±1.03ᶜ 14.82±0.59ᵈ 15.08±0.70ᵈ 

T1 (NaAsO2) 17.56±0.96ᵅᵇ 19.50±0.83ᵅ 20.71±1.02ᵇ 22.40±1.08ᵇ 

T2 (CuO-NPs) 15.44±0.76ᵇᶜ 16.75±0.47ᵇ 17.59±0.58ᶜ 18.70±1.30ᶜ 

T3 (NaAsO2+CuO-NPs) 19.69±0.92ᵅ 20.47±1.14ᵅ 23.65±1.16ᵅ 25.75±1.28ᵅ 
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Figure 26:  Malondialdehyde levels in Danio rerio gills following single and joint 

exposure to NaAsO2 and CuO-NPs. Treatments are presented as following; CT: Control, 

T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent mean ± 

SD of triplicates (n=3). Significant difference (p<0.05) in treatments is denoted by 

lowercase alphabet. 

3.6 Antioxidant Defense System 

The superoxide dismutase and catalase levels were measured in order to analyze the 

antioxidant defense system in zebrafish upon exposure to low doses of NaAsO2 and CuO-

NPs in a time dependent manner as shown in figure 29 and figure 30.  

3.6.1 Superoxide Dismutase (SOD)  
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In the first interval on day 7 of exposure, there was no significant difference in CT and the 

treatment groups however T3 was significantly lowest in the treatment groups (p<0.05). 

On day 14 of exposure, there was no significant difference in SOD activity in CT, T1 and 

T2 whereas T3 showed the lowest SOD activity in a significant manner (shown in figure 
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was observed that CT and T3 showed the highest and lowest SOD activity, respectively. 

The order observed in this case was CT>T2>T1>T3. The complete SOD activity across the 

sampling intervals has been plotted in a graph shown in Figure 27. 

Table 10: Assessment of superoxide dismutase activity in Danio rerio gills exposed to 

singular and joint toxicity of NaAsO2 and CuO-NPs. 

Treatments 
                                          Exposure Days 

D7  D14  D21 D28 

CT (Control) 25.39±1.40ᵅᵇ 25.37±1.09ᵅ 24.99±1.54ᵅ 26.75±0.95ᵅ 

T1 (NaAsO2) 27.71±1.27ᵅ 23.50±1.30ᵅ 16.50±0.90ᶜ 14.50±0.90ᶜ 

T2 (CuO-NPs) 27.47±1.21ᵅ 24.73±1.33ᵅ 20.34±1.29ᵇ 20.60±0.67ᵇ 

T3 (NaAsO2+CuO-NPs) 22.52±0.66ᵇ 18.06±1.19ᵇ 12.44±0.70ᵈ 11.42±0.92ᵈ 

 

 

Figure 27: Superoxide dismutase activity in Danio rerio gills following single and joint 

exposure to NaAsO2 and CuO-NPs. Treatments are presented as following; CT: Control, 

T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent mean ± 

SD of triplicates (n=3). Significant difference (p<0.05) in treatments is denoted by 

lowercase alphabet. 
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3.6.2 Catalase (CAT)  

The CAT activity in each interval has been shown in Figure 28. The catalase (CAT) activity 

was estimated to evaluate the antioxidant system in gills of the zebrafish in CT (control), 

T1 (NaAsO2), T2 (CuO-NPs) and T3 (NaAsO2+CuO-NPs) the treatment groups to measure 

significant difference between them. At the 7-day and 14-day sampling there was no 

significant difference between CT and treatment group T2 however T1 and T3 were 

significantly different in this matter. Whereas treatment group T3 showed the lowest CAT 

activity than T2 at statistical significance(p<0.05). After 21 days of exposure, CT showed 

significantly highest CAT activity than the treatment groups. The treatment groups in this 

interval were not significantly different but T3 showed the lowest CAT activity than T1 

and T2 as shown in figure 28. After 28 days of exposure, CT and the treatment groups 

showed significant variance. In this interval, a decreasing trend in CAT activity was 

observed in the order CT>T2>T1>T3.  

Table 11: Assessment of Catalase activity in Danio rerio gills exposed to singular and 
joint toxicity of NaAsO2 and CuO-NPs. 

Treatments 
                                          Exposure Days 

D7  D14  D21 D28 

CT (Control) 36.65±0.91ᵅ 35.41±1.54ᵅ 35.66±1.70ᵅ 36.2±1.31ᵅ 

T1 (NaAsO2) 29.46±1.72ᵇ 27.71±1.50ᵇ 25.25±1.25ᵇᶜ 22.23±1.25ᶜ 

T2 (CuO-NPs) 34.48±1.10ᵅ 32.98±1.35ᵅ 28.32±1.23ᵇ 26.43±1.23ᵇ 

T3 (NaAsO2+CuO-NPs) 24.75±1.34ᶜ 23.21±1.20ᶜ 22.21±1.20ᶜ 18.78±1.21ᵈ 
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Figure 28: Catalase activity in Danio rerio gills following single and joint exposure to 

NaAsO2 and CuO-NPs. Treatments are presented as following; CT: Control, T1: NaAsO2, 

T2: CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent mean ± SD of 

triplicates (n=3). Significant difference (p<0.05) in treatments is denoted by lowercase 

alphabets.    

3.7Acetylcholinesterase Activity (AChE)  

The activity of acetylcholinesterase was evaluated in the brain tissues of zebrafish exposed 

for 7, 14, 21 and 28 days from all treatment groups. The continuous inhibition in AChE 

activity was observed in a time dependent manner. AChE activity was significantly higher 

in CT (control) compared to the treatment groups at each sampling interval during the 

experiment. The inhibition of AChE was significantly higher in T1 (NaAsO2), T2 (CuO-

NPs) and T3 (NaAsO2+CuO-NPs) than CT (control) at each interval during the experiment 

(p<0.05). At each sampling interval, there was significant inhibition of AChE activity in 

each treatment group with the highest decline in T3 as shown in figure 29. The trend of 

inhibition of AChE remained similar throughout the experiment. Furthermore, among the 

treatment groups, T2 showed the lowest inhibition of AChE compared to other treatment 

groups in a significant manner. The order of AChE activity was found to be CT> T2 > 

T1>T3 at each interval. AChE activity for the experiment is shown in Figure 29. 
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Table 12: Assessment of Acetylcholinesterase activity in Danio rerio gills exposed to 

singular and joint toxicity of NaAsO2 and CuO-NPs. 

Treatments Exposure Days 

D7  D14  D21 D28 

CT (Control) 26.36±0.41ᵅ 25.53±0.85ᵅ 24.83±0.65ᵅ 26.38±0.67ᵅ 

T1 (NaAsO2) 18.83±0.41c 17.61±0.94ᶜ 16.53±0.85ᶜ 14.53±0.94ᶜ 

T2 (CuO-NPs) 23.88±0.80ᵇ 22.93±0.49ᵇ 22.66±0.86ᵇ 21.13±1.13ᵇ 

T3 (NaAsO2+CuO-NPs) 14.45±0.82ᵈ 14.26±0.72ᵈ 12.96±0.70ᵈ 11.71±1.08ᵈ 

 

 

Figure 29: Acetylcholinesterase activity in brain tissues of Danio rerio upon single and 

joint exposure to NaAsO2 and CuO-NPs. Treatments are presented as following; CT: 

Control, T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent 

mean ± SD of triplicates (n=3). Significant difference (p<0.05) in treatments is denoted by 

lowercase alphabets. 

3.8 DNA Damage Assessed by Comet Assay  

To assess the DNA damage in zebrafish upon exposure to NaAsO2 and CuO-NPs in CT 

(control) and the treatment groups T1 (NaAsO2), T2 (CuO-NPs) and T3 (NaAsO2+CuO-
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decrease in head length was observed across all treatments (T1, T2, and T3), whereas tail length 

increased as a result of damaged DNA migrating from the head to the tail. At all sampling intervals, 

DNA in the head ranged between 83.95% and 86.07% in all control groups however it decreased 

gradually in the treatment groups. Furthermore, the DNA percentage in the tail increased steadily 

across all treatment groups with T3 showing the highest percentage compared to all treatment 

groups after 28 days of exposure. In the control group, the DNA percentage in the tail remained 

between 13.92% and 16.09% at each sampling interval. 

Table 13: DNA damage assessment in liver tissue of Zebrafish by comet assay parameters. 

Treatment 
Groups 

Comet 
length 
(µm) 

Head 
length 
(µm) 

Tail 
length 
(µm) 

% DNA 
in head 

% DNA 
in tail 

Tail 
moment 

(µm) 
                                           Day 7 
CT 41.2±3.0 35.3±2.2 5.9±0.8 85.67±4.2 14.32±3.1 0.11±0.03  

T1 41.5±2.2 34.8±3.0 6.1±0.7 85.08±3.9 14.91±2.2  0.11±0.03  

T2 40.9±2.8 34.8±3.0 6.1±0.7 85.08±3.9 14.91±2.2  0.11±0.03  

T3 39.8±3.2 33.1±2.8 6.7±1.0 83.16±3.7 16.84±1.7  0.13±0.04  

       Day 14 

CT 39.5±2.7 34.0±2.8 5.5±0.7 86.07±3.3 13.92±1.3  0.10±0.03 

T1 42.1±2.8 35.3±2.5 6.8±1.3 83.84±2.9 16.15±4.1  0.17±0.05  

T2  39.1±2.9 33.7±3.2 5.4±1.2 86.18±3.1 13.81±1.8  0.11±0.03  

T3 40.7±3.2 31.8±2.3 8.9±1.1 78.13±3.7 21.86±2.1  0.21±0.07  
       Day 21 

CT 40.3±3.3 34.2±2.7 6.1±1.3 84.86±3.2 15.13±2.1  0.11±0.03  

T1 41.2±3.0 29.7±3.0 11.5±1.2 72.08±3.2 27.91±2.9  0.24±0.15 

T2 39.2±2.7 30.7±2.9 8.5±1.7 78.31±3.1 21.68±2.8  0.15±0.03  

T3 42.2±2.8 27.9±3.1 14.3±1.6 66.11±3.9 33.88±2.7  0.39±0.06  
      Day 28 

CT 39.9±3.1 33.5±2.9 6.4±1.8 83.95±3.9 16.09±1.7  0.13±0.05  

T1 42.1±3.5 27.3±3.3 14.8±1.5 64.22±3.1 35.77±3.2  0.48±0.22 

T2 40.3±2.7 30.2±3.1 10.1±1.5 74.93±3.1 25.05±1.8  0.17±0.02  

T3 40.7±2.7 23.2±3.8 17.5±2.0 57.09±4.2 42.10±3.1  0.98±0.12  
 
CT: Control; T1: NaAsO2 (300µg/L); T2: CuO-NPs (1mg/L); T3: NaAsO2  (300µg/L)+CuO-NPs (1mg/L) 
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3.8.1. Tail Moment 

Tail moment (TM) was measured in zebrafish liver to assess DNA damage in CT (control), 

T1 (NaAsO2), T2 (CuO-NPs) and T3 (NaAsO2+CuO-NPs) by measuring significant 

difference (p<0.05) at each interval during the experiment. In the first two sampling 

intervals, no significant differences in tail movement between the treatment groups and CT 

were observed. Whereas, after 21 days of exposure, tail movement in T3 increased 

significantly compared to CT and T2, however T1 was not significantly different than T2 

and T3. At 28-day interval, treatment T3 was the highest among other treatment groups 

and CT at a statistically significant variance (Figure 30). Treatment T1 was significantly 

different than CT but showed no significant difference compared to T2. Tail moment in 

liver tissues across all sampling intervals has been shown in figure 30 and 31.  

 

Figure 30: Tail moment in liver tissues of zebrafish upon single and joint exposure to 

NaAsO2 and CuO-NPs. Treatments are presented as following; CT: Control, T1: NaAsO2, 

T2: CuO-NPs, and T3: NaAsO2+ CuO-NPs. Vertical bars represent mean ± SD of 

triplicates (n=3). Significant difference (p<0.05) in treatments is denoted by lowercase 

alphabets. 
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Figure 31: Fluorescence photomicrographs of DNA damage in Danio rerio liver following 

single and joint exposure to NaAsO2 and CuO-NPs. Treatments are presented as following; 

CT: Control; T1: NaAsO2; T2: CuO-NPs; and T3: NaAsO2+ CuO-NPs. 

3.9 Histopathological Changes in Skeletal Muscle of Zebrafish 

The histology of zebrafish skeletal muscles was examined in CT (control) and the treatment 

groups T1 (NaAsO2), T2 (CuO-NPs) and T3 (NaAsO2+CuO-NPs). The histological 

examination showed normal morphology of the muscles of the control groups along with 

the nucleus at the periphery of the fibers at all sampling intervals. However, during the first 

sampling interval, necrosis was observed in T1, splitting of muscle fibers was observed in 

T2 and degeneration of muscle fibers was found in T3 as shown in figure 32. Treatment 

group T1 showed segmental necrosis after 14 days of exposure. Furthermore, treatment 

group T2 showed degeneration of muscle fibers whereas treatment group T3 showed 

splitting of muscle fibers (Figure 33). At 21-days, segmental necrosis and shortening of 
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fiber size were observed in treatment groups T1 and T2, respectively. Whereas, splitting of 

muscle fibers was observed in treatment group T3 (Figure 34). After 28 days of prolonged 

exposure severe muscle damage was observed in all treatment groups as shown in figure 

35. Treatment T1 showed segmental necrosis in muscle fibers. Whereas, the shortening 

and degeneration of muscle bundles were observed in T2, and the splitting of muscle fibers 

was found in T3. 

 

Figure 32: Photomicrographs of zebrafish skeletal muscle after 7 days of exposure at 40x 
magnification. CT: Control Treatment, T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ 
CuO-NPs. 
N → represents the Nucleus located at the periphery of muscle fibers 
SNM → represents Segmental Necrosis in muscle fiber 
Ne → represents Necrosis 
D → represents Degeneration in muscle bundles 
S → represents the Splitting of muscle fibers 
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Figure 33: Photomicrographs of zebrafish skeletal muscle after 14 days of exposure at 40x 
magnification. CT: Control Treatment, T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ 
CuO-NPs.   

N → represents the Nucleus located at the periphery of muscle fibers 
SNM → represents Segmental Necrosis in muscle fiber  
Ne → represents Necrosis 
D → represents Degeneration in muscle bundles  
S → represents the Splitting of muscle fibers 
       
         

 

 

 



Chapter 3                                                                                                                  Results 

 
Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                 69 

 

Figure 34: Photomicrographs of zebrafish skeletal muscle after 21 days of exposure at 40x 
magnification. CT: Control Treatment, T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ 
CuO-NPs.    

 

N → represents the Nucleus located at the periphery of muscle fibers 
SNM → represents segmental Necrosis of muscle fiber 
Ne → represents Necrosis 
D → represents Degeneration in muscle bundles 
SMF → represents the Shortening of fiber size with overall reduction 
SNM → represents segmental necrosis of muscle 
S → represents the Splitting of muscle fibers 
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Figure 35: Photomicrographs of zebrafish skeletal muscle after 28 days of exposure at 40x 
magnification. CT: Control Treatment, T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ 
CuO-NPs. 

         
N → Nucleus located at the periphery of muscle fibers 
SNM → Segmental Necrosis of muscle fiber 
Ne → represents Necrosis 
D → represents degeneration in muscle bundles 
SMF → shows the shortening of fiber size with overall reduction 
S → represents the Splitting of muscle fibers. 
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Figure 36: Photomicrographs of zebrafish skeletal muscle across all sampling intervals at 
40x magnification. CT: Control Treatment, T1: NaAsO2, T2: CuO-NPs, and T3: NaAsO2+ 
CuO-NPs. 
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4. DISCUSSION 
 

4.1 Characterization of Copper Oxide Nanoparticles 

Copper oxide nanoparticles (CuO-NPs) have been extensively reported to be more toxic 

than their bulk counterparts. To understand toxicological effects of CuO-NPs, it is 

important to understand the characterization of these nanoparticles, their routes of 

exposure and mechanism or pathways involved in their toxicity (Naz et al., 2020; Chang 

et al., 2012). Nanoparticles can cause toxicity through various mechanisms, but it is 

mostly a function of their physical and chemical characteristics such as size, shape, and 

chemical composition (Sukhanova et al., 2018).  

The CuO-NPs utilized in the present study ranged between 50-100nm in size and showed 

structures resembling rice grains that assembled into aggregates, as exhibited by scanning 

electron microscope (SEM) as shown in Figure 20. Likewise, this morphology of CuO-

NPs has previously been reported in studies by Ananth et al. 2015 and Sukumar et al. 

2020. Previously, aggregation and agglomeration tendency of CuO-NPs from the same 

manufacturer have been observed by multiple authors (Ślosarczyk et al., 2023). The 

absence of uniformity in size or shape can be attributed to improper control on 

nanoparticle growth during synthesis such as capping agent, however when surfactants 

are absent, nanoparticles form aggregates to reduce Gibb’s free energy (Sonnahalli and 

Chowdhary, 2020; Wang et al., 2002). The elemental composition assessed by energy 

dispersive x-ray (EDX) exhibited prominent peaks of copper (Cu) and oxygen (O) with 

weight percentages 71.4 and 20.9%, respectively, as shown in Figure 20. The presence of 

sharp and narrow peaks indicates high crystallinity of CuO-NPs (Sabeena et al., 2022; 

Sukumar et al., 2020).  

Fourier Transform Infrared (FT-IR) Spectroscopy can detect the presence of any surface 

biomolecules or functional groups present on the nanoparticles (Sukumar et al., 2020; 

Badaway et al., 2021). Sharp peaks at 512.97, 52454 and 597.82 cm-1 are characteristic of 

pure CuO nanostructure formation (Hemalatha and Makeswari, 2017; Quirino et al., 

2018), which also suggests the presence of a monoclinic phase (Luna et al., 2015). This 

is also in agreement with x-ray diffraction (XRD) results, which indicate the formation of 

CuO in Tenorite phase with monoclinic crystal system, with characteristic peaks indexed 
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according to JCPDS card No: 045-0937 (Zedan et al., 2018). No additional peaks were 

observed for commonly occurring impurities (Cu2O or Cu (OH)2), suggesting high purity 

(Buledi et al., 2020).  

4.2 Water Quality Parameters 

The growth and maintenance of fish in its external environment depends on the quality and 

physicochemical factors of water that hold a variety of effects on the biotic elements of an 

aquatic environment (Adeogun et al., 2005). The physicochemical parameters pH, EC, 

Temperature, DO, and TDS were monitored and checked at random intervals throughout 

the experiment and no significant differences were observed in the mean values of these 

parameters in control and treatment groups. The values obtained fell in the optimum range 

reported by Avdesh et al. (2012) for the maintenance of zebrafish in the laboratory.  

4.3 Total Protein (TP) 

Total protein (TP) content is a biomarker to critically analyze cellular disturbances caused 

in various organisms in response to chemical stressors in toxicological studies 

(Shahsavani et al., 2009). Changes in total protein levels can occur due to reduced 

capacity of protein synthesis, and over-consumption of nutritional values due to stressful 

cellular conditions as a result of a toxicity test (Patriche et al., 2011). In the current study, 

total protein levels declined upon singular and joint toxicity of sodium arsenite (NaAsO2) 

and copper oxide nanoparticles (CuO-NPs). Previously, a study by Tuncsoy and Erdem 

(2021) reported reduction in total protein content in trout Oreochromis niloticus exposed 

to CuO-NPs. Furthermore, NaAsO2 reduced total protein levels in zebrafish larvae 

(Perumal et al., 2021). Reduction in total protein levels can be attributed to the 

consumption of protein content as substitute energy source to meet energy requirements 

in exposed fish due to cellular destruction. The appetite is reduced in exposed fish that 

further reduces serum protein values (Raza et al., 2021). 

4.4 Oxidative Stress 

Evaluation of oxidative stress in zebrafish will help understand the toxicological pattern of 

NaAsO2 and CuO-NPs. Reactive Oxygen Species (ROS) are redox products that initiate 

oxidative stress in cells upon exposure to chemical stressors. Through excessive 

accumulation of ROS in cells, an imbalance occurs in the antioxidant defense system that 
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further propagates oxidative stress in the organism (Schieber and Chandel, 2014). 

Malondialdehyde (MDA) is produced as a result of lipid peroxidation as lipids are easily 

oxidized by ROS causing damage to cellular structures such as mitochondria, endoplasmic 

network etc. (Lu et al., 2014).  The increase in ROS levels and MDA content in an organism 

can cause toxic modifications to ribonucleic acids, proteins and lipids as free radicals 

therefore damaging cellular processes (Hallauer et al., 2016). In our study, the exposure of 

sodium arsenite (NaAsO2) and copper oxide nanoparticles (CuO-NPs) caused a significant 

increase in the ROS levels and MDA content as compared to the control group. Arsenic is 

widely known to induce oxidative stress in various organisms. The significant increase in 

ROS levels and MDA content can be due to the continuous exposure to NaAsO2 till the 

end of the exposure. Our results were in accordance with a study by Sarkar et al. (2014) in 

which Arsenite (AsIII) caused excessive oxidative stress in zebrafish brain through 

generation of ROS hence compromising antioxidant defense system in a time dependent 

manner. Moreover, upon exposure to arsenic trioxide, Indian catfish showed a significant 

increase in products of lipid peroxidation such as MDA (Bhattacharya and Bhattacharya, 

2007). On the other hand, CuO-NPs caused significant increase in the treatment group 

compared to control group (p<0.05). Copper oxide nanoparticles have been reported to 

cause oxidative stress by disrupting cellular processes through generation of ROS and 

production MDA (Wang et al., 2013). The significant increase ROS and MDA indicated 

the production of toxic hydroxyl radicals (.OH) hence causing oxidative damage to cellular 

components (Yamakoshi et al., 2003). Similarly, CuO-NPs were found to have caused 

oxidative stress in adult zebrafish by increasing ROS levels and MDA content at low doses 

of 1 and 3 mg/l of CuO-NPs in a dose dependent manner (Mani et al., 2019). Likewise, 

CuO-NPs caused oxidative damage in the cellular components of zebrafish embryos by a 

significant increase in ROS levels and MDA content (Ganesan et al., 2015). The combined 

toxic exposure of NaAsO2 and CuO-NPs showed a significant increase in oxidative stress 

than individual toxic groups hence causing synergistic toxic effect in zebrafish. Synergistic 

effect of copper and arsenic was observed in Gallus gallus upon exposure by increased 

oxidative stress (Sun et al., 2018). However, single exposure of arsenite caused increased 

MDA content in common carp which was alleviated by co-exposure of zinc (Wang et al., 

2021). Our present study indicates that CuO-NPs promote NaAsO2 oxidative stress in a 
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synergistic manner which can be attributed to the adsorption of arsenic on CuO-NPs 

(Zhang et al., 2023). 

4.5 Antioxidant Response  

Antioxidant defense system is initiated to counter increased ROS levels and MDA content 

in an organism (Zhu et al., 2008). It consists of enzymatic response including SOD, CAT 

and non-enzymatic response consisting of vitamin C and glutathione. These antioxidants 

scavange free radicals produced as one of the ROS species to lessen the eliminate the threat 

of oxidative damage (Melegari et al., 2012). SOD is released as the first defense line 

enzyme in response to the ROS species by converting the highly toxic free radical O2
− into 

its less toxic form H2O2 which is further converted into water and molecular oxygen by 

CAT enzyme (Mani et al., 2019). The present study analyzed the enzymes SOD and CAT 

to evaluate the antioxidant response in zebrafish to oxidative stress induced by singular 

toxicity and joint toxicity of NaAsO2 and CuO-NPs. In the singular exposure groups, SOD 

levels were slightly increased in the first interval of the experiment whereas it significantly 

decreased in the rest of the experiment compared to control group (p<0.05).  However, 

CAT levels showed a significant decrease than control group throughout the experiment. 

Sayit Altikat et al. (2014) investigated the toxic effect of NaAsO2 on antioxidant enzymes 

in mirror carp (Cyprinus carpio) and observed a decrease in SOD and CAT activities 

compared to control groups. A study on adult zebrafish chronically exposed to CuO-NPs 

showed a significant decrease in SOD and CAT levels compared to control group (Mani et 

al., 2019).  Compared with SOD levels, CAT levels showed a different pattern showing 

that initially SOD primarily countered ROS by converting O2
− into H2O2 but was 

overwhelmed by the continuous exposure of contaminants till the end of the experiment. 

Whereas the significant decrease in catalase activity could be a result of the overproduction 

of H2O2 exceeding its scavenging ability hance resulting in oxidative stress (Atli e  t al., 

2006). The same phenomenon was observed in a study by Adeyemi et al. (2015) in which 

arsenic was observed to reduce catalase activity in zebrafish embryos (Adeyemi et al., 

2015). Arsenic significantly reduced CAT activity in zebrafish at low doses hence showing 

incapability of CAT to scavenge free radicals therefore promoting oxidative stress 

(Sunainna et al., 2016). On the contrary, enhanced CAT activity was observed in D. rerio 

exposed to sodium arsenite at its reference doses (Sun et al., 2020). These different 
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responses of antioxidant enzymes in different organisms are mainly because arsenic 

toxicity is dependent on species and their metabolism and detoxification in different tissues 

(Ventura‐Lima et al., 2009). The combined exposure of NaAsO2 and CuO-NPs was 

significantly lower as compared to control and singular treatment groups, therefore 

indicating synergistic effect in this case. The same phenomenon was observed in a study 

by Sun et al. (2018), a combined exposure of wild chicken Gallus gallus to copper sulfate 

(CuSO4) and arsenic trioxide (As2O3) showed reduced activity of antioxidant enzymes 

compared to singular treatment groups. Inactivation of antioxidant enzymes can be 

attributed to the overwhelming production of ROS and MDA which is mostly observed 

during chronic toxicity tests resulting in gradual decrease of antioxidant levels (Zhao and 

Wang, 2011). Low amount of antioxidant enzymes adversely affects metabolic enzymes 

and causes cellular injury under oxidative stress (Raza et al., 2021).  

4.6 Acetylcholinesterase Activity 

Acetylcholinesterase (AChE) is a neurological enzyme which is found at nerve 

and postsynaptic junctions. The primary purpose of AChE is to degrade acetylcholine, a 

natural neurotransmitter, converting it into choline and acetic acid (Nayak and Patnaik, 

2021). Environmental contaminants can adversely affect AChE activity by inhibiting it, 

which is commonly analyzed in toxicological research as a neurotoxicity biomarker. AChE 

inhibition causes neurotoxicity by accumulating acetylcholine in the synaptic region, hence 

disrupting the normal functioning of nervous system (Bertrand et al., 2000). In the present 

study, the AChE activity was evaluated in zebrafish brain exposed to singular and joint 

toxicity of NaAsO2 and CuO-NPs. Moreover, the time-dependent inhibition of AChE 

activity in all treatment groups is evident in our study throughout the experiment in a 

significant manner as compared to control group. Previously, it has been reported in a 

research study by Kanungo et al. (2022) that NaAsO2 significantly inhibited AChE activity 

in larvae of zebrafish in a dose-dependent manner. Furthermore, arsenic induced significant 

inhibition of AChE activity in iridescent shark Pangasianodon hypophthalmus (Kumar et 

al., 2020). Previous studies indicate that CuO-NPs are neurotoxic to adult zebrafish and 

zebrafish embryos as a study by Ganesan et al. (2015) reported that CuO-NPs reduced 

AChE activity in zebrafish embryos in a dose-dependent manner. Furthermore, Haverroth 
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et al. (2015b) reported the decline in AChE activity in zebrafish muscles but not in brain 

exposed to copper suggesting the reduction in muscles may be due to locomotor alterations. 

In line with our study, inhibition of AChE was reported in zebrafish exposed to CuO-NPs 

for 30 days which (Mani et al., 2019). According to Wang et al. (2021), the combined 

toxicological effects of arsenic and zinc in a chronic experiment observed reduced AChE 

activity in common carp Cyprinus carpio compared to control group however zinc 

alleviated the reduction AChE caused in the treatment group exposed to arsenic. Moreover, 

CuO-NPs and ZnO-NPs significantly inhibited AChE activity in goldfish Carassius 

auratus in a dose dependent manner (Xia et al., 2013). This is relevant to our study as our 

co-exposure group having NaAsO2 and CuO-NPs showed synergistic effects. 

4.7 DNA Damage by Comet Assay 

DNA damage has been an important biomarker in ecotoxicological studies for many years 

which is assessed by using the Comet Assay. Oliveira et al. (2009) emphasized that toxic 

contaminants may directly cause DNA damage by the toxic action of parent chemical 

compounds or their metabolites or it is done indirectly through the production of ROS. For 

the detection of DNA single and double strand breaks, the Comet assay has been reported 

to be a sensitive, quick, and cost-effective assay that can readily employed for the testing 

of genotoxic parameters (Žegura and Filipič, 2019). The assay applies an electric field to 

the exposed DNA that causes the damaged DNA to move toward anode which is then 

analyzed by quantifying it (Muazzam et al., 2019). Our study observed an increase in DNA 

damage induced by the co-exposure treatment of NaAsO2 and CuO-NPs as compared to 

the control group treatment. With enhanced oxidative stress in the singular treatment 

groups of NaAsO2 and CuO-NPs, DNA damage was clearly higher than the control group 

with combined treatment group (NaAsO2+CuO-NPs) showing the highest DNA damage 

than other treatment groups in a significant manner (p<0.05). In a previous study, NaAsO2 

significantly increased the comet tail DNA (%) in liver, and gills of tilapia Oreochromis 

mossambicus, indicating genotoxic potential of NaAsO2 (Ahmed et al., 2011). Kousar and 

Javed (2014) exposed four different types of fish (Labeo rohita, Cirrhina mrigala, Catla 

catla, Ctenopharyngodon Idella) to arsenic and observed adverse genotoxic effects in 

peripheral blood erythrocytes of all fish species, such as increased tail lengths and damaged 

cells. Furthermore, exposure to arsenic reported increased tail moment in zebrafish 
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embryos, hence indicating genotoxicity due to increased oxidative stress (Adeyemi et al., 

2015). In another study, CuO-NPs induced DNA damage with increasing concentration 

and exposure time in Labeo rohita (Aziz and Abdullah, 2023). Nanoplastics induced DNA 

damage in red blood cells of goldfish (Carassius auratus) upon chronic exposure (Brandts 

et al., 2022). TiO2-NPs were reported to damage the DNA by breaking strands in rainbow 

trout Oncorhyncus mykiss through single exposure and combined exposure with UVA 

irradiation that was facilitated by induced oxidative stress (Vevers and Jha, 2008). 

Endosulfan caused significant DNA damage in a dose-dependent manner in zebrafish 

(Shao et al., 2012). The combined toxicity of nanoplastics and arsenic caused DNA damage 

in zebrafish brain due to enhanced ROS accumulation in mitochondria (Zhang et al., 2023). 

Furthermore, a study on combined toxicity of metal oxide nanoparticles concluded that 

exposure to CuO-NPs showed higher comet tail length as compared to ZnO-NPs in 

zebrafish. Whereas the same study reported that CuO-NPs and nanoplastics showed higher 

percentage of DNA in comet tail as compared to co-exposure of ZnO-NPs and nanoplastics 

(Singh et al., 2021). The same results were observed in the co-exposure treatment group of 

our study with the highest significant increase in tail length indicating highest DNA 

damage compared to other treatment groups. 

4.8 Histopathological Alterations in Muscle Tissues 

Histology is the assessment of tissues which involves examining tissue fragments under a 

microscope to have a detailed understanding of tissues. Whereas histopathology method is 

a reliable tool for microscopic assessment of tissues to evaluate toxicological effects of 

pollutants. Histopathological alterations are one of the best biomarkers of toxicological 

effects of chemical species (Mansouri et al., 2016). Previously it has been shown that 

animal tissues have the ability to accumulate heavy metals depending on dose and time. 

Aquatic organisms could accumulate heavy metals in the tissues of their skeletal muscles 

and gills upon exposure to xenobiotics (Annabi et al., 2011). Moreover, this method can 

elucidate injuries caused to skeletal muscles and evaluate them in a quantitative manner in 

affected organisms under exposure (Mansouri et al., 2017). The histological examination 

of fish shows a response to chemical stressors on a cellular level to contaminants in order 

to determine their health and well-being, therefore, it is an essential parameter for better 
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understanding of the toxicological impacts of contaminants (Azize et al., 2017). In 

zebrafish the gills are primary target of contaminants whereas muscles are the secondary 

target as they are not directly exposed to the contaminants (Ferrandino et al., 2022).  The 

histopathological alterations of zebrafish skeletal muscles have a crucial role in evaluating 

the anomalies caused by environmental contaminants on muscle tissues (Azize et al., 

2017). In our study, microscopic examination of skeletal muscle tissues exhibited 

significant histopathological alterations in singular and co-exposure groups as compared 

to the control group. Histopathological examination revealed significant disruption of 

muscle fiber, characterized by loss of striations, irregular fiber size, necrosis, apoptosis, 

and muscle fiber degeneration hence damaging histoarchitecture in exposed zebrafish. One 

of the key observations in our study is the presence of segmental necrosis in muscle fibers 

and the shortening and degeneration of fiber bundles in zebrafish exposed to NaAsO2 and 

CuO-NPs in zebrafish. Ahmed et al. (2013) investigated histopathological alterations in 

tilapia Oreochromis mossambicus exposed to NaAsO2 and reported necrosis, vacuolar 

degeneration, and oedema in the muscles of gills in both time and dose dependent manner. 

The gill tissues of zebrafish Danio rerio were adversely affected by low doses of NaAsO2, 

which resulted in damage to the surface of epithelial cells through loss of mucus and 

desquamation (Sun et al., 2020). Our results were in line with a study by Mani et al. 2019 

that exposed zebrafish skeletal muscles to CuO-NPs and reported defective muscle 

histology in a dose dependent manner. Similar findings were reported in zebrafish skeletal 

muscles exposed to cadmium showing necrosis and swelling of muscle fibers in time 

dependent manner concluding that the adverse histological effects had worsened as time 

progressed (Azize et al., 2017). Polystyrene nanoparticles caused histological lesions in 

gills, liver, and intestine of goldfish Carassius auratus (Abarghouei et al., 2021). 

Furthermore, titanium dioxide nanoparticles (TiO2-NPs) caused significant damage to the 

histology of gills and intestine in common carp Cyprinus carpio (Mansouri et al., 2016). 

In another study on mosquitofish Gambusia affinis, cadmium caused histopathological 

alterations in gills, kidney, and liver in a time dependent manner (Annabi et al., 2011). 

Mansouri et al. (2017) assessed the combined exposure of TiO2-NPs and CuO-NPs on 

histology of gills and intestine tissues of common carp Cyprinus carpio and concluded that 

TiO2-NPs promoted the effects of CuO-NPs on the histopathological abnormalities by 
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causing necrosis, degeneration, and erosion, hence concluding a synergistic effect. These 

findings from the previous studies are in accordance with our results as histopathological 

anomalies were observed in all treatment groups, with synergistic effect in co-exposure 

treatment group showing the highest significant damage than the singular treatment groups.  
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5 CONCLUSIONS AND RECOMMENDATIONS 

The current study is the first one to examine the combined toxicity of sodium arsenite 

(NaAsO2) and copper oxide nanoparticles (CuO-NPs) on zebrafish Danio rerio. This study 

explores the singular and joint toxicity of both contaminants to evaluate their toxic effects 

on living beings. The CuO-NPs were found to be in tenorite phase with monoclinic crystal 

system and slightly aggregated with size ranging between 50 and 100 nm. In the 28-day 

experiment period, assessments were made on total protein levels, oxidative stress markers 

ROS and MDA, and activities of antioxidant enzymes SOD and CAT in gills, AChE in 

brain, DNA damage in the tissues of liver, histopathological alterations in skeletal muscles 

at all the sampling intervals. The contaminants induced oxidative stress by significantly 

increasing ROS levels and MDA content. On the other hand, the activity of antioxidant 

enzymes SOD and CAT declined throughout the experiment due to continuous exposure. 

Moreover, both contaminants significantly reduced AChE activity and caused DNA 

damage. The singular and joint toxicity of both contaminants caused segmental necrosis in 

muscle fiber, degeneration and splitting of muscle fibre, atrophy, reduction in the size of 

muscle fiber and vacuolar degeneration. The observed toxicity effects in the current study 

can be attributed to increased oxidative stress leading to tissue damage, neurotoxicity, and 

genotoxicity. The combined exposure of both contaminants caused comparatively more 

toxicity than singular treatment groups, hence suggesting synergistic toxicity effect of 

NaAsO2 and CuO-NPs.   Sodium arsenite and copper oxide nanoparticles co-exist in water 

bodies and there is a lack of information on how these two contaminants interact with each 

other and cause toxicity to the exposed organisms. Nanoparticles are emerging pollutants 

due to their advanced use in various fields. Therefore, it is essentially important to not only 

study their toxic effects upon interactions with organisms but also their combined toxicity 

with other emerging pollutants should be examined in depth. 



 

 

 

 

 

 

 

 

 

 

 

Bibliography 



References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  82 
     
 

REFERENCES 
 

1. Abarghouei, S., Hedayati, A., Raeisi, M., Hadavand, B. S., Rezaei, H., and Abed-

Elmdoust, A. (2021). Size-dependent effects of microplastic on uptake, immune 

system, related gene expression and histopathology of goldfish (Carassius auratus). 

Chemosphere, 276, 129977. https://doi.org/10.1016/j.chemosphere.2021.129977 

2. Abbas, G., Murtaza, B., Bibi, I., Shahid, M., Niazi, N., Khan, M., Amjad, M., Hussain, 

M., and Natasha. (2018). Arsenic Uptake, Toxicity, Detoxification, and Speciation in 

Plants: Physiological, Biochemical, and Molecular Aspects. International Journal of 

Environmental Research and Public Health, 15(1), 59.   

https://doi.org/10.3390/ijerph15010059 

3. Abbas, Q., Yousaf, B., Ullah, H., Ali, M. U., Ok, Y. S., and Rinklebe, J. (2020). 

Environmental transformation and nano-toxicity of engineered nanoparticles (ENPs) 

in aquatic and terrestrial organisms. Critical Reviews in Environmental Science and 

Technology, 1–59. https://doi.org/10.1080/10643389.2019.1705721 

4. Abernathy, C. O., Thomas, D. J., and Calderon, R. L. (2003). Health Effects and Risk 

Assessment of Arsenic. The Journal of Nutrition, 133(5), 1536S1538S.  

  https://doi.org/10.1093/jn/133.5.1536s 

5. Adams, W., Blust, R., Dwyer, R., Mount, D., Nordheim, E., Rodriguez, P. H., and Spry, 

D. (2019). Bioavailability Assessment of Metals in Freshwater Environments: A 

Historical Review. Environmental Toxicology and Chemistry, 39(1), 48–59.  

https://doi.org/10.1002/etc.4558 

6. Adeyemi, J. A., da, A., and Barbosa, F. (2015). Teratogenicity, genotoxicity and 

oxidative stress in zebrafish embryos (Danio rerio) co-exposed to arsenic and atrazine. 

Comparative Biochemistry and Physiology C-Toxicology and Pharmacology, 172-

173, 7–12.  https://doi.org/10.1016/j.cbpc.2015.04.001 

7. Agathokleous, E., and Calabrese, E. J. (2020). Environmental toxicology and 

ecotoxicology: How clean is clean? Rethinking dose-response analysis. Science of the 

Total Environment, 746, 138769. https://doi.org/10.1016/j.scitotenv.2020.138769 

8. Ahmad, A., and Bhattacharya, P. (2019). Arsenic in Drinking Water: Is 10 μg/L a Safe 

https://doi.org/10.1016/j.chemosphere.2021.129977
https://doi.org/10.3390/ijerph15010059
https://doi.org/10.1080/10643389.2019.1705721
https://doi.org/10.1093/jn/133.5.1536s
https://doi.org/10.1002/etc.4558
https://doi.org/10.1016/j.cbpc.2015.04.001
https://doi.org/10.1016/j.scitotenv.2020.138769


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  83 
     
 

Limit? Current Pollution Reports, 5(1), 1–3. https://doi.org/10.1007/s40726-019-

0102-7 

9. Ahmed, K. Matin., Bhattacharya, P., Hasan, M. Aziz., Akhter, S. Humayun., Alam, S. 

M. Mahbub., Bhuyian, M. A. Hossain., Imam, M. Badrul., Khan, A. A., and Sracek, 

O. (2004). Arsenic enrichment in groundwater of the alluvial aquifers in Bangladesh: 

an overview. Applied Geochemistry, 19(2), 181–200. 

https://doi.org/10.1016/j.apgeochem.2003.09.006 

10. Ahmed, Md. K., Habibullah-Al-Mamun, Md., Hossain, M. A., Arif, M., Parvin, E., 

Akter, M. S., Khan, M. S., and Islam, Md. M. (2011b). Assessing the genotoxic 

potentials of arsenic in tilapia (Oreochromis mossambicus) using alkaline comet assay 

and micronucleus test. Chemosphere, 84(1), 143–149.  

https://doi.org/10.1016/j.chemosphere.2011.02.025  

11. Ahmed, Md. K., Md. Habibullah-Al-Mamun, Parvin, E., Akter, M. S., and Khan, M. 

S. (2013). Arsenic induced toxicity and histopathological changes in gill and liver 

tissue of freshwater fish, tilapia (Oreochromis mossambicus). Experimental and 

Toxicologic Pathology, 65(6), 903–909.  https://doi.org/10.1016/j.etp.2013.01.003 

12. Al Ghais, S., Bhardwaj, V., Kumbhar, P., and Al Shehhi, O. (2019). Effect of copper 

nanoparticles and organometallic compounds (dibutyltin) on tilapia fish. The Journal 

of Basic and Applied Zoology, 80(1).   https://doi.org/10.1186/s41936-019-0101-7 

13. Alarcón-Herrera, M. T., and Gutiérrez, M. (2022). Geogenic arsenic in groundwater: 

Challenges, gaps, and future directions. Current Opinion in Environmental Science 

and Health, 27, 100349.  https://doi.org/10.1016/j.coesh.2022.100349 

14. Ali, I., Ding, T., Peng, C., Naz, I., Sun, H., Li, J., and Liu, J. (2021). Micro- and 

nanoplastics in wastewater treatment plants: Occurrence, removal, fate, impacts and 

remediation technologies – A critical review. Chemical Engineering Journal, 423, 

130205.  https://doi.org/10.1016/j.cej.2021.130205 

15. Ali, W., Aslam, M. W., Feng, C., Junaid, M., Ali, K., Li, S., Chen, Z., Yu, Z., Rasool, 

A., and Zhang, H. (2019). Unraveling prevalence and public health risks of arsenic, 

uranium and co-occurring trace metals in groundwater along riverine ecosystem in 

Sindh and Punjab, Pakistan. Environmental Geochemistry and Health, 41(5), 2223–

https://doi.org/10.1007/s40726-019-0102-7
https://doi.org/10.1007/s40726-019-0102-7
https://doi.org/10.1016/j.apgeochem.2003.09.006
https://doi.org/10.1016/j.chemosphere.2011.02.025
https://doi.org/10.1016/j.etp.2013.01.003
https://doi.org/10.1186/s41936-019-0101-7
https://doi.org/10.1016/j.coesh.2022.100349
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.cej.2021.130205


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  84 
     
 

2238.  https://doi.org/10.1007/s10653-019-00278-7 

16. Alsubih, M., Morabet, R. E., Khan, R. A., Khan, N. A., Mansour, Ahmed, S., Qadir, 

A., and Changani, F. (2021). Occurrence and health risk assessment of arsenic and 

heavy metals in groundwater of three industrial areas in Delhi, India. Environmental 

Science and Pollution Research, 28(44), 63017–63031.  

https://doi.org/10.1007/s11356-021-15062-3 

17. Altenburger, R., Backhaus, T., Boedeker, W., Faust, M., and Scholze, M. (2013). 

Simplifying complexity: Mixture toxicity assessment in the last 20 years. 

Environmental Toxicology and Chemistry, 32(8), 1685-1687. 

https://doi.org/10.1002/etc.2294 

18. Altikat, S., Uysal, K., Kuru, H. I., Kavasoğlu, M., Ozturk, G. N., and Ayşegül Küçük, 

A. (2014). The effect of arsenic on some antioxidant enzyme activities and lipid 

peroxidation in various tissues of mirror carp (Cyprinus carpio carpio). Environmental 

Science and Pollution Research, 22(5), 3212–3218.  https://doi.org/10.1007/s11356-

014-2896-6 

19. Amoatey, P., and Baawain, M. S. (2019). Effects of pollution on freshwater aquatic 

organisms. Water Environment Research, 91(10), 1272–1287.   

https://doi.org/10.1002/wer.1221 

20. Ananth, A., Dharaneedharan, S., Heo, M.-S., and Mok, Y. S. (2015). Copper oxide 

nanomaterials: Synthesis, characterization and structure-specific antibacterial 

performance. Chemical Engineering Journal, 262, 179–188. 

      https://doi.org/10.1016/j.cej.2014.09.083 

21. Annabi, A., Messaoudi, I., Kerkeni, A., and Said, K. (2011). Cadmium Accumulation 

and Histological Lesion in Mosquitofish (Gambusia affinis) tissues Following Acute 

and Chronic Exposure. International Journal of Environmental Research, 5(3), 745–

756.   https://ijer.ut.ac.ir/article_380_3d9a79ac9f87deee798651b7930d6808.pdf 

22. Arain, M. B., Kazi, T. G., Baig, J. A., Jamali, M. K., Afridi, H. I., Shah, A. Q., Jalbani, 

N., and Sarfraz, R. A. (2009). Determination of arsenic levels in lake water, sediment, 

and foodstuff from selected area of Sindh, Pakistan: Estimation of daily dietary intake. 

Food and Chemical Toxicology, 47(1), 242–248.   

https://doi.org/10.1007/s10653-019-00278-7
https://doi.org/10.1007/s11356-021-15062-3
https://doi.org/10.1002/etc.2294
https://doi.org/10.1007/s11356-014-2896-6
https://doi.org/10.1007/s11356-014-2896-6
https://doi.org/10.1002/wer.1221
https://doi.org/10.1016/j.cej.2014.09.083
https://ijer.ut.ac.ir/article_380_3d9a79ac9f87deee798651b7930d6808.pdf


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  85 
     
 

https://doi.org/10.1016/j.fct.2008.11.009 

23. Armansyah, and Jaman, U. B. (2023). Legal Analysis of The Impact of Industrial 

Development on The Environment. The Easta Journal Law and Human Rights, 1. 

24. Asghari, S., Johari, S. A., Lee, J. H., Kim, Y. S., Jeon, Y. B., Choi, H. J., Moon, M. C., 

and Yu, I. J. (2012). Toxicity of various silver nanoparticles compared to silver ions in 

Daphnia magna. Journal of Nanobiotechnology, 10(1), 14. 

https://doi.org/10.1186/1477-3155-10-14 

25. Asha, P., Natrayan, L., Geetha, B. T., Beulah, J. R., Sumathy, R., Varalakshmi, G., and 

Neelakandan, S. (2022). IoT enabled environmental toxicology for air pollution 

monitoring using AI techniques. Environmental Research, 205, 112574. 

https://doi.org/10.1016/j.envres.2021.112574 

26. Assadian, E., Zarei, M. H., Gilani, A. G., Farshin, M., Degampanah, H., and 

Pourahmad, J. (2017). Toxicity of Copper Oxide (CuO) Nanoparticles on Human 

Blood Lymphocytes. Biological Trace Element Research, 184(2), 350–357. 

      https://doi.org/10.1007/s12011-017-1170-4 

27. Ates, M., Arslan, Z., Demir, V., Daniels, J., and Farah, I. O. (2014). Accumulation and 

toxicity of CuO and ZnO nanoparticles through waterborne and dietary exposure of 

goldfish (Carassius auratus). Environmental Toxicology, 30(1), 119–128. 

      https://doi.org/10.1002/tox.22002 

28. Ates, M., Demir, V., Adiguzel, R., and Arslan, Z. (2013). Bioaccumulation, Subacute 

Toxicity, and Tissue Distribution of Engineered Titanium Dioxide Nanoparticles in 

Goldfish (Carassius auratus). Journal of Nanomaterials, 2013, 1–6. 

https://doi.org/10.1155/2013/460518 

29. Atli, G., Alptekin, O., Tukel, S., and Canli, M. (2006). Response of catalase activity to 

Ag+, Cd2+, Cr6+, Cu2+ and Zn2+ in five tissues of freshwater fish Oreochromis 

niloticus. Comparative Biochemistry and Physiology Part C: Toxicology and 

Pharmacology, 143(2), 218–224.  https://doi.org/10.1016/j.cbpc.2006.02.003 

30. ATSDR. (2007). Toxicological profile for arsenic. Wwwn.cdc.gov. 

https://doi.org/10.15620/cdc:11481 

31. Aziz, S., and Abdullah, S. (2023). Evaluation of Toxicity Induced by Engineered CuO 

https://doi.org/10.1016/j.fct.2008.11.009
https://doi.org/10.1186/1477-3155-10-14
https://doi.org/10.1016/j.envres.2021.112574
https://doi.org/10.1007/s12011-017-1170-4
https://doi.org/10.1002/tox.22002
https://doi.org/10.1155/2013/460518
https://doi.org/10.1016/j.cbpc.2006.02.003
https://doi.org/10.15620/cdc:11481


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  86 
     
 

Nanoparticles in Freshwater Fish, Labeo rohita. Turkish Journal of Fisheries and 

Aquatic Sciences, 23(7).  https://doi.org/10.4194/TRJFAS18762 

32. Azize, A. S. A. G., Wang, L., and Yan, Y. (2017). Cadmium Accumulation and Its 

Histological Effect on Brain and Skeletal Muscle of Zebrafish. Journal of Heavy Metal 

Toxicity and Diseases, 02(01).  https://doi.org/10.21767/2473-6457.100017 

33. Balistrieri, L. S., and Mebane, C. A. (2014). Predicting the toxicity of metal mixtures. 

Science of the Total Environment, 466-467, 788–799. 

  https://doi.org/10.1016/j.scitotenv.2013.07.034 

34. Banerjee, A., and Roychoudhury, A. (2019). Nanoparticle-Induced Ecotoxicological 

Risks in Aquatic Environments. Nanomaterials in Plants, Algae and Microorganisms, 

129–141. https://doi.org/10.1016/b978-0-12-811488-9.00007-x 

35. Bayata, A. (2020). Assessment, Accumulation, Toxicity and Importance of Heavy 

Metals in Agricultural Soil and Living System - Review. American Journal of 

Environmental Protection, 9(6), 121.  https://doi.org/10.11648/j.ajep.20200906.11 

36. Benavides, M., Fernández-Lodeiro, J., Coelho, P., Lodeiro, C., and Diniz, M. S. (2016). 

Single and combined effects of aluminum (Al2O3) and zinc (ZnO) oxide nanoparticles 

in a freshwater fish, Carassius auratus. Environmental Science and Pollution 

Research, 23(24), 24578–24591.   https://doi.org/10.1007/s11356-016-7915-3 

37. Bertrand, C., Chatonnet, A., Takke, C., Yan, Y., Postlethwait, J., Toutant, J.-P., and 

Cousin, X. (2000). Zebrafish Acetylcholinesterase Is Encoded by a Single Gene 

Localized on Linkage Group 7. Journal of Biological Chemistry, 276(1), 464–474.  

https://doi.org/10.1074/jbc.m006308200 

38. Bhagat, J., Zang, L., Nishimura, N., and Shimada, Y. (2020). Zebrafish: An emerging 

model to study microplastic and nanoplastic toxicity. Science of the Total 

Environment, 728, 138707.  https://doi.org/10.1016/j.scitotenv.2020.138707 

39. Bhattacharya, A., and Bhattacharya, S. (2007). Induction of oxidative stress by arsenic 

in Clarias batrachus: Involvement of peroxisomes. Ecotoxicology and Environmental 

Safety, 66(2), 178–187.  https://doi.org/10.1016/j.ecoenv.2005.11.002 

40. Blaise, C., Gagné, F., Férard, J. F., and Eullaffroy, P. (2008). Ecotoxicity of selected 

nano-materials to aquatic organisms. Environmental Toxicology, 23(5), 591–598.  

https://doi.org/10.4194/TRJFAS18762
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.21767/2473-6457.100017
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.scitotenv.2013.07.034
https://doi.org/10.1016/b978-0-12-811488-9.00007-x
https://doi.org/10.11648/j.ajep.20200906.11
https://doi.org/10.1007/s11356-016-7915-3
https://doi.org/10.1074/jbc.m006308200
https://doi.org/10.1016/j.scitotenv.2020.138707
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.ecoenv.2005.11.002
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1002/tox.20402


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  87 
     
 

https://doi.org/10.1002/tox.20402 

41. Bondarenko, O., Juganson, K., Ivask, A., Kasemets, K., Mortimer, M., and Kahru, A. 

(2013). Toxicity of Ag, CuO and ZnO nanoparticles to selected environmentally 

relevant test organisms and mammalian cells in vitro: a critical review. Archives of 

Toxicology, 87(7), 1181–1200.  https://doi.org/10.1007/s00204-013-1079-4 

42. Bour, A., Mouchet, F., Silvestre, J., Gauthier, L., and Pinelli, E. (2015). 

Environmentally relevant approaches to assess nanoparticles ecotoxicity: A review. 

Journal of Hazardous Materials, 283, 764–777. 

https://doi.org/10.1016/j.jhazmat.2014.10.021 

43. Boverhof, D. R., and Zacharewski, T. R. (2005). Toxicogenomics in Risk Assessment: 

Applications and Needs. Toxicological Sciences, 89(2), 352–360. 

https://doi.org/10.1093/toxsci/kfj018 

44. Brahman, K. D., Kazi, T. G., Baig, J. A., Afridi, H. I., Khan, A., Arain, S. S., and Arain, 

M. B. (2014). Fluoride and arsenic exposure through water and grain crops in 

Nagarparkar, Pakistan. Chemosphere, 100, 182–189.  

      https://doi.org/10.1016/j.chemosphere.2013.11.035 

45. Brandts, I., Cánovas, M., Tvarijonaviciute, A., Llorca, M., Vega, A., Farré, M., Pastor, 

J., Roher, N., and Teles, M. (2022). Nanoplastics are bioaccumulated in fish liver and 

muscle and cause DNA damage after a chronic exposure. Environmental Research, 

212, 113433.  https://doi.org/10.1016/j.envres.2022.113433 

46. Briffa, J., Sinagra, E., and Blundell, R. (2020). Heavy metal pollution in the 

environment and their toxicological effects on humans. Heliyon, 6(9), e04691.  

https://doi.org/10.1016/j.heliyon.2020.e04691 

47. Buledi, J. A., Amin, S., Haider, S. I., Bhanger, M. I., and Solangi, A. R. (2020). A 

review on detection of heavy metals from aqueous media using nanomaterial-based 

sensors. Environmental Science and Pollution Research, 28. 

https://doi.org/10.1007/s11356-020-07865-7 

48. Canivet, P. Chambon, J. Gibert, V. (2001). Toxicity and Bioaccumulation of Arsenic 

and Chromium in Epigean and Hypogean Freshwater Macroinvertebrates. Archives of 

Environmental Contamination and Toxicology, 40(3), 345–354. 

file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1002/tox.20402
https://doi.org/10.1007/s00204-013-1079-4
https://doi.org/10.1016/j.jhazmat.2014.10.021
https://doi.org/10.1093/toxsci/kfj018
https://doi.org/10.1016/j.chemosphere.2013.11.035
https://doi.org/10.1016/j.envres.2022.113433
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1007/s11356-020-07865-7


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  88 
     
 

https://doi.org/10.1007/s002440010182 

49. Carlson, P., and Van Beneden, R. J. (2014). Arsenic exposure alters expression of cell 

cycle and lipid metabolism genes in the liver of adult zebrafish (Danio rerio). Aquatic 

Toxicology, 153, 66–72.  https://doi.org/10.1016/j.aquatox.2013.10.006 

50. Carmona, E. R., Inostroza-Blancheteau, C., Obando, V., Rubio, L., and Marcos, R. 

(2015). Genotoxicity of copper oxide nanoparticles in Drosophila melanogaster. 

Mutation Research/Genetic Toxicology and Environmental Mutagenesis, 791, 1–11.  

https://doi.org/10.1016/j.mrgentox.2015.07.006 

51. Casabianca, S., Bellingeri, A., Capellacci, S., Sbrana, A., Russo, T., Corsi, I., and 

Penna, A. (2021). Ecological implications beyond the ecotoxicity of plastic debris on 

marine phytoplankton assemblage structure and functioning. Environmental 

Pollution, 290, 118101.  https://doi.org/10.1016/j.envpol.2021.118101 

52. Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., and Postlethwait, J. H. (2011). 

Stacks: Building and Genotyping Loci De Novo From Short-Read Sequences. G3: 

Genes|Genomes|Genetics, 1(3), 171–182.  https://doi.org/10.1534/g3.111.000240 

53. Chae, Y., and An, Y.-J. (2017). Effects of micro- and nanoplastics on aquatic 

ecosystems: Current research trends and perspectives. Marine Pollution Bulletin, 

124(2), 624–632.  https://doi.org/10.1016/j.marpolbul.2017.01.070 

54. Chakrabarti, D., Singh, S. K., Rashid, M. H., and Rahman, M. M. (2019). Arsenic: 

Occurrence in Groundwater. Encyclopedia of Environmental Health, 153–168.  

https://doi.org/10.1016/b978-0-12-409548-9.10634-7 

55. Chang, Y.-N., Zhang, M., Xia, L., Zhang, J., and Xing, G. (2012). The Toxic Effects 

and Mechanisms of CuO and ZnO Nanoparticles. Materials, 5(12), 2850–2871.  

https://doi.org/10.3390/ma5122850 

56. Chen, X., Zhu, X., Li, R., Yao, H., Lu, Z., and Yang, X. (2012). Photosynthetic Toxicity 

and Oxidative Damage Induced by nano-Fe3O4 on Chlorella vulgaris in Aquatic 

Environment. Open Journal of Ecology, 02(01), 21–28. 

  https://doi.org/10.4236/oje.2012.21003 

57. Chouke, P. B., Shrirame, T., Potbhare, A. K., Mondal, A., Chaudhary, A., Mondal, S., 

Thakare, S. R., Nepovimova, E., Vališ, M., Kuca, K., Sharma, R., and Ratiram Gomaji 

https://doi.org/10.1007/s002440010182
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.aquatox.2013.10.006
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.mrgentox.2015.07.006
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.mrgentox.2015.07.006
https://doi.org/10.1016/j.envpol.2021.118101
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1016/j.marpolbul.2017.01.070
https://doi.org/10.1016/b978-0-12-409548-9.10634-7
https://doi.org/10.3390/ma5122850
https://doi.org/10.4236/oje.2012.21003


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  89 
     
 

Chaudhary. (2022). Bioinspired metal/metal oxide nanoparticles: A road map to 

potential applications. Materials Today Advances, 16, 100314–100314. 

https://doi.org/10.1016/j.mtadv.2022.100314 

58. Chowdhury, S., and Saikia, S. K. (2022). Use of Zebrafish as a Model Organism to 

Study Oxidative Stress: A Review. Zebrafish.  https://doi.org/10.1089/zeb.2021.0083 

59. Coetzee, J. J., Bansal, N., and Chirwa, E. M. N. (2018). Chromium in Environment, Its 

Toxic Effect from Chromite-Mining and Ferrochrome Industries, and Its Possible 

Bioremediation. Exposure and Health.  https://doi.org/10.1007/s12403-018-0284-z 

60. Cretì, P., Trinchella, F., and Scudiero, R. (2009). Heavy metal bioaccumulation and 

metallothionein content in tissues of the sea bream Sparus aurata from three different 

fish farming systems. Environmental Monitoring and Assessment, 165(1-4), 321–

329.  https://doi.org/10.1007/s10661-009-0948-z 

61. Dai, Y.-J., Jia, Y.-F., Chen, N., Bian, W.-P., Li, Q.-K., Ma, Y.-B., Chen, Y.-L., and 

Pei, D.-S. (2013). Zebrafish as a model system to study toxicology. Environmental 

Toxicology and Chemistry, 33(1), 11–17.  https://doi.org/10.1002/etc.2406 

62. Datta, S., Ghosh, D., Saha, D. R., Bhattacharaya, S., and Mazumder, S. (2009). Chronic 

exposure to low concentration of arsenic is immunotoxic to fish: Role of head kidney 

macrophages as biomarkers of arsenic toxicity to Clarias batrachus. Aquatic 

Toxicology, 92(2), 86–94.  https://doi.org/10.1016/j.aquatox.2009.01.002 

63. Datta, S., Mazumder, S., Ghosh, D., Dey, S., and Bhattacharya, S. (2009). Low 

concentration of arsenic could induce caspase-3 mediated head kidney macrophage 

apoptosis with JNK–p38 activation in Clarias batrachus. Toxicology and Applied 

Pharmacology, 241(3), 329–338.  https://doi.org/10.1016/j.taap.2009.09.007 

64. Davies, P. E., Cook, L. S. J., and Goenarso, D. (1994). Sublethal responses to pesticides 

of several species of australian freshwater fish and crustaceans and rainbow trout. 

Environmental Toxicology and Chemistry, 13(8), 1341–1354. 

https://doi.org/10.1002/etc.5620130816 

65. de Oliveira Eiras, M. I., Costa, L. S. da, and Barbieri, E. (2022). Copper II oxide 

nanoparticles (CuONPs) alter metabolic markers and swimming activity in zebrafish 

(Danio rerio). Comparative Biochemistry and Physiology Part C: Toxicology and 

https://doi.org/10.1016/j.mtadv.2022.100314
https://doi.org/10.1089/zeb.2021.0083
https://doi.org/10.1007/s12403-018-0284-z
https://doi.org/10.1007/s10661-009-0948-z
https://doi.org/10.1002/etc.2406
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.aquatox.2009.01.002
https://doi.org/10.1016/j.taap.2009.09.007
https://doi.org/10.1002/etc.5620130816


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  90 
     
 

Pharmacology, 257, 109343.  https://doi.org/10.1016/j.cbpc.2022.109343 

66. Dimkpa, C. O., Latta, D. E., McLean, J. E., Britt, D. W., Boyanov, M. I., and Anderson, 

A. J. (2013). Fate of CuO and ZnO Nano- and Microparticles in the Plant Environment. 

Environmental Science and Technology, 47(9), 4734–4742. 

      https://doi.org/10.1021/es304736y 

67. Dinesh, R., Anandaraj, M., Srinivasan, V., and Hamza, S. (2012). Engineered 

nanoparticles in the soil and their potential implications to microbial activity. 

Geoderma, 173-174, 19–27.  https://doi.org/10.1016/j.geoderma.2011.12.018 

68. Dong, W.-Q., Sun, H.-J., Zhang, Y., Lin, H.-J., Chen, J.-R., and Hong, H.-C. (2018). 

Impact on growth, oxidative stress, and apoptosis-related gene transcription of 

zebrafish after exposure to low concentration of arsenite. Chemosphere, 211, 648–652.  

https://doi.org/10.1016/j.chemosphere.2018.08.010 

69. Du, Z., Zhu, L., Dong, M., Wang, J., Wang, J., Xie, H., and Zhu, S. (2012). Effects of 

the ionic liquid [Omim]PF6 on antioxidant enzyme systems, ROS and DNA damage in 

zebrafish (Danio rerio). Aquatic Toxicology, 124-125, 91–93. 

 https://doi.org/10.1016/j.aquatox.2012.08.002 

70. Dunphy Guzmán, K. A., Taylor, M. R., and Banfield, J. F. (2006). Environmental Risks 

of Nanotechnology:  National Nanotechnology Initiative Funding, 2000−2004. 

Environmental Science and Technology, 40(5), 1401–1407. 

https://doi.org/10.1021/es0515708 

71. El-Temsah, Y. S., and Joner, E. J. (2012). Impact of Fe and Ag nanoparticles on seed 

germination and differences in bioavailability during exposure in aqueous suspension 

and soil. Environmental Toxicology, 27(1), 42–49.  https://doi.org/10.1002/tox.20610 

72. Enfrin, M., Dumée, L. F., and Lee, J. (2019). Nano/microplastics in water and 

wastewater treatment processes – Origin, impact and potential solutions. Water 

Research, 161, 621–638.  https://doi.org/10.1016/j.watres.2019.06.049 

73. Engwa, G. A., Udoka Ferdinand, P., Nweke Nwalo, F., and N. Unachukwu, M. (2019). 

Mechanism and Health Effects of Heavy Metal Toxicity in Humans. Poisoning in the 

Modern World - New Tricks for an Old Dog? 

 https://doi.org/10.5772/intechopen.82511 

https://doi.org/10.1016/j.cbpc.2022.109343
https://doi.org/10.1021/es304736y
https://doi.org/10.1016/j.geoderma.2011.12.018
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.chemosphere.2018.08.010
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.chemosphere.2018.08.010
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.aquatox.2012.08.002
https://doi.org/10.1021/es0515708
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1002/tox.20610
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.watres.2019.06.049
https://doi.org/10.5772/intechopen.82511


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  91 
     
 

74. Fatoki, J. O., and Badmus, J. A. (2022). Arsenic as an environmental and human health 

antagonist: A review of its toxicity and disease initiation. Journal of Hazardous 

Materials Advances, 5, 100052.  https://doi.org/10.1016/j.hazadv.2022.100052 

75. Ferrandino, I., Capriello, T., Félix, L. M., Di Meglio, G., Santos, D., and Monteiro, S. 

M. (2022). Histological alterations and oxidative stress in adult zebrafish muscle after 

aluminium exposure. Environmental Toxicology and Pharmacology, 94, 103934.  

https://doi.org/10.1016/j.etap.2022.103934 

76. Finnegan, P. M., and Chen, W. (2012). Arsenic Toxicity: The Effects on Plant 

Metabolism. Frontiers in Physiology, 3.  https://doi.org/10.3389/fphys.2012.00182 

77. Freixa, A., Acuña, V., Sanchís, J., Farré, M., Barceló, D., and Sabater, S. (2018). 

Ecotoxicological effects of carbon-based nanomaterials in aquatic organisms. Science 

of the Total Environment, 619-620, 328–337. 

 https://doi.org/10.1016/j.scitotenv.2017.11.095 

78. Frisbie, S. H., and Mitchell, E. J. (2022). Arsenic in drinking water: An analysis of 

global drinking water regulations and recommendations for updates to protect public 

health. PLOS ONE, 17(4), e0263505.   https://doi.org/10.1371/journal.pone.0263505 

79. Gandara-e-Silva, P. P., Nobre, C. R., Resaffe, P., Pereira, C. D. S., and Gusmão, F. 

(2016). Leachate from microplastics impairs larval development in brown mussels. 

Water Research, 106, 364–370.   https://doi.org/10.1016/j.watres.2016.10.016 

80. Ganesan, S., Anaimalai Thirumurthi, N., Raghunath, A., Vijayakumar, S., and 

Perumal, E. (2015). Acute and sub-lethal exposure to copper oxide nanoparticles causes 

oxidative stress and teratogenicity in zebrafish embryos. Journal of Applied 

Toxicology, 36(4), 554–567.  https://doi.org/10.1002/jat.3224 

81. Ge, W., Yan, S., Wang, J., Zhu, L., Chen, A., and Wang, J. (2015). Oxidative Stress 

and DNA Damage Induced by Imidacloprid in Zebrafish (Danio rerio). Journal of 

Agricultural and Food Chemistry, 63(6), 1856–1862.  

 https://doi.org/10.1021/jf504895h 

82. Gill, T. S., and Epple, A. (1993). Stress-Related Changes in the Hematological Profile 

of the American Eel (Anguilla rostrata). Ecotoxicology and Environmental Safety, 

25(2), 227–235. https://doi.org/10.1006/eesa.1993.1021 

https://doi.org/10.1016/j.hazadv.2022.100052
https://doi.org/10.1016/j.etap.2022.103934
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.3389/fphys.2012.00182
https://doi.org/10.1016/j.scitotenv.2017.11.095
https://doi.org/10.1371/journal.pone.0263505
https://doi.org/10.1016/j.watres.2016.10.016
https://doi.org/10.1002/jat.3224
https://doi.org/10.1021/jf504895h
https://doi.org/10.1006/eesa.1993.1021


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  92 
     
 

83. Gong, H., Li, R., Li, F., Guo, X., Xu, L., Gan, L., Yan, M., and Wang, J. (2023). 

Toxicity of nanoplastics to aquatic organisms: Genotoxicity, cytotoxicity, individual 

level and beyond individual level. Journal of Hazardous Materials, 443, 130266. 

 https://doi.org/10.1016/j.jhazmat.2022.130266 

84. Granero, S., and Domingo, J. L. (2002). Levels of metals in soils of Alcalá de Henares, 

Spain. Environment International, 28(3), 159–164. https://doi.org/10.1016/s0160-

4120(02)00024-7 

85. Griffitt, R. J., Weil, R., Hyndman, K. A., Denslow, N. D., Powers, K., Taylor, D., and 

Barber, D. S. (2007). Exposure to Copper Nanoparticles Causes Gill Injury and Acute 

Lethality in Zebrafish (Danio rerio). Environmental Science and Technology, 41(23), 

8178–8186.  https://doi.org/10.1021/es071235e 

86. Gu, W., Liu, S., Chen, L., Liu, Y., Gu, C., Ren, H., and Wu, B. (2020). Single-Cell 

RNA Sequencing Reveals Size-Dependent Effects of Polystyrene Microplastics on 

Immune and Secretory Cell Populations from Zebrafish Intestines. Environmental 

Science and Technology, 54(6), 3417–3427.   https://doi.org/10.1021/acs.est.9b06386 

87. Guidi, C., Martínez-López, E., Oliver, J. A., Sánchez-Vázquez, F. J., and Vera, L. M. 

(2023). Behavioural response to toxic elements, detoxification and organ accumulation 

are time-of-day-dependent in zebrafish. Chemosphere, 316, 137862. 

https://doi.org/10.1016/j.chemosphere.2023.137862 

88. Gupta, T., and Mullins, M. C. (2010). Dissection of Organs from the Adult Zebrafish. 

Journal of Visualized Experiment, 37, e1717.  https://doi.org/10.3791/1717 

89. Gwachha, S., Acharya, B. N., Dhakal, A., Shrestha, S. M., and Joshi, T. P. (2020). 

Assessment of Arsenic Content in Deep Groundwater of Kathmandu Valley, Nepal. 

Nepal Journal of Science and Technology, 19(1), 69–77.   

https://doi.org/10.3126/njst.v19i1.29785 

90. Hallauer, J., Geng, X., Yang, H.-C., Shen, J., Tsai, K.-J., and Liu, Z. (2016). The Effect 

of Chronic Arsenic Exposure in Zebrafish. Zebrafish, 13(5), 405–412. 

https://doi.org/10.1089/zeb.2016.1252 

91. Han, J.-M., Park, H.-J., Kim, J.-H., Jeong, D.-S., and Kang, J.-C. (2019). Toxic effects 

of arsenic on growth, hematological parameters, and plasma components of starry 

https://doi.org/10.1016/j.jhazmat.2022.130266
https://doi.org/10.1016/s0160-4120(02)00024-7
https://doi.org/10.1016/s0160-4120(02)00024-7
https://doi.org/10.1021/es071235e
https://doi.org/10.1021/acs.est.9b06386
https://doi.org/10.1016/j.chemosphere.2023.137862
https://doi.org/10.3791/1717
https://doi.org/10.3126/njst.v19i1.29785
https://doi.org/10.1089/zeb.2016.1252


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  93 
     
 

flounder, Platichthys stellatus, at two water temperature conditions. Fisheries and 

Aquatic Sciences, 22(1).  https://doi.org/10.1186/s41240-019-0116-5 

92. He, J.-H., Gao, J.-M., Huang, C.-J., and Li, C.-Q. (2014). Zebrafish models for 

assessing developmental and reproductive toxicity. Neurotoxicology and Teratology, 

42, 35–42.  https://doi.org/10.1016/j.ntt.2014.01.006 

93. Helland, A., Wick, P., Koehler, A., Schmid, K., and Som, C. (2007). Reviewing the 

Environmental and Human Health Knowledge Base of Carbon Nanotubes. 

Environmental Health Perspectives, 115(8), 1125–1131. 

https://doi.org/10.1289/ehp.9652 

94. Hemalatha, S., and Makeswari, M. (2017). Green Synthesis Characterization and 

Antibacterial Studies of CuO Nanoparticles from Eichhorina crassipes. Rasayan 

Journal of Chemistry, 10.  https://doi.org/10.7324/rjc.2017.1031800 

95. Hoang, H.-G., Lin, C., Tran, H.-T., Chiang, C.-F., Bui, X.-T., Cheruiyot, N. K., Shern, 

C.-C., and Lee, C.-W. (2020). Heavy metal contamination trends in surface water and 

sediments of a river in a highly industrialized region. Environmental Technology and 

Innovation, 20, 101043.  https://doi.org/10.1016/j.eti.2020.101043 

96. Hoseinifar, S. H., Yousefi, S., Van Doan, H., Ashouri, G., Gioacchini, G., Maradonna, 

F., and Carnevali, O. (2020). Oxidative Stress and Antioxidant Defense in Fish: The 

Implications of Probiotic, Prebiotic, and Synbiotics. Reviews in Fisheries Science and 

Aquaculture, 29(2), 198–217.  https://doi.org/10.1080/23308249.2020.1795616 

97. Hossain, M., Bhattacharya, P., Frape, S. K., Ahmed, K. M., Jacks, G., Hasan, M. A., 

von Brömssen, M., Shahiruzzaman, M., and Mörth, C.-M. (2023). A potential source 

of low-manganese, arsenic-safe drinking water from Intermediate Deep Aquifers 

(IDA), Bangladesh. Groundwater for Sustainable Development, 21, 100906.  

https://doi.org/10.1016/j.gsd.2023.100906 

98. Hou, J. L., Zhuang, P., Zhang, L. Z., Feng, L., Zhang, T., Liu, J. Y., and Feng, G. P. 

(2011). Morphological deformities and recovery, accumulation and elimination of lead 

in body tissues of Chinese sturgeon, Acipenser sinensis, early life stages: a laboratory 

study. Journal of Applied Ichthyology, 27(2), 514–519. 

https://doi.org/10.1111/j.1439-0426.2011.01703.x 

https://doi.org/10.1186/s41240-019-0116-5
https://doi.org/10.1016/j.ntt.2014.01.006
https://doi.org/10.1289/ehp.9652
https://doi.org/10.7324/rjc.2017.1031800
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.eti.2020.101043
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1080/23308249.2020.1795616
https://doi.org/10.1016/j.gsd.2023.100906
https://doi.org/10.1111/j.1439-0426.2011.01703.x


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  94 
     
 

99. Hou, J., Liu, H., Wang, L., Duan, L., Li, S., and Wang, X. (2018). Molecular Toxicity 

of Metal Oxide Nanoparticles in Danio rerio. Environmental Science and Technology, 

52(14), 7996–8004.  https://doi.org/10.1021/acs.est.8b01464 

100. Hou, L., Gupta, R., Van Arnam, J. S., Zhang, Y., Sivalenka, K., Samaras, D., Kurc, 

T. M., and Saltz, J. H. (2020). Dataset of segmented nuclei in hematoxylin and eosin-

stained histopathology images of ten cancer types. Scientific Data, 7(1).   

https://doi.org/10.1038/s41597-020-0528-1 

101. Hristozov, D., and Malsch, I. (2009). Hazards and Risks of Engineered 

Nanoparticles for the Environment and Human Health. Sustainability, 1(4), 1161–

1194. https://doi.org/10.3390/su1041161 

102. Hu, W., Culloty, S., Darmody, G., Lynch, S., Davenport, J., Ramirez-Garcia, S., 

Dawson, K. A., Lynch, I., Blasco, J., and Sheehan, D. (2014). Toxicity of copper oxide 

nanoparticles in the blue mussel, Mytilus edulis: A redox proteomic investigation. 

Chemosphere, 108, 289–299.  https://doi.org/10.1016/j.chemosphere.2014.01.054 

103. Hughes, M. F. (2002). Arsenic toxicity and potential mechanisms of action. 

Toxicology Letters, 133(1), 1–16.  https://doi.org/10.1016/s0378-4274(02)00084-x 

104. Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B. B., and Beeregowda, K. N. 

(2014). Toxicity, mechanism and health effects of some heavy metals. 

Interdisciplinary Toxicology, 7(2), 60–72.  https://doi.org/10.2478/intox-2014-0009 

105. JOHNSON, A., CAREW, E., and SLOMAN, K. (2007). The effects of copper on 

the morphological and functional development of zebrafish embryos. Aquatic 

Toxicology, 84(4), 431–438.  https://doi.org/10.1016/j.aquatox.2007.07.003 

106. Joseph, L., Jun, B.-M., Flora, J. R. V., Park, C. M., and Yoon, Y. (2019). Removal 

of heavy metals from water sources in the developing world using low-cost materials: 

A review. Chemosphere, 229, 142–159. 

https://doi.org/10.1016/j.chemosphere.2019.04.198 

107. Kanungo, J., Twaddle, N. C., Silva, C., Robinson, B., Mulugeta Wolle, M., 

Conklin, S. D., MacMahon, S., Gu, Q., Edhlund, I., Benjamin, L., Beland, F. A., and 

Fitzpatrick, S. (2023). Inorganic arsenic alters the development of dopaminergic 

neurons but not serotonergic neurons and induces motor neuron development via Sonic 

https://doi.org/10.1021/acs.est.8b01464
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1038/s41597-020-0528-1
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1038/s41597-020-0528-1
https://doi.org/10.3390/su1041161
https://doi.org/10.1016/j.chemosphere.2014.01.054
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/s0378-4274(02)00084-x
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.2478/intox-2014-0009
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.aquatox.2007.07.003
https://doi.org/10.1016/j.chemosphere.2019.04.198


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  95 
     
 

hedgehog pathway in zebrafish. Neuroscience Letters, 795, 137042–137042.  

https://doi.org/10.1016/j.neulet.2022.137042 

108. Kapahi, M., and Sachdeva, S. (2019). Bioremediation Options for Heavy Metal 

Pollution. Journal of Health and Pollution, 9(24), 191203. 

https://doi.org/10.5696/2156-9614-9.24.191203 

109. Kapoor, D., and Singh, M. P. (2021). Heavy metal contamination in water and its 

possible sources. Heavy Metals in the Environment, 179–189. 

 https://doi.org/10.1016/b978-0-12-821656-9.00010-9 

110. Khatoon, U. T., Mohan Mantravadi, K., and Nageswara Rao, G. V. S. (2018). 

Strategies to synthesize copper oxide nanoparticles and their bio applications – a 

review. Materials Science and Technology, 34(18), 2214–2222. 

      https://doi.org/10.1080/02670836.2018.1482600 

111. Kiendrebeogo, M., Karimi Estahbanati, M. R., Ouarda, Y., Drogui, P., and Tyagi, 

R. D. (2022). Electrochemical degradation of nanoplastics in water: Analysis of the 

role of reactive oxygen species. Science of the Total Environment, 808, 151897.  

https://doi.org/10.1016/j.scitotenv.2021.151897 

112. Kim, R.-Y., Yoon, J.-K., Kim, T.-S., Yang, J. E., Owens, G., and Kim, K.-R. 

(2015). Bioavailability of heavy metals in soils: definitions and practical 

implementation—a critical review. Environmental Geochemistry and Health, 37(6), 

1041–1061.   https://doi.org/10.1007/s10653-015-9695-y 

113. Kousar, S., and Javed, M. (2014). Assessment of DNA damage in peripheral blood 

erythrocytes of fish exposed to arsenic under laboratory conditions. International 

Journal of Current Microbiology and Applied Sciences, 3(11). 

114. Kumar, N., Gupta, S. K., Chandan, N. K., Bhushan, S., Singh, D. K., Kumar, P., 

Kumar, P., Wakchaure, G. C., and Singh, N. P. (2020). Mitigation potential of selenium 

nanoparticles and riboflavin against arsenic and elevated temperature stress in 

Pangasianodon hypophthalmus. Scientific Reports, 10(1).  

 https://doi.org/10.1038/s41598-020-74911-2 

115. Kumar, R., and Banerjee, T. K. (2012). Analysis of Arsenic Bioaccumulation in 

Different Organs of the Nutritionally Important Catfish, Clarias batrachus (L.) 

https://doi.org/10.1016/j.neulet.2022.137042
https://doi.org/10.5696/2156-9614-9.24.191203
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/b978-0-12-821656-9.00010-9
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1080/02670836.2018.1482600
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.scitotenv.2021.151897
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.scitotenv.2021.151897
https://doi.org/10.1007/s10653-015-9695-y
https://doi.org/10.1038/s41598-020-74911-2


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  96 
     
 

Exposed to the Trivalent Arsenic Salt, Sodium Arsenite. Bulletin of Environmental 

Contamination and Toxicology, 89(3), 445–449.  https://doi.org/10.1007/s00128-012-

0714-8 

116. Kumari, B., Kumar, V., Sinha, A. K., Ahsan, J., Ghosh, A. K., Wang, H., and 

DeBoeck, G. (2016). Toxicology of arsenic in fish and aquatic systems. Environmental 

Chemistry Letters, 15(1), 43–64.  https://doi.org/10.1007/s10311-016-0588-9 

117. Lee, I.-C., Ko, J.-W., Park, S.-H., Shin, N.-R., Shin, I.-S., Moon, C., Kim, J.-H., 

Kim, H.-C., and Kim, J.-C. (2016). Comparative toxicity and biodistribution 

assessments in rats following subchronic oral exposure to copper nanoparticles and 

microparticles. Particle and Fibre Toxicology, 13(1).  https://doi.org/10.1186/s12989-

016-0169-x 

118. Li, N., Wang, J., and Song, W.-Y. (2015). Arsenic Uptake and Translocation in 

Plants. Plant and Cell Physiology, 57(1), 4–13.  https://doi.org/10.1093/pcp/pcv143 

119. Li, Y., Sun, Y., Zhang, G., He, Z., Wang, Y., and Cui, J. (2016). Effects of copper 

oxide nanoparticles on developing zebrafish embryos and larvae. International 

Journal of Nanomedicine, 905.   https://doi.org/10.2147/ijn.s100350 

120. Lin, W., Jiang, R., Xiong, Y., Wu, J., Xu, J., Zheng, J., Zhu, F., and Ouyang, G. 

(2019). Quantification of the combined toxic effect of polychlorinated biphenyls and 

nano-sized polystyrene on Daphnia magna. Journal of Hazardous Materials, 364, 

531–536.  https://doi.org/10.1016/j.jhazmat.2018.10.056 

121. Liu, L., Fan, W., Lu, H., and Xiao, W. (2015). Effects of the interaction between 

TiO2 with different percentages of exposed {001} facets and Cu2+ on biotoxicity in 

Daphnia magna. Scientific Reports, 5(1).  https://doi.org/10.1038/srep11121  

122. Liu, Y., Zhao, H., Wang, Y., Guo, M., Mu, M., and Xing, M. (2020). Arsenic (III) 

and/or copper (II) induces oxidative stress in chicken brain and subsequent effects on 

mitochondrial homeostasis and autophagy. Journal of Inorganic Biochemistry, 211, 

111201–111201.  https://doi.org/10.1016/j.jinorgbio.2020.111201 

123. Lowry, G. V., Gregory, K. B., Apte, S. C., and Lead, J. R. (2012). Transformations 

of Nanomaterials in the Environment. Environmental Science and Technology, 

46(13), 6893–6899.  https://doi.org/10.1021/es300839e 

https://doi.org/10.1007/s00128-012-0714-8
https://doi.org/10.1007/s00128-012-0714-8
https://doi.org/10.1007/s10311-016-0588-9
https://doi.org/10.1186/s12989-016-0169-x
https://doi.org/10.1186/s12989-016-0169-x
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1093/pcp/pcv143
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.2147/ijn.s100350
https://doi.org/10.1016/j.jhazmat.2018.10.056
https://doi.org/10.1038/srep11121
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jinorgbio.2020.111201
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1021/es300839e


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  97 
     
 

124. Lu, T.H., Tseng, T.J., Su, C.C., Tang, F.C., Yen, C.C., Liu, Y., Yang, C.Y., Wu, 

C.C., Chen, K.L., Hung, D. Z., and Chen, Y. (2014). Arsenic induces reactive oxygen 

species-caused neuronal cell apoptosis through JNK/ERK-mediated mitochondria-

dependent and GRP 78/CHOP-regulated pathways. Toxicology Letters, 224(1), 130–

140.   https://doi.org/10.1016/j.toxlet.2013.10.013 

125. Luna, I. Z., Hilary, L. N., Chowdhury, A. M. S., Gafur, M. A., Khan, N., and Khan, 

R. A. (2015). Preparation and Characterization of Copper Oxide Nanoparticles 

Synthesized via Chemical Precipitation Method. OALib, 02(03), 1–8.  

https://doi.org/10.4236/oalib.1101409 

126. Malekpouri̇ P., Moshtaghi̇e A. A., Hosseini̇ R., and Ebrahimi. E. (2011). Short and 

Long-Term Effects of Waterborne Cadmium on Growth and Its Muscle Accumulation 

in Common Carp Fish (Cyprinus carpio), an Experimental Study. Turkish Journal of 

Fisheries and Aquatic Sciences, 11(4). https://dergipark.org.tr/en/pub/trjfas-

ayrildi/issue/13271/160303 

127. Mani, R., Balasubramanian, S., Raghunath, A., and Perumal, E. (2019). Chronic 

exposure to copper oxide nanoparticles causes muscle toxicity in adult zebrafish. 

Environmental Science and Pollution Research, 27(22), 27358–27369. 

      https://doi.org/10.1007/s11356-019-06095-w 

128. Mansano, A. S., Souza, J. P., Cancino-Bernardi, J., Venturini, F. P., Marangoni, V. 

S., and Zucolotto, V. (2018). Toxicity of copper oxide nanoparticles to Neotropical 

species Ceriodaphnia silvestrii and Hyphessobrycon eques. Environmental Pollution, 

243, 723–733.  https://doi.org/10.1016/j.envpol.2018.09.020 

129. Mansouri, A., Fathi, M., Mansouri, B., and Azadi, N. A. (2016). Coexisting of 

titanium dioxide nanoparticles and diazinon on histopathology of common carp 

(Cyprinus carpio). Comparative Clinical Pathology, 25(6), 1227–1236.  

https://doi.org/10.1007/s00580-016-2333-y 

130. Mansouri, B., Maleki, A., Seyed Ali Johari, Behzad Shahmoradi, Mohammadi, E., 

and Davari, B. (2017). Histopathological effects of copper oxide nanoparticles on the 

gill and intestine of common carp (Cyprinus carpio) in the presence of titanium dioxide 

nanoparticles. Chemistry and Ecology, 33(4), 295–308.    

file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.toxlet.2013.10.013
https://doi.org/10.4236/oalib.1101409
https://dergipark.org.tr/en/pub/trjfas-ayrildi/issue/13271/160303
https://dergipark.org.tr/en/pub/trjfas-ayrildi/issue/13271/160303
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s11356-019-06095-w
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.envpol.2018.09.020
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s00580-016-2333-y
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s00580-016-2333-y


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  98 
     
 

https://doi.org/10.1080/02757540.2017.1301436 

131. Marnett, L. J. (1999). Lipid peroxidation-DNA damage by malondialdehyde. 

Mutation Research, 424(1-2), 83–95. https://doi.org/10.1016/s0027-5107(99)00010-x 

132. Memon, A. H., Ghangro, A. B., Jahangir, T. M., and Lund, G. M. (2016). Arsenic 

Contamination in Drinking Water of District Jamshoro, Sindh, Pakistan. Biomedical 

Letters, 2(1). 31-37. 

133. Menke, A. L., Spitsbergen, J. M., Wolterbeek, A. P. M., and Woutersen, R. A. 

(2011). Normal anatomy and histology of the adult zebrafish. Toxicologic Pathology, 

39(5), 759–775.  https://doi.org/10.1177/0192623311409597 

134. Migdal, C., and Serres, M. (2011). Espèces réactives de l’oxygène et stress oxydant. 

Médecine/Sciences, 27(4), 405–412. https://doi.org/10.1051/medsci/2011274017 

135. Mirza, M. Sajjad., Akkermans, A. D. L., Harmsen, H. J. M., Blok, H. J., Herron, P. 

R., Sessitsch, A., and Akkermans, W. M. (1994). Molecular ecology of microbes: A 

review of promises, pitfalls and true progress. FEMS Microbiology Reviews, 15(2-3), 

185–194.  https://doi.org/10.1111/j.1574-6976.1994.tb00134.x 

136. Piyushbhai, M. K., Binesh A., Shanmugam, S. A., and Venkatachalam, K. (2022). 

Exposure to low-dose arsenic caused teratogenicity and upregulation of 

proinflammatory cytokines in zebrafish embryos. Biological Trace Element Research.  

https://doi.org/10.1007/s12011-022-03418-w 

137. Moiseenko, T. I., and Gashkina, N. A. (2020). Distribution and bioaccumulation of 

heavy metals (Hg, Cd and Pb) in fish: influence of the aquatic environment and climate. 

Environmental Research Letters, 15(11), 115013. https://doi.org/10.1088/1748-

9326/abbf7c 

138. Mokarram, M., Saber, A., and Sheykhi, V. (2020). Effects of heavy metal 

contamination on river water quality due to release of industrial effluents. Journal of 

Cleaner Production, 277, 123380.  https://doi.org/10.1016/j.jclepro.2020.123380 

139. Muazzam, B., Munawar, K., Khan, I. A., Jahan, S., Iqbal, M., Asi, M. R., Farooqi, 

A., Nazli, A., Hussain, I., and Zafar, M. I. (2019). Stress response and toxicity studies 

on zebrafish exposed to endosulfan and imidacloprid present in water. Journal of 

 Water Supply: Research and Technology-Aqua, 68(8), 718–730.   

https://doi.org/10.1080/02757540.2017.1301436
https://doi.org/10.1016/s0027-5107(99)00010-x
https://doi.org/10.1177/0192623311409597
https://doi.org/10.1051/medsci/2011274017
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1111/j.1574-6976.1994.tb00134.x
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s12011-022-03418-w
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s12011-022-03418-w
https://doi.org/10.1088/1748-9326/abbf7c
https://doi.org/10.1088/1748-9326/abbf7c
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jclepro.2020.123380


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  99 
     
 

https://doi.org/10.2166/aqua.2019.077 

140. Raza M. A., Kanwal, Z., Shahid, A., Fatima, S., Sajjad, A., Riaz, S., and Naseem, 

S. (2021). Toxicity Evaluation of Arsenic Nanoparticles on Growth, Biochemical, 

Hematological, and Physiological Parameters of Labeo rohita Juveniles. Advances in 

Materials Science and Engineering, 2021, 1–10. 

      https://doi.org/10.1155/2021/5185425 

141. Murtaza, B., Natasha, Amjad, M., Shahid, M., Imran, M., Shah, N. S., Abbas, G., 

Naeem, M. A., and Amjad, M. (2019). Compositional and health risk assessment of 

drinking water from health facilities of District Vehari, Pakistan. Environmental 

Geochemistry and Health, 42(8), 2425–2437.  https://doi.org/10.1007/s10653-019-

00465-6 

142. Mustafa, G., and Komatsu, S. (2016). Insights into the Response of Soybean 

Mitochondrial Proteins to Various Sizes of Aluminum Oxide Nanoparticles under 

Flooding Stress. Journal of Proteome Research, 15(12), 4464–4475. 

      https://doi.org/10.1021/acs.jproteome.6b00572 

143. Muthusaravanan, S., Sivarajasekar, N., Vivek, J. S., Vasudha Priyadharshini, S., 

Paramasivan, T., Dhakal, N., and Naushad, Mu. (2019). Research Updates on Heavy 

Metal Phytoremediation: Enhancements, Efficient Post-harvesting Strategies and 

Economic Opportunities. Green Materials for Wastewater Treatment, 191–222.  

https://doi.org/10.1007/978-3-030-17724-9_9 

144. Narayan, H., Alemu, H., Maxakaza, L. F., and Jaybhaye, S. (2018). Copper Oxide 

Nanoparticles: Synthesis and Characterization. International Journal of Scientific 

Research in Science, Engineering and Technology, 5(4), 43–47. 

145. Nawaz, R., Nasim, I., Irfan, A., Islam, A., Naeem, A., Ghani, N., Irshad, M. A., 

Latif, M., Nisa, B. U., and Ullah, R. (2023). Water Quality Index and Human Health 

Risk Assessment of Drinking Water in Selected Urban Areas of a Mega City. Toxics, 

11(7), 577.  https://doi.org/10.3390/toxics11070577 

146. Nayak, S., and Patnaik, L. (2021). Acetylcholinesterase as a Potential Biomarker 

of Naphthalene Toxicity in Different Tissues of Freshwater Teleost, Anabas testudines. 

Journal of Environmental Engineering and Landscape Management, 29(4), 403–

https://doi.org/10.2166/aqua.2019.077
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1155/2021/5185425
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s10653-019-00465-6
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s10653-019-00465-6
https://doi.org/10.1021/acs.jproteome.6b00572
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/978-3-030-17724-9_9
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/978-3-030-17724-9_9
https://doi.org/10.3390/toxics11070577


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  100 
     
 

409.  https://doi.org/10.3846/jeelm.2021.15808 

147. Naz, S., Gul, A., and Zia, M. (2020). Toxicity of copper oxide nanoparticles: a 

review study. IET Nanobiotechnology, 14(1), 1–13. https://doi.org/10.1049/iet-

nbt.2019.0176 

148. NEQS. (2010). Government of Pakistan, Ministry of Environment, National 

Environmental Quality Standards.  

149. Nkwunonwo, U. C., Odika, P. O., and Onyia, N. I. (2020). A Review of the Health 

Implications of Heavy Metals in Food Chain in Nigeria. The Scientific World Journal, 

2020, 1–11.  https://doi.org/10.1155/2020/6594109 

150. Ohno, K., Yanase, T., Matsuo, Y., Kimura, T., Hamid-ur- Rahman, M., Magara, 

Y., and Matsui, Y. (2007). Arsenic intake via water and food by a population living in 

an arsenic-affected area of Bangladesh. Science of the Total Environment, 381(1-3), 

68–76.  https://doi.org/10.1016/j.scitotenv.2007.03.019 

151. Oliveira, M., Maria, V. L., Ahmad, I., Serafim, A., Bebianno, M. J., Pacheco, M., 

and Santos, M. A. (2009). Contamination assessment of a coastal lagoon (Ria de 

Aveiro, Portugal) using defense and damage biochemical indicators in gill of Liza 

aurata – An integrated biomarker approach. Environmental Pollution, 157(3), 959–

967.  https://doi.org/10.1016/j.envpol.2008.10.019. 

152. Pak-EPA. (2008). Government of Pakistan, Pakistan Environmental Protection 

Agency (Ministry of Environment), National Standards for Drinking Water Quality.  

153. Parichy, D. M., Elizondo, M. R., Mills, M. G., Gordon, T. N., and Engeszer, R. E. 

(2009). Normal table of postembryonic zebrafish development: Staging by externally 

visible anatomy of the living fish. Developmental Dynamics, 238(12), 2975–3015.   

https://doi.org/10.1002/dvdy.22113 

154. Patil, S. M., Rane, N. R., Bankole, P. O., Krishnaiah, P., Ahn, Y., Park, Y.-K., 

Yadav, K. K., Amin, M. A., and Jeon, B.-H. (2022). An assessment of micro- and 

nanoplastics in the biosphere: A review of detection, monitoring, and remediation 

technology. Chemical Engineering Journal, 430, 132913. 

  https://doi.org/10.1016/j.cej.2021.132913 

155. Patriche, T., Patriche, N., Bocioc, E., and Coadă, M. T. (2011). Serum biochemical 

https://doi.org/10.3846/jeelm.2021.15808
https://doi.org/10.1049/iet-nbt.2019.0176
https://doi.org/10.1049/iet-nbt.2019.0176
https://doi.org/10.1155/2020/6594109
https://doi.org/10.1016/j.scitotenv.2007.03.019
https://doi.org/10.1016/j.envpol.2008.10.019
https://doi.org/10.1002/dvdy.22113
https://doi.org/10.1016/j.cej.2021.132913


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  101 
     
 

parameters of farmed carp (Cyprinus carpio). Aacl Bioflux, 4(2), 137–140. 

156. Pei, D.-S., and Strauss, P. R. (2013). Zebrafish as a model system to study DNA 

damage and repair. Mutation Research/Fundamental and Molecular Mechanisms of 

Mutagenesis, 743-744, 151–159.  https://doi.org/10.1016/j.mrfmmm.2012.10.003 

157. Perumal, E., Sangavi Eswaran, Parvin, R., and Balasubramanian, S. (2021). 

Mitigation of arsenic induced developmental cardiotoxicity by ferulic acid in zebrafish. 

Comparative Biochemistry and Physiology Part C: Toxicology and Pharmacology, 

244, 109021–109021.  https://doi.org/10.1016/j.cbpc.2021.109021 

158. Plant-Microbes-Engineered Nanoparticles (PM-ENPs) Nexus in Agro-Ecosystems. 

(2021). In P. Singh, R. Singh, P. Verma, R. Bhadouria, A. Kumar, and M. Kaushik 

(Eds.), Advances in Science, Technology and Innovation. Springer International 

Publishing.  https://doi.org/10.1007/978-3-030-66956-0 

159. Podgorski, J., and Berg, M. (2020). Global threat of arsenic in groundwater. 

Science, 368(6493), 845–850.  https://doi.org/10.1126/science.aba1510 

160. Poss, K. D. (2002). Heart Regeneration in Zebrafish. Science, 298(5601), 2188–

2190.  https://doi.org/10.1126/science.1077857 

161. Prüss-Ustün, A., Vickers, C., Haefliger, P., and Bertollini, R. (2011). Knowns and 

unknowns on burden of disease due to chemicals: a systematic review. Environmental 

Health, 10(1). https://doi.org/10.1186/1476-069x-10-9 

162. Purushothaman, S., Raghunath, A., Dhakshinamoorthy, V., Panneerselvam, L., and 

Perumal, E. (2014). Acute exposure to titanium dioxide (TiO2) induces oxidative stress 

in zebrafish gill tissues. Toxicological and Environmental Chemistry, 96(6), 890–905.   

https://doi.org/10.1080/02772248.2014.987511 

163. Quirino, M. R., Lucena, G. L., Medeiros, J. A., Santos, I. M. G. dos, and Oliveira, 

M. J. C. de. (2018). CuO Rapid Synthesis with Different Morphologies by the 

Microwave Hydrothermal Method. Materials Research, 21(6). 

  https://doi.org/10.1590/1980-5373-mr-2018-0227 

164. Rabbane, Md. G., Kabir, Md. A., Habibullah-Al-Mamun, Md., and Mustafa, Md. 

G. (2022). Toxic Effects of Arsenic in Commercially Important Fish Rohu Carp, Labeo 

rohita of Bangladesh. Fishes, 7(5), 217.  https://doi.org/10.3390/fishes7050217 

https://doi.org/10.1016/j.mrfmmm.2012.10.003
https://doi.org/10.1016/j.cbpc.2021.109021
https://doi.org/10.1007/978-3-030-66956-0
https://doi.org/10.1126/science.aba1510
https://doi.org/10.1126/science.1077857
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1186/1476-069x-10-9
https://doi.org/10.1080/02772248.2014.987511
https://doi.org/10.1590/1980-5373-mr-2018-0227
https://doi.org/10.3390/fishes7050217


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  102 
     
 

165. Raessler, M. (2018). The Arsenic Contamination of Drinking and Groundwaters in 

Bangladesh: Featuring Biogeochemical Aspects and Implications on Public Health. 

Archives of Environmental Contamination and Toxicology, 75(1), 1–7. 

      https://doi.org/10.1007/s00244-018-0511-4 

166. Rafeeq, H., Hussain, A., Ambreen, A., Zill-e-Huma, Waqas, M., Bilal, M., and 

Iqbal, H. M. N. (2022). Functionalized nanoparticles and their environmental 

remediation potential: a review. Journal of Nanostructure in Chemistry. 

      https://doi.org/10.1007/s40097-021-00468-9 

167. Rahaman, Md. S., Mise, N., and Ichihara, S. (2022). Arsenic contamination in food 

chain in Bangladesh: A review on health hazards, socioeconomic impacts and 

implications. Hygiene and Environmental Health Advances, 2, 100004.  

https://doi.org/10.1016/j.heha.2022.100004 

168. Rahaman, Md. S., Rahman, Md. M., Mise, N., Sikder, Md. T., Ichihara, G., Uddin, 

Md. K., Kurasaki, M., and Ichihara, S. (2021). Environmental arsenic exposure and its 

contribution to human diseases, toxicity mechanism and management. Environmental 

Pollution, 289, 117940.   https://doi.org/10.1016/j.envpol.2021.117940 

169. Rahman, M. M., Naidu, R., and Bhattacharya, P. (2009). Arsenic contamination in 

groundwater in the Southeast Asia region. Environmental Geochemistry and Health, 

31(S1), 9–21.  https://doi.org/10.1007/s10653-008-9233-2 

170. Raju, N. J. (2022). Arsenic in the geo-environment: A review of sources, 

geochemical processes, toxicity and removal technologies. Environmental Research, 

203, 111782.  https://doi.org/10.1016/j.envres.2021.111782 

171. Ray, A., Bhaduri, A., Srivastava, N., and Mazumder, S. (2017). Identification of 

novel signature genes attesting arsenic-induced immune alterations in adult zebrafish 

(Danio rerio). Journal of Hazardous Materials, 321, 121–131. 

       https://doi.org/10.1016/j.jhazmat.2016.09.001 

172. Raza, M. A., Kanwal, Z., Shahid, A., Fatima, S., Sajjad, A., Riaz, S., and Naseem, 

S. (2021). Toxicity Evaluation of Arsenic Nanoparticles on Growth, Biochemical, 

Hematological, and Physiological Parameters of Labeo rohita Juveniles. Advances in 

Materials Science and Engineering, 2021, 1–10. 

file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s00244-018-0511-4
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s40097-021-00468-9
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.heha.2022.100004
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.heha.2022.100004
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.envpol.2021.117940
https://doi.org/10.1007/s10653-008-9233-2
https://doi.org/10.1016/j.envres.2021.111782
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jhazmat.2016.09.001


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  103 
     
 

https://doi.org/10.1155/2021/5185425 

173. Rehman, M. U., Khan, R., Khan, A., Qamar, W., Arafah, A., Ahmad, A., Ahmad, 

A., Akhter, R., Rinklebe, J., and Ahmad, P. (2021). Fate of arsenic in living systems: 

Implications for sustainable and safe food chains. Journal of Hazardous Materials, 

417, 126050.  https://doi.org/10.1016/j.jhazmat.2021.126050 

174. Ren, X., Zeng, G., Tang, L., Wang, J., Wan, J., Liu, Y., Yu, J., Yi, H., Ye, S., and 

Deng, R. (2018). Sorption, transport and biodegradation – An insight into 

bioavailability of persistent organic pollutants in soil. Science of the Total 

Environment, 610-611, 1154–1163.  https://doi.org/10.1016/j.scitotenv.2017.08.089 

175. Rice, K. M., Walker, E. M., Wu, M., Gillette, C., and Blough, E. R. (2014). 

Environmental Mercury and Its Toxic Effects. Journal of Preventive Medicine and 

Public Health, 47(2), 74–83.  https://doi.org/10.3961/jpmph.2014.47.2.74 

176. Rickerby, D. G., and Morrison, M. (2007). Nanotechnology and the environment: 

A European perspective. Science and Technology of Advanced Materials, 8(1-2), 19–

24.  https://doi.org/10.1016/j.stam.2006.10.002 

177. Rizwan, M., Ali, S., Qayyum, M. F., Ok, Y. S., Adrees, M., Ibrahim, M., Zia-ur-

Rehman, M., Farid, M., and Abbas, F. (2017). Effect of metal and metal oxide 

nanoparticles on growth and physiology of globally important food crops: A critical 

review. Journal of Hazardous Materials, 322, 2–16. 

      https://doi.org/10.1016/j.jhazmat.2016.05.061 

178. Robinson, B., Duwig, C., Bolan, N., Kannathasan, M., and Saravanan, A. (2003). 

Uptake of arsenic by New Zealand watercress (Lepidium sativum). Science of the 

Total Environment, 301(1-3), 67–73. https://doi.org/10.1016/s0048-9697(02)00294-2 

179. Rodriguez-Lado, L., Sun, G., Berg, M., Zhang, Q., Xue, H., Zheng, Q., and 

Johnson, C. A. (2013). Groundwater Arsenic Contamination Throughout China. 

Science, 341(6148), 866–868.  https://doi.org/10.1126/science.1237484 

180. Sabeena, G., Rajaduraipandian, S., Pushpalakshmi, E., Alhadlaq, H. A., Mohan, R., 

Annadurai, G., and Ahamed, M. (2022). Green and chemical synthesis of CuO 

nanoparticles: A comparative study for several in vitro bioactivities and in vivo toxicity 

in zebrafish embryos. Journal of King Saud University - Science, 34(5), 102092.  

https://doi.org/10.1155/2021/5185425
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jhazmat.2021.126050
https://doi.org/10.1016/j.scitotenv.2017.08.089
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.3961/jpmph.2014.47.2.74
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.stam.2006.10.002
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jhazmat.2016.05.061
https://doi.org/10.1016/s0048-9697(02)00294-2
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1126/science.1237484
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jksus.2022.102092


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  104 
     
 

https://doi.org/10.1016/j.jksus.2022.102092 

181. Saha, P., and Paul, B. (2018). Assessment of heavy metal toxicity related with 

human health risk in the surface water of an industrialized area by a novel technique. 

Human and Ecological Risk Assessment: An International Journal, 25(4), 966–987.  

https://doi.org/10.1080/10807039.2018.1458595 

182. Samal, A. C., Bhattacharya, P., Biswas, P., Maity, J. P., Bundschuh, J., and Santra, 

S. C. (2021). Variety-specific arsenic accumulation in 44 different rice cultivars (O. 

sativa L.) and human health risks due to co-exposure of arsenic-contaminated rice and 

drinking water. Journal of Hazardous Materials, 407, 124804. 

      https://doi.org/10.1016/j.jhazmat.2020.124804 

183. Santos, B., Andrade, T., Domingues, I., Ribeiro, R., Soares, A. M., and Lopes, I. 

(2021). Influence of salinity on the toxicity of copper and cadmium to Zebrafish 

embryos. Aquatic Toxicology, 241, 106003. 

      https://doi.org/10.1016/j.aquatox.2021.106003 

184. Sarkar, B., Dissanayake, P. D., Bolan, N. S., Dar, J. Y., Kumar, M., Haque, M. N., 

Mukhopadhyay, R., Ramanayaka, S., Biswas, J. K., Tsang, D. C. W., Rinklebe, J., and 

Ok, Y. S. (2021). Challenges and opportunities in sustainable management of 

microplastics and nanoplastics in the environment. Environmental Research, 112179.  

https://doi.org/10.1016/j.envres.2021.112179 

185. Sarkar, S., Mukherjee, S., Chattopadhyay, A., and Bhattacharya, S. (2014). Low 

dose of arsenic trioxide triggers oxidative stress in zebrafish brain: Expression of 

antioxidant genes. Ecotoxicology and Environmental Safety, 107, 1–8.   

https://doi.org/10.1016/j.ecoenv.2014.05.012 

186. Sarkar, S., Mukherjee, S., Chattopadhyay, A., and Bhattacharya, S. (2017). 

Differential modulation of cellular antioxidant status in zebrafish liver and kidney 

exposed to low dose arsenic trioxide. Ecotoxicology and Environmental Safety, 135, 

173–182.  https://doi.org/10.1016/j.ecoenv.2016.09.025 

187. Sayed, A. E.-D. H., and Soliman, H. A. M. (2017). Developmental toxicity and 

DNA damaging properties of silver nanoparticles in the catfish (Clarias gariepinus). 

Mutation Research/Genetic Toxicology and Environmental Mutagenesis, 822, 34–

file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jksus.2022.102092
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1080/10807039.2018.1458595
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1080/10807039.2018.1458595
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jhazmat.2020.124804
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.aquatox.2021.106003
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.envres.2021.112179
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.envres.2021.112179
https://doi.org/10.1016/j.ecoenv.2014.05.012
https://doi.org/10.1016/j.ecoenv.2016.09.025


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  105 
     
 

40.  https://doi.org/10.1016/j.mrgentox.2017.07.002 

188. Schieber, M., and Chandel, Navdeep S. (2014). ROS Function in Redox Signaling 

and Oxidative Stress. Current Biology, 24(10), R453–R462. 

      https://doi.org/10.1016/j.cub.2014.03.034 

189. Senger, M. R., Rosemberg, D. B., Seibt, K. J., Dias, R. D., Bogo, M. R., and Bonan, 

C. D. (2010). Influence of mercury chloride on adenosine deaminase activity and gene 

expression in zebrafish (Danio rerio) brain. NeuroToxicology, 31(3), 291–296.  

https://doi.org/10.1016/j.neuro.2010.03.003 

190. Shahab, A., Qi, S., and Zaheer, M. (2018). Arsenic contamination, subsequent 

water toxicity, and associated public health risks in the lower Indus plain, Sindh 

province, Pakistan. Environmental Science and Pollution Research, 26(30), 30642–

30662. https://doi.org/10.1007/s11356-018-2320-8  

191. Shahid, M., Khalid, M., Dumat, C., Khalid, S., Niazi, N. K., Imran, M., Bibi, I., 

Ahmad, I., Hammad, H. M., and Tabassum, R. A. (2017). Arsenic Level and Risk 

Assessment of Groundwater in Vehari, Punjab Province, Pakistan. Exposure and 

Health, 10(4), 229–239.  https://doi.org/10.1007/s12403-017-0257-7 

192. Shahid, S. U., Abbasi, N. A., Tahir, A., Ahmad, S., and Ahmad, S. R. (2022). Health 

risk assessment and geospatial analysis of arsenic contamination in shallow aquifer 

along Ravi River, Lahore, Pakistan. Environmental Science and Pollution Research, 

30.  https://doi.org/10.1007/s11356-022-22458-2 

193. Shahsavani, D., Kazerani, H. R., Kaveh, S., and Gholipour-Kanani, H. (2009). 

Determination of some normal serum parameters in starry sturgeon (Acipenser stellatus 

Pallas, 1771) during spring season. Comparative Clinical Pathology, 19(1), 57–61.  

https://doi.org/10.1007/s00580-009-0899-3 

194. Shao, B., Zhu, L., Dong, M., Wang, J., Wang, J., Xie, H., Zhang, Q., Du, Z., and 

Zhu, S. (2012). DNA damage and oxidative stress induced by endosulfan exposure in 

zebrafish (Danio rerio). Ecotoxicology, 21(5), 1533–1540. 

      https://doi.org/10.1007/s10646-012-0907-2 

195. Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G. P. S., Handa, N., 

Kohli, S. K., Yadav, P., Bali, A. S., Parihar, R. D., Dar, O. I., Singh, K., Jasrotia, S., 

https://doi.org/10.1016/j.mrgentox.2017.07.002
https://doi.org/10.1016/j.cub.2014.03.034
https://doi.org/10.1016/j.neuro.2010.03.003
https://doi.org/10.1007/s11356-018-2320-8
https://doi.org/10.1007/s12403-017-0257-7
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s11356-022-22458-2
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s00580-009-0899-3
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s00580-009-0899-3
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s10646-012-0907-2


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  106 
     
 

Bakshi, P., Ramakrishnan, M., Kumar, S., Bhardwaj, R., and Thukral, A. K. (2019). 

Worldwide pesticide usage and its impacts on ecosystem. SN Applied Sciences, 1(11).  

https://doi.org/10.1007/s42452-019-1485-1 

196. Sharma, B., Gupta, V. K., Kumar, A., Yadav, S. H., and Pandey, R. (2017). 

Acetylcholinesterase as a Biomarker of Arsenic Induced Cardiotoxicity in Mammals. 

Science International, 5(4), 142–149.  https://doi.org/10.17311/sciintl.2017.142.149 

197. Sharma, S., Kaur, I., and Nagpal, A. K. (2018). Estimation of arsenic, manganese 

and iron in mustard seeds, maize grains, groundwater and associated human health risks 

in Ropar wetland, Punjab, India, and its adjoining areas. Environmental Monitoring 

and Assessment, 190(7).  https://doi.org/10.1007/s10661-018-6763-7 

198. Sheikhzadeh, H., and Hamidian, A. H. (2021). Bioaccumulation of heavy metals in 

fish species of Iran: a review. Environmental Geochemistry and Health, 43(10), 

3749–3869.  https://doi.org/10.1007/s10653-021-00883-5 

199. Siddiqi, K. S., and Husen, A. (2020). Current status of plant metabolite-based 

fabrication of copper/copper oxide nanoparticles and their applications: a review. 

Biomaterials Research, 24(1).  https://doi.org/10.1186/s40824-020-00188-1 

200. Silvia Pedroso Melegari, Perreault, F., Serge Moukha, Popovic, R., Creppy, E. E., 

and William Gerson Matias. (2012). Induction to oxidative stress by saxitoxin 

investigated through lipid peroxidation in Neuro 2A cells and Chlamydomonas 

reinhardtii alga. Chemosphere, 89(1), 38–43. 

      https://doi.org/10.1016/j.chemosphere.2012.04.009 

201. Singh, J., Kaur, G., and Rawat, M. (2016). A Brief Review on Synthesis and 

Characterization of Copper Oxide Nanoparticles and its Applications. Journal of 

Bioelectronics and Nanotechnology, 1(1).  

     https://doi.org/10.13188/2475-224x.1000003 

202. Singh, N., Bhagat, J., Tiwari, E., Khandelwal, N., Darbha, G. K., and Shyama, S. 

K. (2021). Metal oxide nanoparticles and polycyclic aromatic hydrocarbons alter 

nanoplastics stability and toxicity to zebrafish. Journal of Hazardous Materials, 407, 

124382.  https://doi.org/10.1016/j.jhazmat.2020.124382 

203. Singh, S., Dosani, T., Karakoti, A. S., Kumar, A., Seal, S., and Self, W. T. (2011). 

https://doi.org/10.1007/s42452-019-1485-1
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.17311/sciintl.2017.142.149
https://doi.org/10.1007/s10661-018-6763-7
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1007/s10653-021-00883-5
https://doi.org/10.1186/s40824-020-00188-1
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.chemosphere.2012.04.009
https://doi.org/10.13188/2475-224x.1000003
file:///F:/0-MPhil%20&%20PhD%20Research%20Students/24-Aksa%20Huma/Aqsa-%20Final%20Thesis/%20https:/doi.org/10.1016/j.jhazmat.2020.124382


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  107 
     
 

A phosphate-dependent shift in redox state of cerium oxide nanoparticles and its effects 

on catalytic properties. Biomaterials, 32(28), 6745–6753. 

  https://doi.org/10.1016/j.biomaterials.2011.05.073 

204. Slaninova, A., Smutná, M., Modra, H., and Zdenka Svobodova. (2009). A review: 

oxidative stress in fish induced by pesticides. PubMed, 30 Suppl 1, 2–12. 

205. Ślosarczyk, A., Klapiszewska, I., Parus, A., Balicki, S., Kornaus, K., Gapiński, B., 

Wieczorowski, M., Wilk, K. A., Jesionowski, T., and Kłapiszewski, Ł. (2023). 

Antimicrobial action and chemical and physical properties of CuO-doped engineered 

cementitious composites. Scientific Reports, 13(1).   https://doi.org/10.1038/s41598-

023-37673-1 

206. Smith, R. J., Kollus, K. M., and Propper, C. R. (2022). Environmentally relevant 

arsenic exposure affects morphological and molecular endpoints associated with 

reproduction in the Western mosquitofish, Gambusia affinis. Science of the Total 

Environment, 830, 154448.   https://doi.org/10.1016/j.scitotenv.2022.154448 

207. Songy, A., Vallet, J., Gantet, M., Boos, A., Pascale Ronot, Céline Tarnus, 

Christophe Clément, Philippe Larignon, Goddard, M., and Fontaine, F. (2019). Sodium 

arsenite effect on Vitis vinifera L. Physiology. Journal of Plant Physiology, 238, 72–

79.   https://doi.org/10.1016/j.jplph.2019.05.010 

208. Sonnahalli, N., and Chowdhary, R. (2020). Effect of nanoparticles on color stability 

and mechanical and biological properties of maxillofacial silicone elastomer: A 

systematic review. The Journal of Indian Prosthodontic Society, 20(3), 244.  

https://doi.org/10.4103/jips.jips_429_19 

209. Stefânia Konrad Richetti, Rosemberg, D. B., Ventura-Lima, J., José Maria 

Monserrat, Maurício Reis Bogo, and Carla Denise Bonan. (2011). Acetylcholinesterase 

activity and antioxidant capacity of zebrafish brain is altered by heavy metal exposure. 

NeuroToxicology, 32(1), 116–122.   https://doi.org/10.1016/j.neuro.2010.11.001 

210. Sukhanova, A., Bozrova, S., Sokolov, P., Berestovoy, M., Karaulov, A., and 

Nabiev, I. (2018). Dependence of Nanoparticle Toxicity on Their Physical and 

Chemical Properties. Nanoscale Research Letters, 13(1). 

     https://doi.org/10.1186/s11671-018-2457-x 

https://doi.org/10.1016/j.biomaterials.2011.05.073
https://doi.org/10.1038/s41598-023-37673-1
https://doi.org/10.1038/s41598-023-37673-1
https://doi.org/10.1016/j.scitotenv.2022.154448
https://doi.org/10.1016/j.jplph.2019.05.010
https://doi.org/10.4103/jips.jips_429_19
https://doi.org/10.1016/j.neuro.2010.11.001
https://doi.org/10.1186/s11671-018-2457-x


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  108 
     
 

211. Sukumar, S., Rudrasenan, A., and Padmanabhan Nambiar, D. (2020). Green-

Synthesized Rice-Shaped Copper Oxide Nanoparticles Using Caesalpinia bonducella 

Seed Extract and Their Applications. ACS Omega, 5(2), 1040–1051.  

https://doi.org/10.1021/acsomega.9b02857 

212. Sultana, J., Farooqi, A., and Ali, U. (2013). Arsenic concentration variability, health 

risk assessment, and source identification using multivariate analysis in selected 

villages of public water system, Lahore, Pakistan. Environmental Monitoring and 

Assessment, 186(2), 1241–1251.  https://doi.org/10.1007/s10661-013-3453-3 

213. Sun, G. (2004). Arsenic contamination and arsenicosis in China. Toxicology and 

Applied Pharmacology, 198(3), 268–271. https://doi.org/10.1016/j.taap.2003.10.017 

214. Sun, H., Zhang, X., Niu, Q., Chen, Y., and Crittenden, J. C. (2006). Enhanced 

Accumulation of Arsenate in Carp in the Presence of Titanium Dioxide Nanoparticles. 

Water, Air, and Soil Pollution, 178(1-4), 245–254. https://doi.org/10.1007/s11270-

006-9194-y 

215. Sun, H.-J., Zhao, W.-J., Teng, X.-Q., Shu, S.-P., Li, S.-W., Hong, H.-C., and Guan, 

D.-X. (2020). Antioxidant responses and pathological changes in the gill of zebrafish 

(Danio rerio) after chronic exposure to arsenite at its reference dose. Ecotoxicology 

and Environmental Safety, 200, 110743. 

 https://doi.org/10.1016/j.ecoenv.2020.110743 

216. Sun, X., Li, J., Zhao, H., Wang, Y., Liu, J., Shao, Y., Xue, Y., and Xing, M. (2018). 

Synergistic effect of copper and arsenic upon oxidative stress, inflammation and 

autophagy alterations in brain tissues of Gallus gallus. Journal of Inorganic 

Biochemistry, 178, 54–62. https://doi.org/10.1016/j.jinorgbio.2017.10.006 

217. Sunainna, A., Bhardwaj, K., and Ansari, A. (2016). Oxidative stress biomarkers in 

assessing arsenic tri oxide toxicity in the Zebrafish, Danio rerio. International Journal 

of Fisheries and Aquatic Studies, 4(4), 08-13. 

218. Szreter, S. (2004). Industrialization and health. British Medical Bulletin, 69(1), 

75–86.  https://doi.org/10.1093/bmb/ldh005 

219. Tangaa, S. R., Selck, H., Winther-Nielsen, M., and Khan, F. R. (2016). Trophic 

transfer of metal-based nanoparticles in aquatic environments: a review and 

https://doi.org/10.1021/acsomega.9b02857
https://doi.org/10.1007/s10661-013-3453-3
https://doi.org/10.1016/j.taap.2003.10.017
https://doi.org/10.1007/s11270-006-9194-y
https://doi.org/10.1007/s11270-006-9194-y
https://doi.org/10.1016/j.ecoenv.2020.110743
https://doi.org/10.1016/j.jinorgbio.2017.10.006
https://doi.org/10.1093/bmb/ldh005


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  109 
     
 

recommendations for future research focus. Environmental Science: Nano, 3(5), 966–

981.  https://doi.org/10.1039/c5en00280j 

220. Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K., and Sutton, D. J. (2014). Heavy 

metal toxicity and the environment. Experientia Supplementum, 101(1), 133–164. 

https://doi.org/10.1007/978-3-7643-8340-4_6 

221. Thi Tu, H., Silvestre, F., Scippo, M.-L., Thome, J.-P., Phuong, N. T., and 

Kestemont, P. (2009). Acetylcholinesterase activity as a biomarker of exposure to 

antibiotics and pesticides in the black tiger shrimp (Penaeus monodon). Ecotoxicology 

and Environmental Safety, 72(5), 1463–1470. 

    https://doi.org/10.1016/j.ecoenv.2009.04.008 

222. Tongesayi, T., Fedick, P., Lechner, L., Brock, C., Le Beau, A., and Bray, C. (2013). 

Daily bioaccessible levels of selected essential but toxic heavy metals from the 

consumption of non-dietary food sources. Food and Chemical Toxicology, 62, 142–

147.  https://doi.org/10.1016/j.fct.2013.08.052 

223. Tortella, G. R., Rubilar, O., Durán, N., Diez, M. C., Martínez, M., Parada, J., and 

Seabra, A. B. (2020). Silver nanoparticles: Toxicity in model organisms as an overview 

of its hazard for human health and the environment. Journal of Hazardous Materials, 

390, 121974.  https://doi.org/10.1016/j.jhazmat.2019.121974 

224. Tuncsoy, M., and Erdem, C. (2021). Comparison to Toxic Effects of Copper Oxide 

Nanoparticles and Copper Sulphate on Some Serum Parameters and Enzyme Activities 

of Oreochromis niloticus. Journal of Anatolian Environmental and Animal Sciences.  

https://doi.org/10.35229/jaes.987548 

225. Usenko, C. Y., Harper, S. L., and Tanguay, R. L. (2007). In vivo evaluation of 

carbon fullerene toxicity using embryonic zebrafish. Carbon, 45(9), 1891–1898. 

https://doi.org/10.1016/j.carbon.2007.04.021.    

226. USEPA. (2001). Drinking water standard for arsenic. Washington, DC: United 

States Environmental Protection Agency.  

227. USEPA. (1995). National Recommended Water Quality Criteria - Aquatic Life 

Criteria Table. Recommended Aquatic Life Criteria Table. 

228. van der Putte, I., van der Galiën, W., and Strik, J. J. T. W. A. (1982). Effects of 

https://doi.org/10.1039/c5en00280j
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1016/j.ecoenv.2009.04.008
https://doi.org/10.1016/j.fct.2013.08.052
https://doi.org/10.1016/j.jhazmat.2019.121974
https://doi.org/10.35229/jaes.987548
https://doi.org/10.1016/j.carbon.2007.04.021


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  110 
     
 

hexavalent chromium in rainbow trout (Salmo gairdneri) after prolonged exposure at 

two different pH levels. Ecotoxicology and Environmental Safety, 6(3), 246–257.   

https://doi.org/10.1016/0147-6513(82)90015-x 

229. Vance, M. E., Kuiken, T., Vejerano, E. P., McGinnis, S. P., Hochella, M. F., 

Rejeski, D., and Hull, M. S. (2015). Nanotechnology in the real world: Redeveloping 

the nanomaterial consumer products inventory. Beilstein Journal of Nanotechnology, 

6, 1769–1780.  https://doi.org/10.3762/bjnano.6.181 

230. Vázquez Núñez, E., and de la Rosa-Álvarez, G. (2018). Environmental behavior of 

engineered nanomaterials in terrestrial ecosystems: Uptake, transformation and trophic 

transfer. Current Opinion in Environmental Science and Health, 6, 42–46.  

https://doi.org/10.1016/j.coesh.2018.07.011 

231. Vennam, S., Georgoulas, S., Khawaja, A., Chua, S., Strouthidis, N. G., and Foster, 

P. J. (2019). Heavy metal toxicity and the aetiology of glaucoma. Eye, 34(1), 129–137. 

https://doi.org/10.1038/s41433-019-0672-z 

232. Ventura‐Lima, J., Rosa, Acosta, S., Fattorini, D., Regoli, F., Machado, L., Bohrer, 

D., Geracitano, L. A., Barros, D. M., Luís Fernando Marins, Silva, Carla Denise Bonan, 

Maurício Reis Bogo, and Monserrat, J. M. (2009). Effects of arsenic (As) exposure on 

the antioxidant status of gills of the zebrafish Danio rerio (Cyprinidae). Comparative 

Biochemistry and Physiology Part C: Toxicology and Pharmacology, 149(4), 538–

543. https://doi.org/10.1016/j.cbpc.2008.12.003 

233. Vevers, W. F., and Jha, A. N. (2008). Genotoxic and cytotoxic potential of titanium 

dioxide (TiO2) nanoparticles on fish cells in vitro. Ecotoxicology, 17(5), 410–420.  

https://doi.org/10.1007/s10646-008-0226-9 

234. Vicario-Parés, U., Castañaga, L., Lacave, J. M., Oron, M., Reip, P., Berhanu, D., 

Valsami-Jones, E., Cajaraville, M. P., and Orbea, A. (2014). Comparative toxicity of 

metal oxide nanoparticles (CuO, ZnO and TiO2) to developing zebrafish embryos. 

Journal of Nanoparticle Research, 16(8). https://doi.org/10.1007/s11051-014-2550-8 

235. Walters, C., Pool, E., and Somerset, V. (2016). Nanotoxicology: A Review. 

Toxicology - New Aspects to This Scientific Conundrum. 

 https://doi.org/10.5772/64754 

https://doi.org/10.1016/0147-6513(82)90015-x
https://doi.org/10.3762/bjnano.6.181
https://doi.org/10.1016/j.coesh.2018.07.011
https://doi.org/10.1038/s41433-019-0672-z
https://doi.org/10.1016/j.cbpc.2008.12.003
https://doi.org/10.1007/s10646-008-0226-9
https://doi.org/10.1007/s11051-014-2550-8
https://doi.org/10.5772/64754


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  111 
     
 

236. Wan, Y., Huang, Q., Wang, Q., Yu, Y., Su, D., Qiao, Y., and Li, H. (2020). 

Accumulation and bioavailability of heavy metals in an acid soil and their uptake by 

paddy rice under continuous application of chicken and swine manure. Journal of 

Hazardous Materials, 384, 121293. https://doi.org/10.1016/j.jhazmat.2019.121293 

237. Wang, B., Cheng, H., Lin, C., Zhang, X., Duan, X., Wang, Q., and Xu, D. (2022). 

Arsenic exposure analysis for children living in central China: From ingestion exposure 

to biomarkers. Chemosphere, 287, 132194–132194. 

    https://doi.org/10.1016/j.chemosphere.2021.132194 

238. Wang, G., and Fowler, B. A. (2008). Roles of biomarkers in evaluating interactions 

among mixtures of lead, cadmium and arsenic. Toxicology and Applied 

Pharmacology, 233(1), 92–99. https://doi.org/10.1016/j.taap.2008.01.017 

239. Wang, H., Xu, J.-Z., Zhu, J.-J., and Chen, H.-Y. (2002). Preparation of CuO 

nanoparticles by microwave irradiation. Journal of Crystal Growth, 244(1), 88–94.  

https://doi.org/10.1016/s0022-0248(02)01571-3 

240. Wang, Y., Fang, J., Leonard, S. S., and Krishna Rao, K. Murali. (2004). Cadmium inhibits 

the electron transfer chain and induces Reactive Oxygen Species. Free Radical Biology and 

Medicine, 36(11), 1434–1443. https://doi.org/10.1016/j.freeradbiomed.2004.03.010 

241. Wang, Y., Zhao, H., Liu, Y., Guo, M., Tian, Y., Huang, P., and Xing, M. (2021). 

Arsenite induce neurotoxicity of common carp: Involvement of blood brain barrier, 

apoptosis and autophagy, and subsequently relieved by zinc (Ⅱ) supplementation. 

Aquatic Toxicology, 232, 105765–105765.  

https://doi.org/10.1016/j.aquatox.2021.105765 

242. Wang, Z., von dem Bussche, A., Kabadi, P. K., Kane, A. B., and Hurt, R. H. (2013). 

Biological and Environmental Transformations of Copper-Based Nanomaterials. ACS 

Nano, 7(10), 8715–8727. https://doi.org/10.1021/nn403080y 

243. WHO. (2017). Guidelines for drinking-water quality. Geneva: World Health 

Organization. 

244. Woods, I. G. (2005). The zebrafish gene map defines ancestral vertebrate 

chromosomes. Genome Research, 15(9), 1307–1314.  

https://doi.org/10.1101/gr.4134305 

https://doi.org/10.1016/j.jhazmat.2019.121293
https://doi.org/10.1016/j.chemosphere.2021.132194
https://doi.org/10.1016/j.taap.2008.01.017
https://doi.org/10.1016/s0022-0248(02)01571-3
https://doi.org/10.1016/j.freeradbiomed.2004.03.010
https://doi.org/10.1016/j.aquatox.2021.105765
https://doi.org/10.1021/nn403080y
https://doi.org/10.1101/gr.4134305


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  112 
     
 

245. Wu, X., Cobbina, S. J., Mao, G., Xu, H., Zhang, Z., and Yang, L. (2016). A review 

of toxicity and mechanisms of individual and mixtures of heavy metals in the 

environment. Environmental Science and Pollution Research, 23(9), 8244–8259.  

https://doi.org/10.1007/s11356-016-6333-x 

246. Xia, J., Zhao, H., and Lu, G. (2013). Effects of selected metal oxide nanoparticles 

on multiple biomarkers in Carassius auratus. Biomedical and Environmental 

Sciences, 26(9), 742–749. https://doi.org/10.3967/0895-3988.2013.09.005 

247. Xu, J., Zhang, Q., Li, X., Zhan, S., Wang, L., and Chen, D. (2017). The effects of 

copper oxide nanoparticles on dorsoventral patterning, convergent extension, and 

neural and cardiac development of zebrafish. Aquatic Toxicology, 188, 130–137.  

https://doi.org/10.1016/j.aquatox.2017.05.002  

248. Yamakoshi, Y., Naoki Umezawa, Ryu, A., Kumi Arakane, Miyata, N., Goda, Y., 

Toshiki Masumizu, and Nagano, T. (2003). Active Oxygen Species Generated from 

Photoexcited Fullerene (C60) as Potential Medicines: O2
-• versus 1O2. Journal of the 

American Chemical Society, 125(42), 12803–12809.  

 https://doi.org/10.1021/ja0355574 

249. Yang, Q., Li, Z., Lu, X., Duan, Q., Huang, L., and Bi, J. (2018). A review of soil 

heavy metal pollution from industrial and agricultural regions in China: Pollution and 

risk assessment. Science of the Total Environment, 642, 690–700. 

  https://doi.org/10.1016/j.scitotenv.2018.06.068 

250. Zakaria, Z. Z., Mahmoud, N. N., Benslimane, F. M., Yalcin, H. C., Al Moustafa, 

A.-E., and Al-Asmakh, M. (2022). Developmental Toxicity of Surface-Modified Gold 

Nanorods in the Zebrafish Model. ACS Omega, 7(34), 29598–29611. 

https://doi.org/10.1021/acsomega.2c01313 

251. Zedan, A. F., Mohamed, A. T., M. Samy El‐Shall, AlQaradawi, S. Y., and Aljaber, 

A. S. (2018). Tailoring the reducibility and catalytic activity of CuO nanoparticles for 

low temperature CO oxidation. RSC Advances, 8(35), 19499–19511. 

https://doi.org/10.1039/c8ra03623c 

252. Žegura, B., and Filipič, M. (2019). The application of the Comet assay in fish cell 

lines. Mutation Research/Genetic Toxicology and Environmental Mutagenesis, 842, 

https://doi.org/10.1007/s11356-016-6333-x
https://doi.org/10.3967/0895-3988.2013.09.005
https://doi.org/10.1016/j.aquatox.2017.05.002
https://doi.org/10.1021/ja0355574
https://doi.org/10.1016/j.scitotenv.2018.06.068
https://doi.org/10.1021/acsomega.2c01313
https://doi.org/10.1039/c8ra03623c


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  113 
     
 

72–84.  https://doi.org/10.1016/j.mrgentox.2019.01.011 

253. Zeng, H., Li, J., Liu, J. B., Zhong Lin Wang, and Sun, S. (2002). Exchange-coupled 

nanocomposite magnets by nanoparticle self-assembly. Nature, 420(6914), 395–398.  

https://doi.org/10.1038/nature01208 

254. Zhang, C., Li, Y., Yu, H., Ye, L., Tian, L., Zhang, X., Wang, C., Li, P., Ji, H., Gao, 

Q., and Dong, S. (2023). Nanoplastics promote arsenic-induced ROS accumulation, 

mitochondrial damage and disturbances in neurotransmitter metabolism of zebrafish 

(Danio rerio). Science of the Total Environment, 863, 161005–161005. 

 https://doi.org/10.1016/j.scitotenv.2022.161005 

255. Zhang, M., Yang, J., Cai, Z., Feng, Y., Wang, Y., Zhang, D., and Pan, X. (2019). 

Detection of engineered nanoparticles in aquatic environments: current status and 

challenges in enrichment, separation, and analysis. Environmental Science: Nano, 

6(3), 709–735. https://doi.org/10.1039/c8en01086b    

256. Zhang, R., Wang, M., Chen, X., Yang, C., and Wu, L. (2020). Combined toxicity 

of microplastics and cadmium on the zebrafish embryos (Danio rerio). Science of the 

Total Environment, 743, 140638. https://doi.org/10.1016/j.scitotenv.2020.140638 

257. Zhang, W., Xiao, B., and Fang, T. (2018). Chemical transformation of silver 

nanoparticles in aquatic environments: Mechanism, morphology and toxicity. 

Chemosphere, 191, 324–334. https://doi.org/10.1016/j.chemosphere.2017.10.016 

258. Zhang, Y., Zhang, R., Sun, H., Chen, Q., Yu, X., Zhang, T., Yi, M., and Liu, J.-X. 

(2018). Copper inhibits hatching of fish embryos via inducing reactive oxygen species 

and down-regulating Wnt signaling. Aquatic Toxicology, 205, 156–164.  

https://doi.org/10.1016/j.aquatox.2018.10.015 

259. Zhao, C.-M., and Wang, W.-X. (2011). Comparison of acute and chronic toxicity 

of silver nanoparticles and silver nitrate to Daphnia magna. Environmental 

Toxicology and Chemistry, 30(4), 885–892.  https://doi.org/10.1002/etc.451 

260. Zhao, J., Wang, Z., Liu, X., Xie, X., Zhang, K., and Xing, B. (2011). Distribution 

of CuO nanoparticles in juvenile carp (Cyprinus carpio) and their potential toxicity. 

Journal of Hazardous Materials, 197, 304–310. 

https://doi.org/10.1016/j.jhazmat.2011.09.094 

https://doi.org/10.1016/j.mrgentox.2019.01.011
https://doi.org/10.1038/nature01208
https://doi.org/10.1016/j.scitotenv.2022.161005
https://doi.org/10.1039/c8en01086b
https://doi.org/10.1016/j.scitotenv.2020.140638
https://doi.org/10.1016/j.chemosphere.2017.10.016
https://doi.org/10.1016/j.aquatox.2018.10.015
https://doi.org/10.1002/etc.451
https://doi.org/10.1016/j.jhazmat.2011.09.094


References 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  114 
     
 

261. Zhou, Q., Zhang, J., Fu, J., Shi, J., and Jiang, G. (2008). Biomonitoring: An 

appealing tool for assessment of metal pollution in the aquatic ecosystem. Analytica 

Chimica Acta, 606(2), 135–150. https://doi.org/10.1016/j.aca.2007.11.018 

262. Zhu, X., Zhu, L., Duan, Z., Qi, R., Li, Y., and Lang, Y. (2008). Comparative 

toxicity of several metal oxide nanoparticle aqueous suspensions to Zebrafish (Danio 

rerio) early developmental stage. Journal of Environmental Science and Health, 

43(3), 278–284. https://doi.org/10.1080/10934520701792779 

 

https://doi.org/10.1016/j.aca.2007.11.018
https://doi.org/10.1080/10934520701792779


    

114 
 

 

 

 

 

 

 

 

 

 

 

 

Annexures



   Annexure 

Exploring the Interactive Toxicological Impacts of Sodium Arsenite and Copper Oxide Nanoparticles on Zebrafish 
Danio rerio (H.)                                                                                                                                                                  

  114 
    
 

Annexure 1 
Stock Solution Preparation for NaAsO2 and CuO-NPs 

• NaAsO2 Stock Solution = 100 mg/L in tap water 
• CuO-NP Stock Solution = 50 mg/L in tap water 

 

1. Exposure Solution of Sodium Arsenite NaAsO2 (300 µg/L in 15 Liters) 
 

➢ Preparation of a Stock Solution of 100 ppm 
 

C1V1 = C2V2 

100mg/L × V1 = 0.3mg/L × 15000mL 

100mg/L × V1 = 0.3mg/L × 15000mL 

1 × V1 = 0.3 × 150mL 

V1 = 45mL 

45mL from the stock solution will be added in the tanks to attain the final concentration of 
300µg/L.  

 

2. Exposure Solution of Copper Oxide Nanoparticles CuO-NPs (1mg/L in 15 Liters) 
 
➢ Preparation of a Stock Solution of 50ppm 

 

 C1V1 = C2V2 

50mg/L × V1 = 1mg/L × 15000mL 

50mg/L × V1 = 1mg/L × 15000mL 

5 × V1 = 1 × 1500mL 

V1 = 1500mL/5 

V1 = 300mL 

300mL from the stock solution will be added in the tanks to attain the final concentration 
of 1mg/L.  
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3. Mixture of Exposure Solutions comprising of NaAsO2 + CuO-NPs (300µg/L+1mg/L) 
in 15 Liters 
 

For NaAsO2 (300µg/L) 

C1V1 = C2V2 

100mg/L × V1 = 0.3mg/L × 15000mL 

100mg/L × V1 = 0.3mg/L × 15000mL 

1 × V1 = 0.3 × 150mL 

V1 = 45mL 

45mL will be added in the tanks to attain the final concentration of 300µg/L. 

  

For CuO-NPs (1mg/L) 

C1V1 = C2V2 

50mg/L × V1 = 1mg/L × 15000mL 

50mg/L × V1 = 1mg/L × 15000mL 

5 × V1 = 1 × 1500mL 

V1 = 1500mL/5 

V1 = 300mL 

300mL from the stock solution will be added in the tanks to attain the final concentration 
of 1mg/L.  
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Annexure 2 
Formulae for Calculations of   AChE, Oxidative Stress and Different Antioxidant 
Enzyme by Mr. Muhib 

Formula for Calculation of AChE:  

Acetylcholine Esterase activity (AChE) = 
(𝐓𝒇−𝐓𝒊)

𝟎.𝟎𝟏
 =     U/min  

Whereas:  

Tf = Final Absorbance 

Ti= Initial Absorbance 

0.01=Constant (Time Constant for 1 minute) 

------------------------------------------------------------------------------------------------- 

Total Protein Estimation: 

 
Figure: Standard Calibration Curve for Total Protein Estimation in Danio rerio gill samples 

at 595 nm. 

Slope Equation: Y=0.008X + 0.0097 

X = Y - 0.0097/0.008 

While Y represents the samples' absorbance and X estimates the amount of total protein. 

 

------------------------------------------------------------------------------------------------- 
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Formula for Calculation of ROS: 

 

Reactive Oxygen Species (ROS) = 
(𝑺𝒂𝒎𝒑𝒍𝒆 𝑶𝑫×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝟏𝟎^𝟔)

𝑷𝒓𝒐𝒕𝒆𝒊𝒏 ×𝑺𝒂𝒎𝒑𝒍𝒆 𝑽𝒐𝒍.×𝚫𝑻𝒊𝒎𝒆×𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕 𝟏𝟓𝟔𝟎𝟎
   

 Units = nanomoles/mg protein 

Where: 

o Sample OD                        = Sample Absorbance 

o Cuvette Volume = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Volume = Volume of Enzyme Supernatant 

o Time = Measurement Time 

o 15600    =Extinction Co-efficient (M-1 cm-1) 

------------------------------------------------------------------------------------------------- 

 

Formula for Calculation of MDA: 

 

Malondialdehyde (MDA) = 
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝒌)×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝟏𝟎^𝟔)

(𝑷𝒓𝒐𝒕𝒆𝒊𝒏 ×𝑺𝒂𝒎𝒑𝒍𝒆 𝑽𝒐𝒍.×𝚫𝑻𝒊𝒎𝒆×𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕 𝟏𝟓𝟔𝟎𝟎)
  

 Units = nanomoles/mg protein 

Where: 

o ΔSample                         = Change in Sample Absorbance 

o ΔBlank = Change in Blank Sample Absorbance 

o Cuvette Volume = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Vol = Volume of Enzyme Supernatant 

o 𝚫Time = Measurement Time 

o 15600    =Extinction Co-efficient (M-1 cm-1) 
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------------------------------------------------------------------------------------------------- 

 

Formula for Calculation of SOD: 

 

Superoxide Dismutase (SOD) = 
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝒌)×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝟏𝟎^𝟔) 

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 × 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭(𝟔.𝟐𝟐))
  

Units = U/mg protein 

Where: 

o ∆Sample                = Change in Sample Absorbance 

o ∆Blank                  = Change in Blank Sample Absorbance 

o Cuvette Vol. = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Vol. = Volume of Enzyme Supernatant 

o 𝚫time = Measurement Time 

o 6.22  =Extinction Co-efficient (M-1 cm-1) 

------------------------------------------------------------------------------------------------- 

Formula for Calculation of CAT: 

Catalase CAT=   
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝐤)× 𝐂𝐮𝐯𝐞𝐭𝐭𝐞 𝐕𝐨𝐥.× 𝟏𝟎^𝟔) 

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 × 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 𝟒𝟑.𝟏)
   = U/mg protein 

Where:  

o ∆Sample                = Change in Sample Absorbance 

o ∆Blank                  = Change in Blank Sample Absorbance 

o Cuvette Vol. = Volume of Cuvette 

o Protein = Total Protein in Sample (mg/mL) 

o Sample Vol. = Volume of Enzyme Supernatant 

o 𝚫time = Measurement Time 

o 43.1  =Extinction Co-efficient (M-1 cm-1) 
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Annexure 3 

Calculation of Enzyme by Dr. Majid 

Acetylcholinesterase (AChE) = 𝑻𝟑−𝑻𝟏

𝟎.𝟎𝟏
     = U/min  

Catalase (CAT) =𝑻𝐟−𝑻𝐢

𝟎.𝟎𝟏
  = U/min 

Reactive Oxygen Species (ROS)      = (𝑺𝒂𝒎𝒑𝒍𝒆 𝑶𝑫×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝑷𝒓𝒐𝒕𝒆𝒊𝒏)

𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕 ×𝑺𝒂𝒎𝒑𝒍𝒆 𝑽𝒐𝒍.×𝑻𝒊𝒎𝒆× 𝟏𝟓𝟔𝟎𝟎
                    = nM/mL 

 

Malondialdehyde (MDA)                 = (𝐒𝐚𝐦𝐩𝐥𝐞 𝐎𝐃×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝑷𝒓𝒐𝒕𝒆𝒊𝒏)

( 𝑪𝒐𝒏𝒔𝒕𝒂𝒏𝒕×𝑺𝒂𝒎𝒑𝒍𝒆 𝑽𝒐𝒍.×𝑻𝒊𝒎𝒆× 𝟏𝟓𝟔𝟎𝟎)
                           = nM/mL 

 

Superoxide Dismutase (SOD)      = 
((𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝒌)×𝑪𝒖𝒗𝒆𝒕𝒕𝒆 𝑽𝒐𝒍.×𝒑𝒓𝒐𝒕𝒆𝒊𝒏) 

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝐭𝐢𝐦𝐞 × 𝟔.𝟐𝟐)
  = U/min  

 

***********************************************************************

α-Amylase inhibition formula 

% enzyme inhibition = [(ODs – ODn) ÷ (ODb – ODn)] × 100  

ODs, ODn and ODb = absorbance value of sample, negative control and blank, 

respectively. 

**----------------------------------------------------------------------------------------------------** 

Trypsin inhibition formula 

BAEE Units/mL enzyme  =  ΔA253nM/min(Test) − ΔA253nM/min (Blank))(10.0)(df)

(0.001)(0.10)(0.50)
 

Where: 

df = Dilution factor 

0.001 = The change in A253nM/minute per unit of Trypsin at pH 7.6 at 25 ºC in a 3.2 mL 

reaction mix 

0.10 = Volume (in milliliters) of Enzymatic Reaction Mixture used in step 7.4.5 

10.0 = Total volume (in milliliters) of Inhibition Reaction in step 7.4.1 

0.50 = Volume (in milliliters) of Trypsin  
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.. Introduction 
Sodium arsenite is widely known for its use as herbicide in agriculture 
and has been found to be highly toxic to exposed organisms. 
Copper oxide nanoparticles (CuO-NPs) are emerging pollutants that can 
affect the toxicological ri sks associated with the already existing 
contaminants after interacting with them 
Nanopartides due to their variety of unique properties can impact the 
toxicity of sodium arsenite when jointly exposed. 
Several research studies have reported the emergerx:e of sodium arsenite and 
CuD nanopart icles in the aquslic environment 
The present study aims at evaluating the individual toxic effects of 
sodium arsenite (NaAs0 2), copper oxide nanoparticles (CuO-NPs) and 
their joint toxicity on zebrafish Dania ferio 

II Objectives 
• Assess the combined tox icity of NaAsO, and CuO-NPs on oxidative stress and 

activity of antioxidant response in zebrafish gills 
• Examine the activity of acety lcholinesterase (AChE) in brain. 
• Analyze DNA damsge in liver tissue of zebra/ish through comet assay. 
• Examine muscle damage by histopathological alterations in muscle tissue of 

zebrafish 

II ResuLts 
Both contaminants significantly (p<005) increased ROS levels and MDA content . 
hence inducing oxidative stress in the exposed fish. 

, The activ ities of SOD and CAT were inhibited significantly throughout the experiment. 
, The exposure to both contaminants significantly decreased AChE activ ity in the brain 

and synergistic effect was observed in the co-exposure treatment group, 
• The DNA damage wss csused by both NaAsO, and CuO-NPs inducing increase in ta il 

l',"gth and movement 
• Histopathological changes including segmental r.ecrosis, degeneration and splitting 

of muscle fiOOrs, necrosis and shortening of muscle fioor were observed in all 
t reatment groups other t han the control group at all sampling intervals. 
Co-exposure of NaAsO, and CuO-NPs induced greater toxic effect than singular 
action of these pollutants. 

II Conclusion 

II 

• The current study is the first one to examine the combined 
toxicity of NaAsO, and CuO-NPs on zebra fish Danio rerio 

• The CuO-NPs were found to be in tenorite ph~se with monoclinic 
crystal system and slightly aggregated with size ranging between 
SO and 100 nm 

• NaAs02 and CuO-NPs induced oxidat ive stress by increasing ROS 
levels and MDA content and declined activity of antiox idant 
enzymes SOD and CAT. 

• Co-exposure resulted in reduced AChE activity, greater DNA 
damage and histopathological alterations in muscle segments. 

• It is essentis lly important to not on ly study the tox ic effects 
NaAs02 and Cuo-NPs upon interactions with organisms but also 
their combined toxicity with other emerg ing pollutants should be 
examined in depth 

This research was made possible by University Research 
Fund, Quaid-i-Azam University, Islamabad 
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