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HIGHLIGHTS 

➢ Singular and combined effects of CuO-NPs and PFOS in adult zebrafish were assessed in 

a 28-day experiment.  

➢ ROS and MDA increased upon exposure to both contaminants, whereas inhibition of 

antioxidant enzymes (SOD & CAT) was observed. 

➢ AChE activity in zebrafish brain was inhibited upon combined exposure CuO-NPs and 

PFOS. 

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

treatment groups. 

➢ Histopathological alterations including segmental necrosis, degeneration and splitting of 

muscle fibers, necrosis, shortening of muscle fiber and atrophy were observed in skeletal 

muscle segments. 

➢ Mixture of CuO-NPs and PFOS revealed greater damage in all biomarkers as compared to 
individual actions. 
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ABSTRACT 
Background: Perfluorooctane sulfonate has existed in the natural environment for decades, but 

emergence of novel pollutants, such as engineered nanoparticles, can alter toxicological risks 

associated to it upon interaction. To understand these interactive toxic effects, this work studies 

sublethal toxicity effects of perfluorooctane sulfonate (PFOS), copper oxide nanoparticles (CuO-

NPs), and their mixture on adult zebrafish Danio rerio.  

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

SEM, whereas chemical composition, surface functional groups and crystallography information 

were determined using EDX, FTIR and XRD, respectively. The fish were subjected to four 

different treatments; control (DMSO 0.03% v/v); CuO-NPs (1mg/L); PFOS (300 µg/L); and CuO-

NPs+PFOS (1mg/L+300 µg/L). Fish were exposed for 28 days in triplicates (n=3) and from each 

treatment, 5 fish were randomly sampled at 7, 14, 21 and 28 days and gills were obtained for 

evaluation of total protein levels, oxidative stress markers (ROS and MDA) and antioxidant 

enzymes (SOD and CAT). Further, AChE activity was measured in the brain and DNA damage 

was assessed in fish liver, whereas histopathology of skeletal muscle tissues was also examined. 

Results: Exposure to CuO-NPs and PFOS in individual and combined settings significantly 

(p<0.05) increased ROS and MDA content in zebrafish gills, while activities of SOD and CAT 

were significantly inhibited after 28 days. Induction of oxidative stress and inhibition of 

antioxidant enzymes was significantly higher in co-exposure treatment. Similarly, both 

contaminants significantly decreased AChE activity in zebrafish brain which was more 

pronounced under combined treatment. CuO-NPs and PFOS caused an increase in DNA tail 

length and tail moment revealing DNA damage, although the highest genotoxic action was 

observed in the co-exposure treatment. Histopathological alterations including segmental 

necrosis, degeneration and splitting of muscle fibers, necrosis, shortening of muscle fiber and 

atrophy were observed in all groups except control on all sampling intervals.  

Conclusion: Overall, the findings suggest that CuO-NPs and PFOS interact synergistically to 

cause toxicity in adult zebrafish. Future studies should focus on interactive effects of PFOS and 

other PFCs with novel pollutants including nanoparticles and distribution of these contaminants 

across trophic levels under combined exposure. 

Keywords: Oxidative stress; Nanotoxicity; AChE; DNA Damage; Co-exposure; PFAS; 

Histology 
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Nanoparticles in Danio rerio (H.) 

1 INTRODUCTION AND LITERATURE REVIEW 

1.1 Per- and polyfluoroalkyl substances (PFASs) 

The C-F linkages and terminal functional groups produce a class of synthetic persistent organic 

pollutants (POPs) known as per- and polyfluoroalkyl substances (PFAS). PFAS offer special 

qualities including great surface activity, corrosion resistance, thermal/chemical stability, and 

others (Li et al., 2022). Per- and polyfluoroalkyl substances (PFAS), also known as "forever 

chemicals" due to their inherent chemical stability, have been discovered to be pervasive 

environmental pollutants, found everywhere from metropolitan runoff to the extreme reaches of 

the planet's Arctic. Although PFAS have been produced for around 7 decades, public awareness 

of them is still relatively recent (Evich et at., 2022). More than 3000 PFAS are available on the 

market for deliberate purposes, according to Wang et al. (2017), including to produce surface 

repellents, metal plating, fluoropolymer manufacturing, semiconductors, and firefighting foams 

(Radjenovic et al., 2020). Due to rising concerns about the potential dangers of   PFAS, the 

Stockholm Convention designated PFOS and PFOA for global restriction and removal in 2009 

and 2019, respectively (UNEP, 2019). 

Figure 1: ''Family Schematic diagram of PFAS'' (Winchell et al., 2021). 
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PFAS are manufactured with the potential to be released into the environment (Li et al., 2019). 

Recent research has demonstrated the abundance of PFAS in environmental compartments, 

including water (Marchiandi et al., 2021; Zhang et al., 2021; Chen et al., 2021, 2020; Li et al., 

2020; Joerss et al., 2019; Liu et al., 2019; Pan et al., 2018;), sediments (Ahmed et al., 2020; 

Ahrens et (Wang et al., 2021; Lin et al., 2020). Due to PFAS's relatively high water-solubility 

and moderate volatility, it is the aquatic environment that serves as its main reservoir as opposed 

to other POPs like polychlorinated dioxins and polychlorinated biphenyls (Sharma et al., 2016). 

As a result, PFAS has the potential to damage surface water. 

1.2 Perfluorooctane sulfonate (PFOS) 

Perfluorooctane Sulfonate (PFOS) and its different salts are manmade organic substances having 

carbon chain and a special functional group, which can be a carboxylic group or sulfonate 

(CnF2n+1-R), that are members of the poly- and perfluoroalkyl substances (PFAS) category of 

chemicals (Ahrens 2011; Wang et al., 2017). In particular, PFOS is made up of a sulfonate 

functional group and an 8-carbon backbone. The perfluorooctane sulphonate anion, which is what 

is popularly referred to as PFOS, is not a chemical as per conventional definitions and hence no 

particular CAS has been assigned to it. It can be purchased commercially as salts, derivatives 

(PFOS- substances), and polymers (PFOS-polymers). Any or all chemicals that contain the PFOS 

moieties and may degrade in environmental compartments to produce PFOS are referred to as 

"PFOS related substances" (Environment Agency, 2004). Since the 1950s, PFOS and its salts 

have been utilized in a variety of industrial, commercial and user products, such as surface 

treatments for the resistance to soil and stains of textiles, paper, metals, and pesticides (Ahrens, 

2011; Ahrens and Bundschuh, 2014). In 2002, PFOS was phased out except for few minor uses 

(Lindstrom et al., 2011). 
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Table 1: Chemical Characteristics of PFOS 

 

 

 

 

  

Common name PFOS 

Chemical name (IUPAC) Perfluorooctane Sulphonates 

Chemical Class Perfluorinated Compounds 

Molecular Formula C8F17SO3 

Molecular structure 

 

 

CAS Number 

2795-39-3 (Potassium Salt) 

1763-23-1 (Acid) 

29081-56-9 (Ammonium salt) 

29457-72-5 (Lithium salt) 

70225-39-5 (Diethanolamine salt) 

56773-42-3 (Tetraethyl-ammonium salt) 

251099-16-8 (Didecyldimethyl-ammonium salt) 

Molecular weight (g/mol) of 

Perfluorooctane Sulfonate 

Potassium salt 

 

538 

Molecular weight (g/mol) of 

Perfluorooctane Sulfonic acid 
500 
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Perfluorooctane sulfonate is water-soluble due to the presence of the negatively charged sulfonate 

group, which increases its interaction with water molecules through electrostatic forces. The 

charged nature of PFOS allows it to form ion-dipole interactions with water, enhancing its 

solubility. As perfluorooctane sulfonate is extremely soluble in water, it is also very mobile in 

aqueous media. Additionally, it has extremely low vapor pressure, which raises the possibility of 

its atmospheric presence. The moderate sorption capacity of PFOS toward solids (sediments/soil) 

at optimum conditions. 

The strong persistent, bioaccumulative and toxic ( PBT) character of PFOS is similar to that 

of other PFCs.  It endures in the   environment for a long time and travels far without breaking. 

Eagles, mink, and other species at the top of the food chain were found to have greater PFOS 

levels, which is indicative of the substance's bioaccumulative properties (Giesy and Kannan, 

2001). 

1.2.1 Manufacture and environmental discharge 

The 3M Company in the United States of America began producing PFOS in 1949 (Paul et al., 

2009). Perfluorooctanesulfonyl fluoride (PFOSF), more commonly known as POSF, the raw 

material used in the electrochemical fluorination process to create PFOS, was previously 

primarily produced by the 3M Company, with small scale manufacturers in Asia and Europe 

(Paul et al., 2009; Lindstrom et al., 2011). The company 3M produced around 78% out of 

approximate 4650 tonnes of PFOSF produced globally in 2000 (OECD, 2002). Between 44000 

and 96 000 tonnes of PFOSF have reportedly been produced overall until 2002 by the 3M 

Company and other Western businesses. Limited information is available on PFOSF production 

in Asia and other manufacturing regions, both historically and currently (Prevedourous et al., 

2006; Paul et al., 2009). 

The 3M Company decided to stop using and started looking suitable alternatives for PFOS 

primarily for a few minor applications among the variety of products after discussions with the US 

Environmental Protection Agency (US-EPA) held in May 2000 (Lindstrom et al., 2011). 

Beginning around the same year, the US-EPA implemented a number of new use regulations to 

limit the manufacture and use of chemicals in the country that include PFOS and its precursors 

(Lindstrom et al., 2011). Additionally, PFOS, its salts, and its precursors were phased out in 

Canada (Environment and Climate Change Canada 2018). The Stockholm      Convention on 
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Persistent Organic Pollutants’ Annex B, added in 2009, places ban on production and use of PFOS 

worldwide (Aherns, 2011; OECD, 2002). Potential sources         of PFOS include precursor chemicals, 

and novel families of PFAS, all of which are still being generated (Ahrens 2011). From 2002 

onward, it was estimated that 1000 tonnes of PFOS were                        produced (Paul et al., 2009). However, 

producers in other nations, including Brazil and China, have increased their manufacturing to 

meet the demand not withstanding industrialized nations, such as US, phased out PFOS and its 

predecessors (Wang et al., 2013). Despite PFOS and its precursors being widely used in a range 

of consumer and industrial items around the world, there is and has only ever been minimal 

information on their sources, quantities, and emissions (Paul et al., 2009; Zhang et al., 2016; 

Ankley et al., 2020).   

 

PFAS that change and/or degrade into substances from the PFSA family of perfluoroalkyl 

substances, such as PFOS, are still manufactured (Ahrens 2011). It is known that PFOS is 

produced during the metabolic conversion of PFAS precursors like fluorotelomer sulfonates and 

perfluoroalkyl sulfonamidoacetic acids, as well as during the breakdown of volatile PFAS like 

Figure 2: Different pathways of PFOS/PFAS into the environment. This figure is taken from the 

study of Lui et al. (2017). 
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perfluoroalkyl sulfonamidoethanols (Lange, 2000; Boulanger et al., 2005; Rhoads et al., 2008; 

Benskin et al., 2009; Plumlee et al., 2009; Buck et al., 2011; Liu and Avendaño, 2013; Ahrens 

and Bundschuh, 2014; Wang et al., 2017). To completely comprehend the processes of 

transformation and their function as a source of PFOS for aquatic habitats, however, more 

research is required (Lau et al., 2007; Buck et al., 2011; Liu and Avendao, 2013; Wang et al., 

2017). It is unclear and challenging to assess the how the precursors contribute to the existence of 

perfluorooctane sulfonate in our environment. However, PFOS can be continuously produced 

from these precursors. Since PFOS manufacture has not taken place in the United States since 

2002, the degradation of precursors may in particular constitute a large portion of the sources of 

perfluorooctane sulfonate in the aquatic environment (Buck et al., 2011; Liu and Avendao, 2013). 

But PFOS treated items like fabrics, paper, and some other articles are still brought into the US, 

where they are eventually discharged into the environment (Liu et al., 2014; Allred et al., 2015; 

Lang et al., 2016; Wang et al., 2014a, 2014b). According to the Toxic Substances Control Act 

(TSCA), importing items treated with PFOS counts as production (US-Environmental Protection 

Agency, 2020). 

1.2.2 PFOS concentration levels in the environment 

Between 1980 and 2002,42,000 tonnes of PFOS were released into aquatic ecosystems, compared 

to 235 tonnes discharged into the atmosphere globally. These emissions are anticipated to act as 

a reservoir for PFOS in soil and aquatic environments (Paul et al., 2009; Rankin et al., 2016). 

PFAS are manmade substances with no known natural source, in contrast to other pollutants that 

are frequently found in aquatic habitats, such as metals. Therefore, the presence of any PFAS 

chemical in the environment is a sign that it came from human activity (Ahrens et al., 2011). 

Comparatively to the other persistent bioaccumulative pollutants, quantitative analyses making, 

point and nonpoint source releases and quantification in the environment are scarce for PFOS 

(Ahrens and Bundschuh 2014; Zhang et al., 2016). 

Studies have reported a variety of PFOS values in surface and groundwater. Median reported 

concentration in surface water as reported by studies is 3.2 ng/L (Saito et al., 2003; Taniyasu et 

al., 2003; Nakayama et al., 2007; So et al., 2007; Becker et al., 2008a; Becker et al., 2008b; Furdui 

et al., 2008; Ahrens et al., 2009a; Ahrens et al., 2009b; Jin et al., 2009; Quinete et al., 2009; Teng 

et al., 2009). The scientific literature is devoid of information on perfluorinated compounds 
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(PFC) concentrations in soils (Washington et al., 2008; Li et al., 2010; Yuan-Yuan et al., 2010; 

Wang and Shih, 2011); reported amounts are frequently below detection thresholds. Strynar et al. 

(2012) calculated an overall average soil content of 0.472 ng/gm for PFOS by examination of 10 

soil samples each from of six nations (US, China, Greece, Norway, Mexico, and Japan). 

Additionally, 0.54 ng/gm, 69 ng/gm, and 11 ng/L, respectively, are the overall global   reported 

median amounts of PFOS in sediments, sewage sludge, and wastewater treatment effluent 

(Zareitalabad et al., 2013). 

In 2005, a worldwide study of perfluorinated acids in the oceans was conducted. Samples of 

seawater taken in various international research expeditions conducted between 2002 and 2004 

from 19 places in the central to eastern Pacific Ocean, 5 in the South China and Sulu Seas, 12 in 

the north and mid-Atlantic Ocean, and 1 in the Labrador Sea (20). Further, 50 seawater samples 

from the coasts of different Asian nations (China, Korea, Japan) were examined. The recorded 

levels of PFOS concentrations ranged from lower values of 1.1-20 pg/L (surface water of the 

Central to Eastern Pacific Ocean) to average higher levels of 70- 2600 and 23-9680 pg/L in 

coastal areas of China and Hong Kong, respectively. Tokyo Bay recorded the highest amounts, 

ranging from 338 to 57,700 pg/L, whereas the Western Pacific, North, and Mid Atlantic had 

readings of less than 100 pg/L (Yamashita et al., 2005). Tokyo Bay may have greater quantities 

due to the six plants in Asia that produce and supply PFOS- related compounds, four of which 

are in Japan (Paul et al., 2009). 

Few studies have used various experimental methodologies to measure and research the presence 

of PFOS in air, and there is a dearth of information on PFOS concentrations in the atmosphere 

and ambient air. Ionic perfluoroalkyl sulfonates (PFASs) were sampled with polyurethane foam-

based passive air samplers (PUF-PASs) over 2-3 months in 3 locations: the north-west of England 

(15 sites), the UK-Norway transects (11 sites), and a European survey (23 sites). According to 

the study, PFOS levels in England ranged from 1.5 to 720 pg/sample/day. Only the UK samples 

from the UK-Norway transect campaign (2.7-7.7 pg per      sample per day) and the EU survey (1.9-

69 pg/sample per day) were found to contain PFOS. In the US, ambient fine particulate matter 

(PM2.5) PFOS values varied from 0.18 to 14.1 pg/m3, which is comparable to earlier studies of 

PM2.5 from Europe and Canada (0.02-3.5 pg/m3) (Zhou et al., 2021). As of 2022, Pakistan has 

only conducted one study to measure the presence of PFOS in any environmental matrix. In 
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Karachi, Pakistan, total suspended particle samples taken throughout the winter were analyzed 

for PFAS in this study. Having a median value of 1.70-0.79 pg/m3, PFOS was measured and 

accounted for 17% of the total PFAS (Lin et al., 2022). To effectively combat flames involving 

hydrocarbons, aqueous film- forming foams (AFFF) products frequently contain PFOS and 

fluorotelomer sulfonic acids (FTSAs) as additives (D'Agostino and Mabury, 2017). Therefore, 

one of the potential sources may be employing AFFF related materials for firefighting exercises 

at adjacent military bases and airports. The average PFOS concentration in air samples (1.69 

pg/m3) was a bit less     than that found in urban sites in China, including Nanjing (4.30 pg/m3), 

Dalian (5.73 pg/m3), and Changshu (8.37 pg/m3) (Liu et al., 2017; Yu et al., 2018). Additionally, 

average concentrations in Japan's urban and rural areas were found to be 5.3 and 0.6 pg/m3, 

respectively (Sasaki et al., 2003). 

Polar regions are excellent research locations because they are largely separated from other 

ecosystems and can be used to examine the environmental behavior of pollutants (Gao et al., 

2020). Ionizable perfluoroalkyl compounds travel by ocean currents and even aerosols, which are 

then deposited on land (Zhen et al., 2014; Casal et al., 2017b), whereas neutral perfluoroalkyls 

can travel over great distances due to their extensive half-life in the atmosphere            and can thus travel 

to polar regions (Nash et al., 2010; Young and Mabury, 2010; Zhao et al.,  2012; Stock et al., 

2007) The Arctic and Antarctic regions have seen widespread detection of legacy PFASs, such 

as PFOS, in oceans, biota and sediments (Pedersen et al., 2015; Letcher et al., 2018; Cai et al., 

2012; Llorca et al., 2012; Zhao et al., 2012). Antarctic sediments have been observed to contain 

PFOS up to 0.2 ng/gm (Gao et al., 2020). The concentrations of perfluorooctane sulfonate in 

Arctic snow ranged from 2.6 to 86 pg/L. There are three distinct parts to the PFOS time course in 

the Arctic. From 1996 to 1998, there was a rise (p<0.001), which was followed by a reduction 

(p<0.001) from 1998 to 2001. After 2001, there was no discernible trend in the amounts of PFOS 

(p = 0.094). (Young et al., 2007). 

1.2.3 Toxicological data for PFOS 

PFOS are pervasive in the environment around the world and have been found in both terrestrial 

and aquatic living organisms, including people. These substances are persistent, bioaccumulative, 

and toxic, and exist detected at many ng/L values in the water environment of different counties. 

Perfluorooctane sulfonate has a prolonged half-life (more than 5 years), which makes it a 
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persistent contaminant in the natural environment due to overuse (Chowdhury et al., 2022). For 

instance, fish (0.49 mg/L), birds (2.50 mg/L), reptiles (0.17 mg/L) and mammals (3.07 mg/L) have 

been found to have higher perfluorooctane sulfonate concentrations (Chen et al., 2018; Stylianou 

et al., 2019). Taniyasu et al. (2002) discovered the occurrence of perfluorooctane sulfonate in fish 

samples taken from several locations in Japan, with values ranging from 2 to 834 ng/mL. Fish liver 

samples from Lake Minto, Quebec, and the Great Whale River in Kuujuarapik, Canada, were both 

found to have PFOS, with concentrations ranging from 5.7-50 ng/gm (Martin et al., 2004). PFOS 

was detected in the livers of numerous species of fish that were examined from the Great Lakes 

and inland rivers of New York and Michigan (Sinclair et al., 2004). 

Additionally, perfluorooctane sulfonate was found in fish eggs, however at amounts that were 

roughly twice as high as those found in the fish's livers. The adult female fish actively transmit            

PFOS to its eggs. Additionally, PFOS has the capacity to interfere with, breach, and accumulate 

across the blood-brain barrier (Yu et al., 2020). Researchers have discovered that PFOS can cross 

the placental barrier and cause developmental harm, including prenatal mortality and fetal growth 

retardation (Fuentess et al., 2005; Li et al., 2016). These findings were made in studies with 

pregnant mice. Taves and Shen (1974) were the first to discover organic fluoride in humans, and 

the organic substance was initially considered PFOA and potentially PFOS (Taves et al., 1976). 

The amount of PFOS found in non-occupationally exposed people ranged from 8.1 to 150.7 ng/L. 

(Wilhelm et al., 2009). PFOS was also found in human placentas and blood-brain barriers, as well 

as in breast milk (Lee et al., 2015; Wang et al., 2011).  

Figure 3: Mode of action of PFOS on liver. This figure has been obtained from the following 

study (Wang et al., 2022). 
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Potential toxic effects of PFOS have been researched upon in rats, fish, and monkeys (Seacat et 

al., 2002; Austin et al., 2003; Thibodeaux et al., 2003; Martin et al., 2003a; Martin et al., 2003b; 

and humans, Olsen et al., 1999; Olsen et al., 2003b; and Olsen et al., 2003c). According to toxicity 

studies, PFOS (0.75mg/kg/day) causes hypolipidemia, lowers serum cholesterol, raises liver 

triglyceride and cholesterol levels, and decreases food intake in monkeys (Butenhoff et al., 2002, 

Seacat et al., 2002). Further, PFOS caused hepatotoxicity, immunotoxicity, developmental 

toxicity, or neurotoxicity effects in land animals like rats or mice (Fuentes et al., 2007; Lau et al., 

2003; Peden-Adams et al., 2008; Thibodeaux et al., 2003); and fish (Du et al (Ankley et al., 2005). 

The transport and metabolism of fatty acids, mitochondrial function, cell membrane integrity, 

liver superoxide dismutase activity and glutathione peroxidase, and reduction in levels of thyroid 

hormone are a few of the processes that these toxicities can influence (Lau et al., 2004; Lau et al., 

2007). As an endocrine disruptor, PFOS has been shown to have an impact on rats' neuroendocrine 

systems (Austin et al., 2003). The 48-hr LC50 for D. magna and D. pulicaria, respectively, in 

those investigations was 130 mg/L and 169 mg/L, respectively. The LC50 for    adult and 

embryonic zebrafish was reported by Sharpe et al. (2010) to be 22 mg/L and 3.05 mg/L, 

respectively, while the LC50 for zebrafish embryo was reported by Hagenaars et al. (2011) to be 

58.47 mg/L (96 hrs). 

Additionally, several research had suggested that PFOS might make other substances more 

harmful. Researchers have recommended using mixture toxicity models in the combined toxicity 

assessments (Altenburger et al., 2012). Early studies reported the toxicity of pollutants    when 

combined. For instance, co-exposure to PFOS and cadmium increased the toxicity to zebrafish 

development and survival in the early life stages (Kim et al., 2011). Zebrafish survival rates were 

lowered by PFOS and BPA co-exposure (Keiter et al., 2012). To assess the combined toxicity of 

pollutant mixtures, the co-exposure effects of the individual contaminants were considered 

(Sarigiannis and Hansen, 2012). 

Algae Earthworms  Albino mice  Zooplankton Zebrafish  
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1.3 Nanotechnology 

The manufacturing of a range of substances, including materials having at least one dimension less 

than 100 nanometers (nm), is made possible by the advanced field of research known as 

Nanotechnology (Saleh et al., 2020). Richard Adolf Zsigmondy coined the phrase "nanometer" in 

1914. (Santamaria et al., 2012). The length of a nanometer is better understood by imagining 5 

silicon atoms or 10 hydrogen atoms, lined up, each of which is equal to one nanometer in length. 

If a material's size or one of its dimensions is between 1 and 100 nm, it is referred to as a 

nanomaterial (Baig et al., 2021). 

When scientists discovered that a substance's size affects its physicochemical qualities, including 

chemical, mechanical, electrical, and optical properties, they began to understand the significance 

of nanomaterials. Due to their special qualities, nanoparticulate materials have garnered a lot of 

interest (Gleiter, 2000). Water treatment facilities, industrial processes, catalytic processes, 

petrochemical industries, structures and construction materials, diagnostics, and medicine 

delivery are just a few of the potential uses of nanoparticles (NPs). There are various ways to 

classify nanomaterials based on their properties, uses and synthesis methods, but in terms of 

chemistry and interactive behavior, we generally have three types; Inorganic, organic and hybrid 

nanomaterials, which are further classified into more specific groups (Figure 4). 

 

Figure 4: Types of Nanomaterials based on chemical characteristics. 
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1.4 Nanoparticles in the environment 

It’s a challenge to predict the appropriate the exact amounts of nanoparticles being released due 

to the fact that numerous entry points exist for manmade nanoparticles in the environment, 

including release directly into the environment, effluent, and sludge from wastewater treatment 

plants (Mueller et al., 2008; Gottschalk et al., 2010). Three emission scenarios are typically taken 

into consideration when NP is released into the environment throughout their life cycle: release 

from (i) the manufacture or raw materials and nano substances; (ii) application; and (iii) discharge 

after the disposal (waste handling) (Gottschalk et al., 2009; Gottschalk et al., 2013; Tolaymat et 

al., 2017). Additionally, changes to nanomaterials' surface moieties, agglomeration, dissolution, 

or other processes may have a significant impact on the manner and extent of environmental 

release (Maurer-Jones et al., 2013).  

It has been established that produced nanoparticles will inevitably be released into the aquatic 

environment as a result of increased production and use. According to several studies, metals 

supplied to organisms as engineered nanoparticles (ENPs) are ingested by them from food 

sources. Typically, ENPs are blended into sediments or added to food sources like algae. 

Predation of these organisms may result in the uptake and accumulation of Me-ENPs or, in cases 

of particle breakdown, at least the metal ions making dissolved from the NPs once they have been 

absorbed in the living organisms as dissolved metal or metal engineered nanoparticles taken 

up in the gut or absorbed across the epithelia. Because of the changes occurring once the particles 

get into the environment, particularly aquatic environments, it is challenging to describe the 

behavior and  

Transport of intact nanoparticles along aquatic food webs. Although there are currently just a few 

studies on this subject, trophic transfer of nanoparticles has been reported in aquatic food chains, 

and this issue needs additional research. The trophic transmission of Me-ENPs in terrestrial 

habitats has also been studied in a few studies, with the tobacco hornworm receiving intact gold 

(Au) nanoparticles from tomato and tobacco plants. When transferred from low-level trophic level 

(i.e., accumulated in leaves), gold nanoparticles were accumulated in the hornworms; however, 

uptake was not observed when the nanoparticles were adsorbed (i.e., applied to leaf surfaces) on 

the leaves. These experiments showed how accumulation of metallic nanoparticles in the 

consumer organism can vary depending on how they are taken up by the prey along with potential 
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transportation of intact metal nanoparticles along the food web. Inhalation through the respiratory 

tract, ingestion or uptake in the gastrointestinal tract, dermal contact, and injection into the blood 

are the most common ways that humans are exposed to nanoparticles (Wu and Tang 2018). Upon 

entering the human body, nanoparticles might pass through several biological barriers and can get 

to the most vulnerable targets, such as kidneys, lungs and the liver, causing damage to the DNA, 

and can ultimately lead to cell apoptosis/death (Ahamd et al., 2010; Bahadar et al., 2016; Shin et 

al., 2015; Tan et al., 2018). 

Figure 5: Nanoparticles can enter cells and cause cellular damage through various mechanisms. 

This image is taken from the study of PJ et al. (2021). 

1.5 Copper oxide nanoparticles (CuO-NPs) 

Copper oxide nanoparticles (CuO-NPS) are smart transition metal-oxide nanomaterials, and 

have a low bandgap of 2.0 eV, excellent electrochemical activity, a high specific-surface area, 

the appropriate redox potential, and exceptional solution strength (Khan et al., 2014; Giri et al., 

2016). It is one of the most sought-after materials, second only to noble metal nanoparticles, 

because of its potential uses in a wide range of fields, including catalysis (Bhosale et al., 2014; 
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Momeni et al., 2018), electrochemistry (Pendashteh et al., 2013; Zampardi et al., 2018), 

sensors/biosensors (Alizadeh et al., 2014; Di Toc (Sivaraj et al., 2014). As nanotechnology was 

introduced in biomedical research, application of CuO nanoparticles in the field have developed 

dramatically. Owing to their large specific surface area and propensity to promote electron 

transfer processes at lower overpotential, they are used in non-enzymatic sensing of 

therapeutically relevant analytes (Rahimi-Nasrabadi et al., 2013; Shabnam et al., 2017). CuO 

nanoparticles have demonstrated their pharmacological activity, particularly in the treatment of 

cancer (Wang et al., 2013; Yang et al., 2017). 

Their widespread use without any kind of oversight raises serious safety concerns. Asia alone 

will be responsible for between 8 and 10 percent of the CuO-NP contamination in the 

environment, with annual releases ranging from 22-200 metric tonnes (Keller and Lazareva 

2013). It inevitably enters the aquatic system, damaging the aquatic habitat, just like any other 

contaminant (Mani et al., 2019). The availability of copper containing nanoparticles in the natural 

environment, however, is not well known. Maximum regional data for emissions to water bodies 

were estimated to be 3, 16, and 2 metric tonnes annually in Europe, Asia, and North America in 

2010. (Keller and Lazareva, 2014). For major Taiwanese rivers, the predicted environmental 

concentration of Cu NPs is 0.06 mg/L, with a 95% confidence interval of 0.01-0.92 mg/L (Chio 

et al., 2012). 

CuO-NPs have a significant adverse effect on the ecosystem, with certain studies showing their 

trophic transmission through the food chain from organisms at the lower level to those at the top 

(Ates et al., 2015). The basic mechanism of copper oxide nanoparticle toxicity in the aquatic 

environment has been identified through studies on aquatic flora ( Zhao et al., 2017; Shi et al., 

2011), crustaceans (Xiao et al., 2015; Wu et al., 2015), and teleost (Sun et al., 2016; Xu et al., 

2017). It is currently unclear how they cause biological toxicity, with many reports presenting 

conflicting information. Increased bioavailability and toxicity are caused by the high surface area 

and reactivity (Bhatt and Tripathi 2011). Through Fenton's reaction, the high redox- potential of 

copper oxide nanoparticles produce free radicals that result in reactive oxygen species (ROS) 

(Chang et al., 2012). Their quick disintegration in water, made possible by their surface stability, 

is ingested by fish with the majority of buildup occurring in the muscle tissue. There have been 

reports of CuO nanoparticles causing toxicity in the kidney (Sarkar et al., 2011), lungs (Ahamed 
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et al., 2010), liver (Siddiqui et al., 2013), and brain (Wang et al., 2014). 

Because ions of copper suppress the enzyme ZHE1 for hatching in zebrafish, exposing them at 

embryonic stage to CuO nanoparticles disrupts normal hatching (Lin et al., 2012). Another 

significant component that may have an impact on the material's toxicological reaction is the 

dissolution of CuO-NPs into Cu ions in aqueous suspension (Ahamed et al., 2015). The ionic 

form of copper is therefore more harmful than the NP form, as both copper oxide nanoparticles and 

ions of copper caused reduction in hatching of embryos and increased deformity in zebrafish 

embryos (Vicario-Parés et al., 2014). Copper oxide nanoparticles have been therefore often 

reported to be less toxic to zebrafish than the ionic form (Lin et al., 2011, 2012; McNeil et al., 

2014). Zebrafish embryos exposed to 0.05 milligram/L of copper nanoparticles experience 

toxicological effects that reduce the amount of functioning lateral neuroblasts and cause alteration 

of behavior. These toxic effects are greater when fish are exposed to CuSO4  than in fish subjected 

to Cu NPs (McNeil et al., 2014). However, the presence of free metal ions does not always, or 

only largely, account for the acute toxicity of the metal and metal oxide nanoparticles. Similar to 

this, the idea of the LC50 for nanoparticles is not standardized because it varies depending on 

factors like size, synthesis method, behavior in test medium, and many others. According to 

Griffitt et al. (2008), the 48-hour LC50 for dissolved and nano- sized forms of copper in juvenile 

zebrafish is around 1.78 mg/L and 0.71 mg/L, respectively. The LC50 for CuO nanoparticles in 

adult zebrafish is 400 mg/L (Mani et al 2020). In addition, Griffitt et al. (2009) identified unique 

"nano" effects in adult zebrafish at the tissue (gill histology) and molecular (gill transcriptome) 

levels.
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Table 2: Literature review of different studies of CuO-NPs evaluating the effects on Zebrafish. 

Contaminant Exposure Doses Studied Parameters Responses References 

CuO-NPs,  
50–60 nm 

Zebrafish 
Embryo, 

96hpf 

0, 25, 
12.5, 6.25, 

and 1 
mg/L 

Histology and Immunochemistry, SOD 
and Behavioral Analysis 

CuO NP aqueous exposure at high doses (12.5 mg/L or 
above) activates xenobiotics-metabolizing enzymes, 

induces an inflammatory response, and shows 
developmental toxicity on the zebrafish liver and CNS. 

Sun et al. 
(2016) 

CuO-NPs,  
20–95 nm 

Zebrafish 
Embryos, 4 
to 120 hpf 

0.1, 0.5, 5, 
and 50 
mg/L 

Genes related to cell migration of 
gastrulation, neural differentiation and 

cardiogenisis 

The mortality in the 50-ppm CuO-NP exposed group was 
60% at 24 hpf and increased to approximately 80% at 

120 hpf. In the 5 ppm CuO-NP-exposed group, the 
mortalities increased to approximately 20% at 96 hpf and 

40% at 120 hpf. CuO-NP exposure could induce 
abnormal phenotypes of a smaller head and smaller eyes, 

affect dorsoventral patterning, disturb cell migration 
of gastrulation, decrease the sizes of several structures in 
the neural system, and prevent looping of the heart tube 

during cardiogenesis 

Xu et al. 
(2017) 

CuO-NPs,  
Avg. 51 nm 

Zebrafish 
Embryo, 

96hpf 

0, 5, 10, 
20, 40, 60, 

80, 100 
and 120 
mg/L for 
LC50. 0, 
40 and 60 
mg/L for 
sublethal 

tests 

Lethality, spinal cord malformation, end 
tail malformation, tail malformation, 

heart malformation, rachischisis, heart 
rate and hatching delay. Total protein 
content, AChE activity and Na+/K+-

ATPase activity. Oxidative stress 
parameters 

LC50 of CuO-NPs in zebrafish embryos was about 
64 mg/L. CuO-NPs caused a 2% death rate at 5 ppm, and 

mortality increased up to 100% at 120 ppm at 48 hpf. 
Concentrations of 40 and 60 ppm were toxic to embryos 

Ganesan    et 
al. (2015) 

CuO-NP, 6nm 
and Ionic 
Copper 

Zebrafish 
Embryo and 
Fry, 96hpf 

0.1, 0.5, 2, 
10, 50, 
and 200 
μM Cu 

Embryo mortality, Hatching success, 
Zebrafish locomotion and survival 

Zebrafish fry mortality was only caused by Cu ions, 
whereas swimming activity was affected both by Cu ions 

and CuO-NPs. Overall, Cu ions were more toxic than 
CuO-NPs to both embryos and fry 

Thit et al. 
(2017) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4788362/#b14-ijn-11-905
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4788362/#b14-ijn-11-905
https://www.sciencedirect.com/science/article/pii/S0166445X17301297?casa_token=lSFnPf3FqYgAAAAA:ABqyCxw4mAKKof7Xhi44VOHcLkwpNbdZOkUgHi3wBtQv6mqT-ugU3ivnqGSqTTLBJypsFdgQCQ
https://www.sciencedirect.com/science/article/pii/S0166445X17301297?casa_token=lSFnPf3FqYgAAAAA:ABqyCxw4mAKKof7Xhi44VOHcLkwpNbdZOkUgHi3wBtQv6mqT-ugU3ivnqGSqTTLBJypsFdgQCQ
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jat.3224?casa_token=gYtyCcQuiwUAAAAA%3AeJSrKEW39lzDrmW1h1-sjXeEuCDm0ujw7TQCZTpfqeEgPZ3A79m2X2gOxXw1KfyJQMDgRVxeYytWPsM
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/jat.3224?casa_token=gYtyCcQuiwUAAAAA%3AeJSrKEW39lzDrmW1h1-sjXeEuCDm0ujw7TQCZTpfqeEgPZ3A79m2X2gOxXw1KfyJQMDgRVxeYytWPsM
https://www.sciencedirect.com/science/article/pii/S0887233317302266?casa_token=-6KgDZQ4AgcAAAAA:4yginywcYF_JKU3fvdPMV6Vnj--XHQ3wMMNVpEHwCSCRfBSqO9GR_-KVtQCmPgnD8nfncFL8lw
https://www.sciencedirect.com/science/article/pii/S0887233317302266?casa_token=-6KgDZQ4AgcAAAAA:4yginywcYF_JKU3fvdPMV6Vnj--XHQ3wMMNVpEHwCSCRfBSqO9GR_-KVtQCmPgnD8nfncFL8lw
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CuO-NPs, 
≤50 nm. 

Zebrafish 
Embryo, 

96hpf 

0.5, 1, and 
1.5 mg/L 

Immunotoxicity. Other endpoints 
including mortality, hatching, and 

malformations were recorded 

1 and 1.5 mg/L CuO-NPs application caused significant 
decrease in the heartbeat rate at 48 and 72 hpf compared 

to the control groups. Mortality for 0.5, 1 and 5 mg/L 
was 13, 22 and 30 % at 96 hpf respectively. 

Aksakal and 
Ciltas (2019) 

CuO-NPs,  
Avg. 40.3 nm 

Zebrafish 
Embryo, 

96hpf 

0.2, 0.4, 
0.6, 0.8, 1, 

1.2, 1.4, 
1.6, 1.8, 

and 2 mM 

Cardiac performance assessment and 
molecular docking. Not very relevant 

Copper oxide nanoparticles and carbofuran work 
synergistically to increase toxicity in the cardiac system 

of zebrafish showing irregular heartbeats 

Saputra      et 
al. (2021) 

CuO-NPs,  
Avg. 30 nm 

Zebrafish 
Embryo, 

96hpf 

1, 5, and 
10 mg/L 

Mortality, hatching, heartbeat, and 
malformation 

CuO NP toxicity increased with decrease in Ionic 
strength of exposure medium 

Chao et al. 
(2021) 

CuO-NPs,  
Avg 29.5 nm 

Zebrafish 
Embryo, 
120 hpf 

10 mg/L Survival, hatching rates and 
malformation 

Exposure to CuO-poly NPs or bulk CuO up to 10 mg 
Cu/L did not produce any significant decrease on embryo 
survival. A LC50 value of 3.083 mg/L was calculated for 

ionic copper which increased significantly 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-

poly NPs at 10 mg Cu/L 

Vicario-
Parés et al. 

(2014) 

CuO-NPs,  
avg 29.5 nm and 

Ionic Copper 

Adult 
Zebrafish, 3 

days, 21-
Days and 6 

months 

10 µg/L 
Cu 

Accumulation, Histology, Micronuclie 
Tests, Lysosomal Membrane Stability, 

and Transcriptomics 

Significant copper accumulation was only detected in 
fish exposed to ionic copper. In all parameters, ionic 

copper was found to be more harmful than nano copper 

Vicario-
Parés et al. 

(2014) 

CuO-NPs,  
<50 nm 

Adult 
Zebrafish, 
30 Days 

1 mg/L 
and 3 
mg/L 

Total protein content, functional 
markers, mRNA expression levels, 
histology and immunochemistry, 

oxidative stress, and AChE activity 

Chronic exposure to CuO-NPs caused muscular toxicity 
which may lead to muscle degeneration in adult zebrafish 

Mani et al. 
(2020) 

CuO-NPs,  
Avg 18.2 

Zebrafish 
Embryo, 96 

hpf 

1, 2, 5, 10, 
20, 30, 40, 
50, 60, 80 

and 
100 mg/L 

Acute toxicity and hatch inhibition, 
activities of Na+/K+-ATPase and GSH 

LC50 values for CuO-NPs were: 6.6 (4.5–8.5), 19.4 
(11.6–27.2) and >100 mg L−1 at pH 5, pH 6 and pH 7.  
Calculated NOECs were 5 and 40 mg L−1 CuO-NPs at 
pH 6 and pH 7. LOECs for CuO-NPs were 1, 10 and 50 

mg L−1 at pH 5, pH 6 and pH 7. At pH 7 calculated 
EC50 was 11.05 mg/L CuO-NPs 

Boyle et al. 
(2020) 

https://www.sciencedirect.com/science/article/pii/S1532045619301917?casa_token=6492cQoVOZ8AAAAA:sH2IgXoseWQiyPcKxJDEtXQx4Impn4Enkm8YuM-mhViszi__7EdCEhyIz7WbEu3jccsoxPIvuQ
https://www.sciencedirect.com/science/article/pii/S1532045619301917?casa_token=6492cQoVOZ8AAAAA:sH2IgXoseWQiyPcKxJDEtXQx4Impn4Enkm8YuM-mhViszi__7EdCEhyIz7WbEu3jccsoxPIvuQ
https://www.mdpi.com/1422-0067/22/15/8259/htm
https://www.mdpi.com/1422-0067/22/15/8259/htm
https://www.sciencedirect.com/science/article/pii/S014765132100871X
https://www.sciencedirect.com/science/article/pii/S014765132100871X
https://link.springer.com/article/10.1007/s11051-014-2550-8
https://link.springer.com/article/10.1007/s11051-014-2550-8
https://link.springer.com/article/10.1007/s11051-014-2550-8
https://link.springer.com/article/10.1007/s10646-017-1873-5
https://link.springer.com/article/10.1007/s10646-017-1873-5
https://link.springer.com/article/10.1007/s10646-017-1873-5
https://link.springer.com/article/10.1007/s11356-019-06095-w
https://link.springer.com/article/10.1007/s11356-019-06095-w
https://www.sciencedirect.com/science/article/pii/S0147651319313168?casa_token=9HibhB8I-ogAAAAA:9HnytKkrCb8Qoje72tm_Hne9QnYxrml1racQNCf8TeUJ9upXRJUz7HdS635qF73RB1dYFTFeNQ
https://www.sciencedirect.com/science/article/pii/S0147651319313168?casa_token=9HibhB8I-ogAAAAA:9HnytKkrCb8Qoje72tm_Hne9QnYxrml1racQNCf8TeUJ9upXRJUz7HdS635qF73RB1dYFTFeNQ
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1.6 Interactive toxicity of PFOS and nanoparticles 

Numerous studies have found that PFOS is more readily absorbed and accumulated when 

nanoparticles, particularly metal oxide nanoparticles, are present. According to Qiang et al. 

(2016), the presence of nano-TiO2 may have an impact on the vertical distribution of PFOS in 

water and may promote its bioaccumulation in fish dwelling in various water strata. This was 

primarily caused by the creation of TiO2-PFOS complexes, which fish species ingested, 

increasing their exposure to PFOS. Fish quickly absorbed PFOS after it had been released from 

TiO2 and had entered their digestive systems, which increased the amount of PFOS they had 

accumulated. As a result, the presence of nano-TiO2 increased the danger of PFOS to the 

environment. Given that PFOS may be biomagnified and transmitted to humans who consume fish 

as one of their dietary sources, this caused significant alarm. When TiO2 is deposited in a real 

water system, it may transfer organic compounds to the sediment, raising the danger of exposure 

for benthic deposit-feeders, which consume a lot of particles. To comprehend the consequences 

of manmade nanomaterials on invertebrates in aquatic systems, more research is required. 

According to a different study, co-exposure to PFOS and ZnO-NPs can result in more severe 

oxidative stress and apoptosis than either substance alone. The interaction between PFOS and ZnO-

NPs may be one of the key processes underlying their toxicity to zebrafish embryos (Du et al., 

2017). ZnO nanoparticles and PFOS exposure together also caused thyroid dysfunction in 

developing zebrafish larvae (Du et al., 2016). According to Li et al. (2017), SWCNT may absorb 

PFOS from water, which lowers the bioconcentration in zebrafish tissue and increases it in skin. 

The effects of PFOS on ROS, SOD, CAT, and AChE activity were exacerbated by co-exposure. 

Co-exposure was the exposure circumstance that caused the highest stress, according to 

integrated biomarker response (IBR). This helps us better understand the complicated effects of 

single walled carbon nanotubes (SWCNT) on the toxicity of PFOS in aquatic environments. In a 

separate study, the effects of prolonged co-exposure to PFOS and nano-ZnO on growth in first-

generation (F0) zebrafish as well as potential maternal transmission of these effects on the 

development of first-generation (F1) larvae were studied. Bioconcentration led to considerably 

lower growth as evaluated by body length and body weight, increased mortality, and reduced 

spawning in the F0 generation in zebrafish that were exposed to single- and co-exposure groups for 
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120 days. Less fertilization, fewer eggs hatching, more mortality, and more deformity were 

detected in the F1 generation after prolonged exposure. Transgenerational toxicity might be 

caused via the downregulation of genes and hormones. This study revealed that long-term 

exposure to PFOS and nano-ZnO negatively affects embryonic growth, reproduction in the F0 

generation, and development (Du et al., 2018). 

Heavy metallic cations like Cu (II), in addition to PFOS and nano-oxides, are frequently found in 

aquatic settings (Lu et al., 2016). Numerous investigations on the adsorption of heavy metals on 

nano-oxides have suggested that the surfaces of the divalent metal cations typically form inner-

sphere surface complexes with the oxides (Hua et al., 2012). Heavy metallic cations have also been 

observed to affect the adsorption of ionizable organic pollutants (Hyun et al., 2015). The 

adsorption of PFOS at high concentrations onto carbon nanotubes (CNTs) was explored by Zhou 

et al. (2012), and they discovered that the addition of Cu ions greatly boosted the adsorption of 

PFOS (II). Due to its sulfonate group and hydrophobic fluorinated carbon chain, PFOS can 

be adsorbed on the surface of adsorbents through a variety of interactions, including hydrogen 

bonding, hydrophobic interaction, electrostatic interaction, and ligand exchange (PFOS 

molecules' sulfonate groups may serve as the paired groups for functionalities on adsorbents) 

(Qiang et al., 2015). 

According to published research, copper-based nanoparticles (CuO-NPs) release enough copper 

ions in the right media to have an impact on biological systems. When compared to bulk CuO-

NPs, CuO-NPs exhibit a 40– to 50–fold increase in toxicity. Cu and PFOS have been found to 

coexist in large quantities in China's aquatic environments; they were both found in the Yangtze 

and Dayan rivers. Additionally, Cu and PFOS were discovered in the waterways of other nations, 

such as the Tennessee River and the Danube River (Zheng et al., 2015). Compared to the effects 

of a single chemical, the combinations of heavy metals and organics can have diverse harmful 

effects on aquatic life. According to Feng et al. (2016), L. hoffmeisteri can become acutely toxic 

and experience oxidative stress after receiving short- term exposure to Cu (II) in the presence or 

absence of PFOS at various pH levels. These were supported by measurements of the 24hour 

LC50, weakened antioxidant defenses, and elevated levels of lipid peroxidation. Notably, the 

bioaccumulation and toxicity of Cu (II) in test species were dramatically impacted by the presence 

of PFOS. According to the IBR data, synergism was suggested for the combined effects. 
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Additionally, L. hoffmeisteri may experience more harm in conditions that are acidic. Therefore, 

pH should be taken into consideration when evaluating the toxicity of Cu (II) and PFOS in natural 

waters. Another study examined the single and combined toxicity of copper, perfluorooctanoic 

acid, and perfluorooctane sulfonate to Carassius auratus. The investigation's findings 

demonstrated that both individual and combined exposure to PFOS, PFOA, and Cu led to an 

increase in lipid peroxidation and decreased antioxidant defense in the fish liver, which indicated 

an oxidative stress. Based on the IBR data, a preliminary ranking of toxicity was made, and 

synergistic effects were postulated for any potential combined effects. Additionally, these 

treatments had a considerable impact on the homeostasis of trace elements in fish tissues, and it 

was also found that these test substances obviously bioaccumulated. However, more research is 

required to examine the joint-action toxicity and underlying mechanisms of PFCs and other 

pervasive contaminants on various tissues of aquatic species after chronic exposure due to the 

chemical complexity of the natural aquatic environment. Further research should look at the 

potential joint-action toxicity and processes on aquatic animals of Cu (II) and copper oxide 

nanoparticles mixed with other organics at different trophic levels in light of the chemical 

complexity in realistic waters. 
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Table 3: Literature review for studies reporting the interactive effects of different nanoparticles with PFOS focusing on zebrafish. 

Nanoparticle PFOS Experimental 
Animal Nanoparticle PFOS Parameters 

Studied Toxicological Impacts References 

ZnO 40nm Heptadeca-
fluorooctane sulfonic 

acid (PFOS) 
potassium salt 

Zebrafish 
embryos 

1, 5, 10, 20, 50, 
100, 200 mg/L 

(1, 2, 4, 
8, 16 
mg/L) 

Antioxidant 
enzymes 
activity 

It has been proven that oxidative stress 
and apoptosis induced by the PFOS at 

different concentrations are enhanced in 
the presence of the ZnO-NPs after 96 h 

exposure 

Du et al. 
(2016) 

SWCNT 1–2 nm Perfluorooctane sulfo
nate potassium 

Mature 
Zebrafish 0, 5, 10, 15 mg/L 200 μg/

L   
Oxidative 

stress 

Co-exposure enhanced the injury effect 
of PFOS on ROS, SOD, CAT and AChE 

activity 

Li et al. 
(2017) 

ZnO particle 
dispersion (CAS 
no. 1314-13-2, 

<100 nm) 

PFOS (CAS no. 
2795-39-3; ≥98% 

purity 

Zebrafish 
embryos 

(1.7, 3.4, 
6.75 mg/L) nano-

ZnO 

(0.05, 
0.1 or 

0.2 mg/
L)  

Parental 
Transfer 

Exposure to PFOS and nano-ZnO in 
parents resulted in a lower fertilization 

rate, a lower hatch rate, higher mortality, 
and a higher malformation rate in F1 

larvae 

Du et al. 
(2018) 

MWCNT, OD 
approximately 

50 nm, and 
length 10–20 μm 

PFOS (CAS no., 
2795-39-3, ≥98% 

purity) 

Embryo and 
Larvae 

Zebrafish 

10, 20, 50, 100, 
and 200 mg/L 

0.2, 
0.4, 

0.8, and 
1.6 mg/

L 

Oxidative 
stress 

After zebrafish larvae were exposed to 
PFOS, the activities of SOD, CAT, and 

GSH-Px, as well as the levels 
of ROS and MDA, decreased in the 
presence of MWCNTs, suggesting 

that oxidative stress and lipid 
peroxidation were relieved by MWCNTs 

Wang et al. 
(2017) 

Anatase 
Titanium 

dioxide 20-30 
nm, Rutile 

titanium dioxide 

Potassium 
perfluorooctanesulfon

ate (PFOS, 98%) 
Adult Zebrafish - 600 ng/

L Accumulation 

It has been proven that oxidative stress 
and apoptosis induced by the PFOS at 

different concentrations are enhanced in 
the presence of the ZnO-NPs after 96 h 

exposure 

Qiang et al. 
(2017) 

ZnO particle 
dispersion 

PFOS (CAS no. 
2795-39-3; 98% 

purity) 

Zebrafish 
Embryo 50 mg/L 

0, 0.4, 
0.8, and 

1.6 
mg/L 

Histopathologi
cal Analysis 

Our results indicated that the joint effects 
of PFOS and ZnO– NPs on zebrafish 
were synergistic in acute and chronic 

mixture toxicity tests 

Du et al. 
(2016) 
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1.7 Zebrafish model for toxicity screening 

A tropical freshwater fish in the minnow family (Cyprinidae), the zebrafish (Danio rerio) is 

indigenous to rivers in Pakistan and India. The main advantages of zebrafish in toxicological 

research are their tiny adult size (only 3–4 cm in length), which significantly reduces the amount 

of space and money needed for husbandry. The optimum reported temperature for zebrafish is 

28.5 °C (Westerfield et al., 2000), but it prefers a pH range of 7-8 and a temperature range of 6.7-

41.7 °C (Lawrence, 2007). Zebrafish also have a short generation interval, consistently reproduce 

year-round, and are simple to keep in small recirculating systems (4-5 months). The table below 

shows how zebrafish are taxonomical classification of zebrafish. 

 

Table 4: Zebrafish taxonomic classification. 

 

 

 

 

 

 

 

 

 

 

We may also locate a wealth of material on zebrafish trials, which are one of the most suggested and 

frequently used animal models for toxicity investigations. The similarity of the circulatory, 

neurological, and digestive systems of zebrafish to those of mammals is another significant 

benefit of this model organism (Hsu et al., 2007). In addition, zebrafish and humans with a high 

level of genetic similarity share highly conserved signaling pathways (Beliaeva et al., 2010). 

Zebrafish are a suitable animal model for analytical investigations due to the high degree of 

similarity between their and human genomes (about 75% similarity) (Chakraborty et al., 2009). 

Zebrafish are now incredibly valuable for toxicity testing. As a result, the zebrafish is becoming a 

potent model organism for research into genetics, development, environmental toxicity, 

Kingdom Animalia 

Phylum Chordata 

Class Actinopterygii 

Order Cypriniformes 

Family Cyprinidae 

Subfamily Danioninae 

Genus Danio 

Species Danio rerio 
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pharmacology, DNA damage repair, cancer, and other illnesses (Dia et al., 2014). 

Figure 6: Zebrafish as a model species for standardized toxicity testing (Tal et al., 2020). 

 

Use of Danio rerio as a recognized animal model for testing the toxicological effects of 

nanoparticles has increased significantly in recent years. Nanoparticle toxicity is measured using 

a variety of metrics, including success rate in hatching, developmental abnormalities of different 

organs, damage to the gills and skin, abnormality in behavior (movement), reproduction toxicity 

and lethality (Bruno et al., 2018). Similar to this, the zebrafish model has also been used to study 

persistent organic pollutants (POPs) and is nearly always used in mixture toxicity studies 

incorporating PFOS and nanoparticles (Almas, 2007; Du et al., 2018; Li et al., 2017; Qiang et al., 

2016). 
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1.8 Toxicity biomarkers for the study 

1.8.1 Acetylcholinesterase 

The crucial neurotransmitter acetylcholinesterase (AChE) is involved in a number of functions for 

the central nervous system. This enzyme aids in the transmission of the neural message from one 

cholinergic neuron to the next by catalyzing the hydrolysis of acetylcholine in synaptic 

connections (Soreq and Seidman, 2001). AChE activity is frequently studied in brain and muscle 

tissue because the fish neuromuscular system is predominately cholinergic and because it is 

essential for optimal muscle behavior and function (Payne et al., 1996). Tetania, paralysis, and 

even death can occur as a result of AChE inhibition, which modifies brain behavior and 

overstimulates muscle fibers (Kirby et al., 2000). Fish brain AChE research has received more 

attention than fish muscle AChE research (Ferrari et al., 2007). 

1.8.2 Oxidative stress and antioxidant enzymes 

Aquatic organisms may experience oxidative stress as a result of pollutants in the aquatic 

environment producing free radicals and reactive oxygen species (ROS). Chemicals in pollution 

can alter antioxidant defenses or directly cause oxidative damage to an organism by unbalancing 

ROS levels and antioxidant defense (Slaninova et al., 2009). The initial defense comprises of low-

molecular-weight antioxidants including glutathione, vitamin E, and vitamin C, whereas the next 

line of defense consists of antioxidant enzymes (Valavanidis et al., 2006, Slaninova et al., 2009). 

SOD is typically regarded as the main enzyme that protects against reactive oxygen species and 

lipid peroxidation (Wang et al., 2011). SOD alters the toxic O2 free radical into one that is less 

harmful, aiding in the catalysis of dismutation to create H2O2 (Halliwell and Gutteridge, 2015). 

With the aid of the CAT enzyme, SOD generates H2O2 which is transformed into water and 

molecular oxygen. It is known that increased O2 generation reduces activity of CAT (Kono and 

Fridovich 1982). For the elimination of H2O2, CAT and GPx enzyme collaborate. 

The most popular analytical strategy in the field of free radical research is the oxidation of lipids 

since many species, particularly aquatic animals, have higher concentrations of lipids (Lushchak, 

2011). There are a number of lipid peroxidation products that are frequently utilized, but the 

measurement of malondialdehyde levels probably takes first place. Thiobarbituric acid is used to 

measure it the most frequently (Lushchak and Semchyshyn, 2012). Due to the ability of 

thiobarbituric acid to react with a wide variety of substances, including various aldehydes, amino 
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acids, and carbohydrates, this approach is quite general. However, it is a widely used technique 

for evaluating lipid peroxidation in a variety of organisms (Lushchak, 2011). 

1.8.3 DNA damage 

Several chemicals in the polluted water have the potential to change biological processes, which 

can have an impact on certain populations and entire ecosystems. One of the key duties of 

environmental monitoring to reduce pollution is the evaluation of the genotoxic potential in 

surface water. To this purpose, studies on environmental biomonitoring have suggested using 

DNA damage, such as strand breaks, as a helpful indicator for evaluating the genotoxic effects of 

environmental pollutants (Everaats et al., 1998; Felder et al., 1998; Theodorakis and 

Shugart,1998). Single cell gel electrophoresis (SCGE), also known as comet assay, is one of the 

methods used to evaluate the genotoxic potential of environmental toxicants. The method makes 

it possible to effectively see DNA damage or repair even in single cells (Olive et al., 1990). Any 

cell with a nucleus can be used in the experiment, and it only requires a small number of cells (a 

few hundred), is sensitive to a variety of mutagens, and uses a variety of tissues (Fairbairn et al., 

1995). The comet assay exhibits strong dosage responses even at relatively low levels of naturally 

occurring genotoxicants and has an extraordinarily high sensitivity, detecting one break in 11010 

Da (Gadik et al., 1992). (Mitchelmore and Chipman, 1998; Rojas et al., 1999). In comparison to 

many other monitoring systems, the assay has a shorter processing time and costs less. And 

finally, no other standard environmental impact assessment method will estimate the cumulative 

genetic toxicity brought on by all the genotoxic contaminants to which organisms are exposed. 

1.8.4 Histological alterations 

Fish that have undergone pathological alterations have been exposed to environmental stresses. In 

order to evaluate the health status of fish under exposure to pollutants in both the field and 

laboratory, histopathology has been frequently employed as a biomarker. Because they may more 

accurately reflect the animal's true health status than other biomarker/diagnosis methods, Au et al. 

(2004) validated the histopathological changes in fish as a pivotal tool to detect the toxicological 

consequences of material (Al-Sawafi et al., 2017). 

1.9 Research Gap 

PFOS are known to be absorbed through a number of interactions. These include electrostatic 
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interaction, hydrogen bonding, hydrophobic interaction, and ligand exchange since it has a 

hydrophobic fluorinated carbon chain and a sulfonate group. PFOS and nanoparticles are widely 

detected in global environments, and very possibly coexist in the environment. Since 

nanoparticles are good absorbents of PFOS, they can influence its toxicity. Many studies have 

reported mixture toxicities of PFOS and nanoparticles, particularly metal oxide nanoparticles, and 

observed synergistic action. Copper ions and CuO bulk material has shown to increase absorptive 

capacity of PFOS on inorganic nanomaterials. Similarly, copper ions and PFOS exhibit 

synergistic toxicity in red worm Limnodrilus hoffmeisteri and Maize (Feng et al., 2016, Song et 

al., 2021). However, no study has till date explored mixture toxicity of PFOS and Copper oxide 

nanoparticles. 

1.10 Problem statement 

Both Copper oxide nanoparticles and Perfluorooctane sulfonate are widespread in the 

environment. They enter and are distributed in different environmental compartments through 

different sources, either point source or their precursors. Once in aquatic environments, they are 

taken up by aquatic organisms, and have toxicological consequences. However, once they 

interact, their mechanisms of uptake, accumulation and toxicity can differ as compared to singular 

action. Binary mixtures of PFOS with various metal oxide nanoparticles have shown to increase 

its toxicity, making it crucial to explore its interactive effects with CuO nanoparticles, given its 

chemical affinity towards copper containing compounds. Copper oxide nanoparticles can interact 

with perfluorooctane sulfonate within the exposure media or in vivo. This interaction can either be 

in the form of PFOS + Cu complexes as negatively charged PFOS can bind with Cu ions released 

from the nanoparticles via its sulfonic group; or it can adsorb on the surface of nanoparticles, in 

which case the nano-effect may be dominant rather than the chemical characteristics of copper. 

These complex interactions can influence the uptake, accumulation, depuration, and toxicities of 

copper oxide nanoparticles and PFOS. 

1.11 Objectives 

This study aims to understand the impact of Copper Oxide nanoparticles and perfluorooctane 

sulfonate on oxidative stress and antioxidant response in adult zebrafish. Neurotoxicity will be 

assessed in the form of Acetylcholine esterase inhibition. DNA damage will be studied to assess 
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genotoxicity and histological alterations will be studied in skeletal muscle. This will be the first 

study done on the co-exposure of PFOS with Copper Oxide Nanoparticles on zebrafish. 

➢ To investigate the effects of CuO-NPs, PFOS and their co-exposure on total protein levels, 

oxidative stress markers ROS and MDA and antioxidant enzymes SOD and CAT in zebrafish 

gills. 

➢ To measure neurological damage of CuO-NPs and PFOS via acetylcholinesterase activity in 

zebrafish brain. 

➢ To assess DNA damage in response to CuO-NPs, PFOS and their co-exposure in zebrafish 

liver using Comet Assay. 

➢ To examine histological alterations in zebrafish skeletal muscle segments following the 

chronic exposure of CuO-NPs and PFOS. 
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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., China. Perfluorooctane sulfonic acid potassium salt [CAS; 

2795-39-3, Purity 98%] was purchased from AK Scientific, USA. Dimethyl Sulfoxide (DMSO) 

HPLC grade 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 reagents used in the study are of 

analytical grade (AG). 

2.2 Characterization of nanoparticles 

2.2.1 Scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) 

The particle size and morphology were characterized by Scanning Electron Microscopy (EV018 

Carl Zeiss, Germany). The nanoparticles suspension of 10 mg/L was coated on a glass slide and 

subjected to gold sputtering after drying. Elemental composition was examined using EDX 

analysis. 

2.2.2 Fourier transform infrared spectroscopy (FTIR) 

Functional groups in the CuO nanoparticles were analyzed using Fourier Transform Infra-Red 

(FTIR) spectroscopy (FT/IR-6600 type A Spectrometer, Jasco). The dry nanoparticle powder was 

added with KBr (Potassium bromide) and pressed under 5000–10,000 psi in the dye to form a 

transparent pellet. The transmittance spectrum was obtained and plotted in the wavenumber range 

of 4000 cm−1 to 400 cm−1 using OriginPro Version 8.5. 

2.2.3 X-ray diffraction (XRD) 

The particle crystalline structure was characterized using 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 were 

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

using PANanalytical X’Pert HighScore software version 2.2 to confirm its crystalline structure. 

2.3 Preparation of stock and dose solutions of CuO-NPs and PFOS 

Stock solutions of copper oxide nanoparticles and PFOS were prepared separately using distilled 

water and analytical grade DMSO, respectively. For the control group, 4.5mL of pure analytical 

grade DMSO without PFOS was added to 15L of water to achieve 0.03% (v/v). 

2.3.1 Copper oxide nanoparticles (CuO-NPs) 

Stock suspension of CuO-NPs was made by adding 50mg of copper oxide nano powder (40 nm) 

in 1000mL of distilled water to achieve the final concentration 50 mg/L. To disperse the 

nanoparticles in the suspension, the suspension was sonicated with an ultrasonicator at 100W 40 

KiloHertz for 60 minutes before exposure. A total of 300mL was taken from this solution and 

added to the tanks containing 15L of water to achieve a final concentration of 1mg/L. 

2.3.2 Perfluorooctane sulfonate (PFOS) 

The stock solution of Perfluorooctane Sulfonate was made in pure analytical grade DMSO solvent 

to enhance solubility in exposure medium. 50mg of PFOS was added to 50mL of DMSO to make 

a stock solution of 1mg/mL. From the stock solution, 4.5mL was added to each tank containing 

15L of water to achieve a final concentration of 300µg/L. 

2.4 Experimental animals 

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

& Aquatic Toxicology Lab, Quaid-i-Azam University, Islamabad. The fish were acclimatized for 

30 days in dechlorinated tap water. 50 individuals were placed in every aquarium. Aeration was 

provided to maintain the dissolved oxygen at 7 ± 1 mg/L. Photoperiod was maintained at 14:10 

h light and dark period, at 27 ± 1 C° temperature, and pH ranging from 7.4-8.1. Fish were fed 

daily at 5% body weight with Optimum Betta (commercial food for fish). Male and female fish 

were randomly distributed in the aquaria. The fish were observed regularly for behavior and health     

and signs of stress. 

2.5 Experimental setup 

A total of 240 healthy fish were selected of length (3-4cm) and weight (340-370 mg) for the 
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experiment and transferred to 20-liter tanks (30×60×30cm) containing 15L exposure medium. The 

fish were subjected to three treatments (T1, T2 and T3) and a control group (CT) for 28-Days. 

Each tank contained 20 fish per aquarium, and all treatments were run in triplicate. 

• Control (CT): DMSO (0.035 v/v)  

• Treatment 1 (T1): 1mg/L of CuO-NPs. Change sequence 

• Treatment 2 (T2): 300µg/L PFOS.  

• Treatment 3 (T3): 300 µg/L PFOS and 1 mg/L CuO-NPs. 

 

 

The experiment was performed in dechlorinated tap water. To ensure good water quality and 

maintain the concentrations of the contaminants, water was changed every alternate day. All glass 

aquaria were fitted with aerators to maintain dissolved oxygen within the required range. 

However, air stones were not used to avoid any brittle adsorption site to the contaminants. Water 

quality parameters were recorded daily. Samples were taken on day 7, 14, 21 and 28. At each 

sampling interval, 4 fish from each group were sampled for the measurement of different 

parameters. Fish were euthanized by immersion in ice cold water (4⁰C) for 10 minutes or till they 

became inverted. Fish were then patted dry on a paper towel and sex was determined by observing 

coloration, belly shape, and anal fin size and were pinned on the dissection mat by inserting pins 

through the fleshy part of the tail and ventral part of the eye socket. Incision was made along the 

belly from the anus to the operculum, and skin was removed to reveal the organs. Fish brains, 

livers and gills were taken out and placed on PBS plates. Organs were carefully examined under 

the stereomicroscope and transferred to labeled eppendorfs containing Phosphate Buffer Saline 

(PBS) (pH 7.4) and frozen immediately at -80⁰ C. Skeletal muscles were dissected and washed in 

Figure 7: Schematic diagram of experimental set-up during the 28-day exposure. 
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PBS before being preserved in Neutral Buffer Formalin (NBF) (pH 7) at 4⁰ C. 

2.6 Homogenate preparation 

The SilentCrusher M Homogenizer from Heidolph Instruments was used to homogenize the 

brain, gills, and liver tissues individually in 50mM potassium phosphate buffer (pH 7.0) in 2mL 

eppendorf tubes. The homogenate was centrifuged at 10,000 rpm at 4⁰ C for 10 minutes. For 

additional examination, the supernatant (cytosolic fraction) was removed and transferred to other 

labelled eppendorf tubes.  

2.7 Total protein estimation by Bradford method 

Sigma Bradford Method was used to measure total protein content in zebrafish tissues, using 

bovine serum albumin (BSA) as standard. Bradford reagent was purchased from Sigma Aldrich®. 

Five dilutions of BSA (0, 10, 20, 40, 60, 80 and 100µg/mL) were prepared in Bradford Reagent. 

Absorbance of BSA dilutions was measured at 595 nm using UV-Vis Spectrophotometer 

Figure 8: Fish snap frozen in liquid nitrogen (A) and gills obtained and observed under 

microscope (B). 
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(HACH, USA, DR-5000) and standard curve was generated. Sample with BSA concentration 

0µg/L was considered as blank. Level of protein was measured using BSA curve. Total protein 

is calculated using the following equation obtained from the standard curve: 

➔ Y = 0.001x + 0.0055 

➔ X = (Y – 0.0055) / 0.001 

Whereas y is absorbance of the samples and x gives total protein estimation. 

2.8 Oxidative stress parameters 

2.8.1 Reactive oxygen species (ROS) 

The ROS assay in the gill tissue of fish followed the methodology described by Hayashi et al. 

(2007). 

To prepare a 0.1 M Sodium Acetate buffer, 4.1 g of sodium acetate was dissolved in 500 ml of 

distilled water, and the pH was adjusted to 4.8. Next, 10 mg of N, N-Diethyl-p-phenylenediamine 

sulphate salt (DEPPD) was dissolved in 100 ml of sodium acetate buffer. Additionally, a solution 

containing 50 mg of ferrous sulphate (FeSO4) in 10 ml of sodium acetate buffer was prepared. 

The two solutions were mixed in a 1:25 ratio and incubated in the dark for 20 minutes at room 

temperature. 

For the assay, a 20 µl sample was taken from the solution mixture, and 1.2 ml of buffer and 20 

µl of liver tissue homogenate were added to a cuvette. The absorbance was then measured at 505 

nm using a UV-Vis Spectrophotometer (HACH, USA, DR-5000). Three readings were taken for 

each sample at 15-second intervals. This process allows for the estimation of reactive oxygen 

species (ROS) in the liver tissue of the fish. Values were calculated using the following formula: 

Reactive Oxygen Species (ROS)    = (𝐒𝐚𝐦𝐩𝐥𝐞 𝐎𝐃 × 𝐂𝐮𝐯𝐞𝐭𝐭𝐞 𝐕𝐨𝐥.  × 𝟏𝟎^𝟔)

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

Units = nanomoles / mL 

Whereas:  

 Sample OD = Sample Absorbance  (ΔSample - ΔBlank) 

 Cuvette Vol. = Volume of Cuvette 

         Protein = Total protein in sample (mg/mL) 

 Sample vol = Volume of Enzyme Supernatant 
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         Δtime = Measurement Time 

         15600 = Extinction co-efficient (M-1 cm-1) 

2.8.2 Malondialdehyde (MDA) content measurement 

Thiobarbituric acid reactive substance assay (TBARS) was used to measure malondialdehyde 

content in gill tissues of zebrafish using the method described by (Zhang et al., 2013). 

Reaction mixture contains: 

• 200µL of enzyme supernatant 

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

• 1500µL of 20% Acetic Acid (pH3.5) 

• 100µL of 1% Thiobarbituric Acid 

• And 1000µL distilled water 

The resulting solution was then kept in a water-bath for one hour at 90°C. Afterwards, 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 . 

 

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

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 × 𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 (𝟏𝟓𝟔𝟎𝟎))
 =  

Units  = nanomoles / mg protein 

Where:  

                 ΔSample  = Change in Sample Absorbance 

                  ΔBlank   = Change in Blank Sample Absorbance 

 Cuvette Vol. = Volume of Cuvette 

         Protein  = Total protein in sample (mg/mL)    

   Sample vol = Volume of Enzyme Supernatant 

           Δtime = Measurement Time 

          15600  = Extinction co-efficient (M-1 cm-1) 
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2.9 Antioxidant parameters 

2.9.1 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 contains: 

• 50mM Phosphate Buffer (pH 7.8) 

• 100µM Ethylenediaminetetraacetic acid (EDTA) 

• 130mM Methionine  

• 750µM Nitrobluetetrazolium chloride (NBT) 

• 20µM Riboflavin  

• And 50µL enzyme supernatant 

The resulting mixture was irradiated for 20 minutes with 4000 1x fluorescent lamp, 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 Nitrobluetetrazolium chloride photoreduction 

rate. Results obtained were expressed as U/mg of protein. 

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

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

Units = U/mg of protein 

Whereas:  

 ΔSample  = Change in Sample Absorbance 

              ΔBlank  = Change in Blank Sample Absorbance 

      Cuvette Vol.  = Volume of Cuvette 

     Protein = Total protein in sample (mg/mL) 

         Sample vol  = Volume of Enzyme Supernatant 

      Δtime  = Measurement Time 

         6.22 = Extinction co-efficient (M-1 cm-1) 

2.9.2 Catalase (CAT) activity 

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

Reaction mixture contains: 
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• 500µL of 5.9mM H2O2  

• 1mL of 50mM Potassium Phosphate Buffer 

• 100µL of tissue homogenate 

The resulting mixture was incubated for 15 minutes at 37°C. Absorbance was noted at 240nm. 

Activity of catalase was denoted in U/mg protein. 

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

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

Units = U/mg of protein 

Whereas:  

 ΔSample  = Change in Sample Absorbance 

           ΔBlank     = Change in Blank Sample Absorbance 

       Cuvette Vol.  = Volume of Cuvette 

     Protein  = Total protein in sample (mg/mL) 

          Sample vol = Volume of Enzyme Supernatant 

       Δtime = Measurement Time 

         43.1 = Extinction co-efficient (M-1 cm-1) 

2.10 Determination of acetylcholinesterase (AChE) activity 

AChE activity was measured according to the protocol by Ellman et al. (1961) with slight 

modifications. 

The mixture contains: 

• A 50μL of 0.5 mM DTNB 

• 1% Sodium citrate 

• 200μL 0.5 M Phosphate buffer (pH 8.0) 

• 650μL H2O 

• 50μL enzyme supernatant 

• 50μL 10 mM acetyl thiocholine iodide 

The control cuvette did not contain acetyl thiocholine iodide. Enzyme activity was calculated by 

reading the changes in absorbance over 5 min at 412 nm. 

Inhibition of AChE activity was measured using the following formula: 
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Acetylcholinesterase activity (AChE)         = 
(𝐓𝒇−𝐓𝒊)

𝟎.𝟎𝟏
 =  

Units = U/min  
Whereas:  

Tf      = Final Absorbance 

Ti       =  Initial Absorbance  

0.01 =  Constant  (Time Constant for 1 minute) 

2.11 DNA damage by comet assay (SCGE) 

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

Method described by Ge et al. (2015) was used to perform Comet Assay. 

2.11.1 Reagents preparations 

Following reagents were prepared for performing Comet assay: 

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

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

and brought to 37 °C just before use. 

• Normal Melting Agarose: The solution was heated to dissolve 500 mg of normal 

melting agarose in 50mL of distilled water 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. Following pH correction to 10.0 with HCl or 

NaOH, the final volume was increased to 1000mL. The final lysing solution was 

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

X. Before making slides, the final solution must be chilled for 30 minutes. 

• Electrophoresis buffer: The electrophoresis buffer is composed of 0.5mL of EDTA 

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

(>13). 

• Neutralization buffer: A pH of 7.5 was achieved 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 
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bromide in the staining solution. 

• PBS buffer: 990 milliliters of phosphate buffer saline were made, and their volume 

was    increased to 1000 milliliters when the pH was set at 7.4. 

2.11.2 Slides preparation 

Slides were first cleaned with methanol and then burned to disinfect them. Onto frosted slides with 

a coating of NMA, 200 L of LMA and cell suspension were pipetted. As the first LMA layer 

solidifies, a second one (85L) is added. Slides were immersed in lysis solution and chilled for 120 

minutes while being kept in the dark following the fixation of the second layer. 

2.11.3 Electrophoresis 

After two hours, the slides were removed from the lysis solution and kept in the horizontal gel 

apparatus. Slides were dipped into a recently made buffer solution. Power at 24 volts was provided 

for 30 minutes while 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 were used for 

staining, and cover slips were placed over the plates. 

2.11.4 Slides visualization 

To evaluate 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. 

2.12 Skeletal muscle tissue histopathology 

Skeletal muscle tissues were studied for histological changes. Fish were dissected, and skeletal 

muscle was taken in each sampling interval. They were transferred right away into 2mL eppendorf 

tubes with 1.5mL of neutral buffer formalin. Samples were kept at 4°C until additional analysis. 

2.12.1 Hematoxylin & eosin (H&E) staining of skeletal muscles 

Using the Hematoxylin & Eosin staining technique, the histopathological alterations in the muscle 

tissues following exposure to CuO-NPs, PFOS and co-exposure were evaluated. 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 
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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 analyze 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 9: Dissection of zebrafish under stereomicroscope to obtain organ samples to be 

transferred in pre-labeled eppendorf tubes. 
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Pictorial flowchart representing the summary of complete experimental methodology. 

2.13 Statistical Analysis 

Data was expressed as means and standard deviations (Means ± SD). Statistical analysis was 

performed on all experimental data via IBM SPSS Statistics, version 21.0. (SPSS Inc., USA). 

One-way analysis of variance (ANOVA) was done to determine the statistical differences 

between treatment groups. Means were separated using the Tukey’s Post-Hoc comparison test. 

Differences were considered statically significant at P<0.05. Statistical analyses were performed 

using the SPSS statistical package (ver.22.0, SPSS Company, Chicago, IL, USA). 
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3 RESULTS  
The present experiment was conducted for 28-Days to evaluate single and joint toxicity of copper 

oxide nanoparticles (CuO-NPs) and perfluorooctane sulfonate (PFOS) on adult zebrafish. The 

nanoparticles used in this study were characterized for surface morphology and elemental 

composition, spectral peaks, and x-ray diffraction. Water quality parameters were measured 

throughout the experiment. Fish samples were taken at days 7, 14, 21 and 28 and fish gills were 

analyzed for total protein, oxidative stress markers reactive oxygen species (ROS) and lipid 

peroxidation product malondialdehyde (MDA) and antioxidant enzymes superoxide dismutase 

(SOD) and catalase (CAT). Functional neuromarkar acetylcholinesterase activity (AChE) in the 

brain was also measured. Fish liver samples were observed for DNA damage and skeletal muscles 

were examined for histological alterations. Results are presented and interpreted in this section. 

3.1 Characterization of CuO nanoparticles 

3.1.1 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 

The surface morphology of the synthesized CuO nanoparticles exhibit a rice-grain shaped structure 

as examined by SEM analysis. The nanoparticles are observed to be homogenous in nature and 

assembled into aggregates with slight irregularity (Fig.10A). The SEM image reveals nanoparticles 

to be in the size range of 50-100 nm. The Energy dispersive spectra of the sample confirmed the 

chemical composition of the synthesized material. The presence of strong peaks of copper (Cu) 

and oxygen (O), along with minor impurities observed suggest high purity of nanoparticles. 

Calculated weight percentages for copper and oxygen were found to be 71.4 and 20.9% 

respectively. Sharp and narrow peaks are evidence of the highly crystalline nature of the 

nanoparticles as shown in Figure 10B.  
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Figure 10: Scanning electron microscopy image at 15000x magnification (A) and EDX spectra of 
CuO nanoparticles (B) used in this study. 
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3.1.2 Fourier transform infrared spectroscopy (FTIR) 

The FTIR spectral peak of CuO-NPs was recorded in the range of 4000–400 cm-1. The broad 

spectral band at 3421.1 cm-1 corresponds to OH stretching of the O-H hydroxy group. This is 

characteristic of absorbed water molecules on nanocrystalline structures due to their large surface 

area. The sharp peak at 1112.72 cm-1 corresponds to C-N stretching vibrations of amine group 

(Fig.11). The intense peaks at 597.82, 524.54 and 512.97 cm-1 are 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 the characteristics of Cu-O bond formation as indicated in Figure 11. 

3.1.3 X-ray diffraction (XRD) 

The X-ray diffraction pattern revealed the crystalline nature of the CuO-NPs used in the study as 

shown in Figure 12. The XRD pattern showed intense peaks at 2θ = 35.5°, 38.6°, 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 of CuO-NPs are in agreement with JCPDS card 

Figure 11: FTIR spectrum of CuO-NPs. Intense peaks 597.82, 524.54 and 512.97 cm-1 

confirm purity of the nanostructures.  
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no. 45-0937 (Ahamed et al., 2014), indicating Tenorite phase, which is a monoclinic system of 

copper oxide. Lack of impurity peaks suggests high quality of CuO-NPs. 

 

Figure 12: X-ray diffraction pattern of copper oxide nanoparticles used in this study. 
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3.2 Water quality parameters 

Water quality parameters recorded during the experiment included pH, dissolved oxygen (mg/L), 

electrical conductivity (µS/cm), and temperature (C°) measured throughout the experiment. 

Fluctuations in pH (7-8.2), EC (6.7-60 (µs/cm) and Salinity (8-97ppm) were observed to be minor. 

Dissolved oxygen ranged from 5mg/L to 9mg/L. Temperature averaged at 26 ° C, ranging from 

17.9 to 24.8° C. Water quality parameters in all treatment groups are presented in Table 5. 
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Table 5: Water quality parameters in experimental treatments recorded during the experiment. The water quality remained within 

optimum range for zebrafish rearing conditions. 

 

CT: Control   

T1: CuO-NPs (1mg/L)  

T2: PFOS (300 µg/L)  

T3: CuO-NPs+PFOS (1mg/L+300 µg/L) 

Treatments 
Temperature (C°) EC (µS/cm) DO (mg/L) pH 

Min Max Mean Min Max Mean Min Max Mean Min Max Mean 

CT 24.2 28.6 26.4 10 12 11 4.8 7.9 6.35 7.7 8.4 8.05 

T1 24.1 28 26.05 6.7 56 31.35 5.5 8.5 7 7.9 8.2 8.025 

T2 24.9 28.7 26.8 9.8 55 32.4 5.1 9 7.05 7.4 8.1 7.75 

T3 24.2 28 26.1 9.5 60.1 34.8 5.3 8.5 6.9 7.1 7.4 7.25 
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3.3 Total protein estimation 

Total protein (TP) levels are an important biochemical parameter used to determine the adverse 

effects of environmental pollutants in aquatic organisms (Kayhan et al., 2022). They are also 

precursors of enzymes, hormones, neurotransmitters, and cofactors (Qiu et al., 2019). 

3.3.1 Calibration curve for total protein estimation using BSA.  

Serial dilutions were made from Bovine Serum Albumin (BSA) solution to use as standards 

(Table 6). Absorbance was recorded at 595 nm and the values were used to plot a standard 

calibration curve (Fig.13) for calculating the total protein values in unknown samples. 

 

Table 6: Absorbance for Bovine Serum Albumin (BSA) standards. 

BSA Standard Dilutions 

(µg/mL) 

Absorbance at 595 nm 

0 0 

10 0.016 

20 0.028 

40 0.0485 

60 0.069 

80 0.0855 

100 0.1022 
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Figure 13: Standard Calibration Curve for Total Protein Estimation in Danio rerio gill samples 

at 595 nm. 

3.4 Total protein content in zebrafish gills 

Total protein content was estimated in zebrafish gills to evaluate the impact of copper oxide 

nanoparticles and perfluorooctane in individual and combined exposure. The results revealed 

statistically significant (p<0.05) decrease in groups exposed to CuO-NPs and PFOS and their 

mixtures (CuO NP + PFOS) as compared to the control (Figure 14). At 7-day sampling interval, 

CT (control group) showed highest total protein content, followed by T1 (CuO-NPs), and T2 

(PFOS) which had further lower protein content compared to T1, and the lowest protein content 

was observed in T3 (CuO-NPs+PFOS). This trend persisted on sampling intervals at days 14, 21 

and 28, with the decrease in total protein content in all groups being statistically significant in the 

manner CT>T1>T2>T3. The values for each interval are presented below in Figure 14. 
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Table 7: Total Protein content in Danio rerio gills following single and joint exposure to CuO-

NPs and PFOS. 

Treatments 
Exposure Days 

7-Day 14-Day 21-Day 28-Day 

CT (Control) 15.58±0.74ᵅ 16.72±0.50ᵅ 16.38±0.56ᵅ 16.24±0.98ᵅ 

T1 (CuO-NPs) 13.46±0.46ᵇ 14.50±0.70ᵇ 14.27±0.50ᵇ 14.38±0.55ᵇ 

T2 (PFOS) 11.92±0.58ᶜ 12.70±0.56ᶜ 12.77±0.50ᶜ 12.16±0.44ᶜ 

T3 (CuO-NPs+PFOS) 10.56±0.49ᶜ 9.71±0.67ᵈ 10.52±0.56ᵈ 9.74±0.65ᵈ 

 

 

Figure 14: Total protein levels in Danio rerio gills following single and joint exposure to CuO-

NPs and PFOS. Treatments are presented as following; CT: Control; T1: CuO-NPs; T2: PFOS, 

and T3: CuO-NPs+PFOS. Vertical bars represent mean ± SD of triplicates (n=3). Significant 

difference (p<0.05) in treatments is denoted by lowercase alphabets. 

3.5 Oxidative stress parameters 

A common pathway for contaminants to manifest toxicity and disease is via oxidative stress (Wu 

et al., 2019). Reactive Oxygen Species (ROS) play a vital role in evaluating oxidative stress 

resulting from pollutant exposure in fish. These ROS can induce cellular harm, affecting diverse 

physiological functions like metabolism and immunity in fish. Malondialdehyde (MDA), 

generated through ROS-triggered lipid peroxidation, emerges as a valuable biomarker for 
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assessing oxidative stress within fish tissues. Elevated MDA levels are indicative of heightened 

oxidative damage, offering valuable insights into the potential adverse impacts of environmental 

toxins on fish well-being and the broader aquatic ecosystem health. 

3.5.1 Reactive oxygen species (ROS) 

At the 7-day sampling interval, CT (control) had the lowest level of reactive oxygen species 

(ROS) among all treatment groups. The treatment group T1 (CuO-NPs) had a significantly higher 

level of ROS as compared to the control group, whereas T2 (PFOS) was not significantly different 

from T1 and T3 but was also significantly higher from the control group. The combined exposure 

in treatment T3 (CuO-NPs), was significantly different from CT and had the highest level of 

reactive oxygen species. During the second sampling interval at 14-day, there was a significant 

difference between treatment groups T1, T2 and T3 and the control group (CT), which was lower 

than the exposed groups. Treatment T1 showed an increase as compared to the control but was 

lower than T2. Treatment T3 had the greatest impact on ROS levels and was significantly higher 

than treatments T1 and T2 (Fig.15). At 21-Days, CT was still significantly lower than the treated 

groups. The CuO-NPs exposed group was higher than control. Treatment T2 was higher than T1 

and lower than T3, but these differences were not statistically significant (p<0.005). Reactive 

oxygen species levels remained highest in the co-exposure group. The trend observed during the 

28-day interval was similar in terms of CT being significantly different from T1, T2 and T3. The 

increase in ROS levels showed a clear pattern (CT<T1<T2<T3), with differences between all 

treatments being statistically significant (p<0.05). Reactive oxygen levels in all groups across all 

sampling intervals are presented below (Fig.15). 

 

Table 8: Reactive Oxygen Species in Danio rerio gills following single and joint exposure to 

CuO-NPs and PFOS. 

Treatments 
Exposure Days 

7-Day 14-Day 21-Day 28-Day 

CT (Control) 19.13±1.09ᶜ 21.06±1.96ᶜ 21.10±1.62ᶜ 22.96±2.04ᶜ 

T1 (CuO-NPs) 26.38±1.08ᵇ 26.56±1.44ᵇ 30.20±1.78ᵇ 33.17±1.58ᵇ 

T2 (PFOS) 28.00±1.67ᵅᵇ 29.74±1.06ᵇ 34.21±1.49ᵅᵇ 36.58±1.37ᵇ 

T3 (CuO-NPs+PFOS) 30.20±1.25ᵅ 34.24±0.95ᵅ 38.65±2.15ᵅ 41.62±1.05ᵅ 
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Figure 15: Reactive oxygen species in Danio rerio gills following single and joint exposure to 

CuO-NPs and PFOS. Treatments are presented as following; CT: Control, T1: CuO-NPs, T2: 

PFOS, and T3: CuO-NPs+PFOS. Vertical bars represent mean ± SD of triplicates (n=3). 

Significant difference (p<0.05) in treatments is denoted by lowercase alphabets. 

 

3.5.2 Malondialdehyde (MDA) content 

After 7 days of experiment, malondialdehyde (MDA) levels had slightly increased in exposed 

groups as compared to the control. The control treatment, CT, had the lowest values among all 

groups followed by T1, but the difference between the two was not statistically significant 

(p<0.05). Difference between treatments T2 and T3 was not significantly different, but both were 

significantly higher than the control. However, T2 and T3 were not significantly different from 

T1 at p<0.05. At the 14-day interval, all treatment groups were significantly higher than the 

control. Co-exposure (T3) had the highest levels of MDA content. Treatment T1 was significantly 

lower than T3, whereas T2 was not significantly different from T1 and T3.  At 21 and 28-day, a 

similar increasing trend was observed. All treatments were statistically different. Values were 

lowest in CT, and showed an increase in treatments T1, T2 and T3 in the order CT<T1<T2<T3. 

Values for MDA content in all groups estimated as a measure of lipid peroxidation during the 28 

days experiment are presented in Figure 16 below. 
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Table 9: Malondialdehyde levels in Danio rerio gills following single and joint exposure to 
CuO-NPs and PFOS. 

Treatments 
Exposure Days 

7-Day 14-Day 21-Day 28-Day 

CT (Control) 10.88±0.76ᵇ 11.23±1.15ᶜ 13.42±0.70ᵈ 13.97±1.60ᵈ 

T1 (CuO-NPs) 13.06±1.38ᵅᵇ 14.66±1.24ᵇ 16.70±0.76ᶜ 18.63±0.53ᶜ 

T2 (PFOS) 14.16±1.82ᵅ 15.95±0.64ᵅᵇ 19.36±0.75ᵇ 21.82±0.50ᵇ 

T3 (CuO-NPs+PFOS) 15.47±0.62ᵅ 18.02±1.51ᵅ 22.48±0.52ᵅ 24.92±1.00ᵅ 

 

 
Figure 16: Malondialdehyde levels in Danio rerio gills following single and joint exposure to 

CuO-NPs and PFOS. Treatments are presented as following; CT: Control, T1: CuO-NPs, T2: 

PFOS, and T3: CuO-NPs+PFOS. Vertical bars represent mean ± SD of triplicates (n=3). 

Significant difference (p<0.05) in treatments is denoted by lowercase alphabets. 

3.6 Antioxidant parameters 

Antioxidant systems utilize different enzymes and molecules to counter oxidative stress caused 

by stressors. Superoxide dismutase (SOD) and Catalase (CAT) collaborate as the initial defense 

against the conversion of ROS production into harmless compounds. This process involves SOD 

converting superoxide radicals into hydrogen peroxide, which is subsequently broken down into 

water and molecular oxygen by CAT. Catalase, a group of enzymes primarily found in 
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peroxisomes (Modesto and Martinez, 2010), facilitates this breakdown. The induction of 

antioxidant enzymes can help organisms manage stress caused by hazardous exposure (Cossu et 

al., 1997). However, an excess of oxidants has the potential to deactivate enzymes engaged in the 

antioxidant defense mechanism (Modesto and Martinez, 2010).  

3.6.1 Superoxide dismutase (SOD) 

Activity of superoxide dismutase (SOD) showed a distinct pattern. The values were initially 

higher than the control during the first interval but decreased from 14-day onwards. At 7-day, 

treatments T1 (CuO-NPs) and T2 (PFOS) were significantly higher than CT (control group), 

whereas T3 (CuO-NPs+PFOS) was not significantly different (p<0.05) from all treatments as 

shown in Figure. During the 14-day interval, T3 had significantly lower enzyme activity than CT 

and T1. However, treatment T2 was not significantly different from the treatments CT, T1 and 

T3. At 21-day, enzyme activity remained lowest in T3, and was highest in CT at statistical 

significance p<0.05. Treatments T1 and T2 showed nonsignificant difference. At the end of 

experimental period (28-day), all groups were statistically different and showed a clear 

decreasing trend in the order CT>T1>T2>T3. Superoxide enzyme activity are presented in Figure 

17 below. 

Table 10: Superoxide dismutase activity in Danio rerio gills following single and joint exposure 
to CuO-NPs and PFOS. 

Treatments 
                                          Exposure Days 

7-Day  14-Day  21-Day 28-Day 

CT (Control) 18.16±1.50ᵇ 18.59±0.99ᵅ 19.07±0.73ᵅ 20.07±0.92ᵅ 

T1 (CuO-NPs) 21.50±0.67ᵅ 18.33±0.96ᵅ 16.02±0.64ᵇ 15.77±1.13ᵇ 

T2 (PFOS) 21.18±1.20ᵅ 17.13±0.63ᵅᵇ 15.41±1.03ᵇ 12.59±0.95ᶜ 

T3 (CuO-NPs+PFOS) 18.81±0.90ᵅᵇ 15.71±0.70ᵇ 11.09±0.43ᶜ 9.77±0.45ᵈ 
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Figure 17: Superoxide dismutase activity in Danio rerio gills following single and joint exposure 

to CuO-NPs and PFOS. Treatments are presented as following; CT: Control, T1: CuO-NPs, T2: 

PFOS, and T3: CuO-NPs+PFOS. Vertical bars represent mean ± SD of triplicates (n=3). 

Significant difference (p<0.05) in treatments is denoted by lowercase alphabets. 

 

3.6.2 Catalase (CAT) activity 

There was no significant difference in catalase (CAT) activity between CT (control group) and 

the exposed groups T1 (CuO-NPS), T2, (PFOS) and T3(CuO-NPs+PFOS) after 7 days of 

exposure. However, CAT activity in T1 was significantly higher than that of T3. At the 14-day 

interval, there was no significant difference observed between CT, T1 and T2, whereas CAT 

activity in T3 was lowest at statistical significance (p<0.05). After 21 days of exposure, all 

exposed groups were significantly lower than that of CT (Fig.18). Treatment T1 significantly 

decreased as compared to control. The lowest value of enzyme activity remained in T3. Treatment 

T2 was significantly lower than control but was not significantly different than treatments T1 and 

T3. At the 28-day sampling, there was a significant decreasing trend observed in the order 

CT>T1>T2>T3. Enzyme activity across all sampling intervals is presented below Figure 18. 
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Table 11: Catalase activity in Danio rerio gills following single and joint exposure to CuO-NPs 

and PFOS. 

Treatments 
                                          Exposure Days 

7-Day  14-Day  21-Day 28-Day 

CT (Control) 64.98±7.65ᵅᵇ 67.15±2.94ᵅ 73.49±2.47ᵅ 68.88±2.28ᵅ 

T1 (CuO-NPs) 74.77±1.71ᵅ 65.00±4.34ᵅ 61.01±2.61ᵇ 56.17±1.13ᵇ 

T2 (PFOS) 73.20±3.37ᵅᵇ 63.69±1.61ᵅ 54.89±2.96ᵇᶜ 49.24±1.25ᶜ 

T3 (CuO-NPs+PFOS) 61.38±4.59ᵇ 53.62±4.81ᵇ 48.57±2.38ᶜ 41.44±1.61ᵈ 

 

 

Figure 18: Catalase activity in Danio rerio gills following single and joint exposure to CuO-NPs 

and PFOS. Treatments are presented as following; CT: Control, T1: CuO-NPs, T2: PFOS, and 

T3: CuO-NPs+PFOS. Vertical bars represent mean ± SD of triplicates (n=3). Significant 

difference (p<0.05) in treatments is denoted by lowercase alphabets. 

3.7 Acetylcholinesterase activity 

Acetylcholinesterase (AChE) activity was measured in zebrafish brain at 7, 14, 21 and 28-day 

from all treatments. Inhibition of AChE was observed to be significantly lower in CT (control) 

as compared to T1 (CuO-NPs), T2 (PFOS) and T3 (CuO-NPs+PFOS) throughout the 

experimental duration (p<0.05). At 7 and 14-day interval, T3 had the highest inhibition of AChE, 
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whereas no significant difference was observed between T1 and T2 (Fig.19). At 21-day interval, 

AChE activity remained highest in CT and T2 with least inhibition of the enzyme activity, 

however, there was no significant difference between T1 and T2 (p<0.05), whereas difference 

between T1 and the lowest treatment, T3, was found to be nonsignificant. At 28-day, differences 

in groups followed similar trend as the 7 and 14-day intervals. The activity of AChE in all 

treatments across the experimental duration is presented below in Figure 19. 

Table 12: Acetylcholinesterase activity in Danio rerio brain following single and joint exposure 
to CuO-NPs and PFOS. 

Treatments                                           Exposure Days 

7-Day  14-Day  21-Day 28-Day 

CT (Control) 6.25±0.25ᵅ 6.10±0.17ᵅ 5.91±0.64ᵅ 5.97±0.33ᵅ 

T1 (CuO-NPs) 5.37±0.15ᵇ 5.02±0.28ᵇ 4.63±0.25ᵇᶜ 4.50±0.20ᵇ 

T2 (PFOS) 5.47±0.32ᵇ 5.16±0.38ᵇ 4.97±0.21ᵅᵇ 4.66±0.35ᵇ 

T3 (CuO-NPs+PFOS) 4.75±0.15ᶜ 4.23±0.21ᶜ 3.80±0.35ᶜ 3.53±0.19ᶜ 

 

 

Figure 19: Acetylcholinesterase activity in Danio rerio brain following single and joint exposure 

to CuO-NPs and PFOS. Treatments are presented as following; CT: Control, T1: CuO-NPs, T2: 

PFOS, and T3: CuO-NPs+PFOS. Vertical bars represent mean ± SD of triplicates (n=3). 
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Significant difference (p<0.05) in treatments is denoted by lowercase alphabets. 

3.8 DNA damage by comet assay 

The extent of DNA damage brought on by singular and combined exposure to CuO-NPs and 

PFOS in zebrafish liver tissues was assessed using the comet assay. As summarized in Table 13, 

DNA gradually changed both before and after exposure. At all sampling intervals (i.e., day 7, 14, 

21, and 28), head length gradually decreased in 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 points, 

DNA in the head remained between 86 and 88.5% in CT (control). From 7 to 28-day, DNA 

percentage in the tail increased in treatments T1 (CuO-NPs), T2 (PFOS) and T3 (CuO-

NPs+PFOS). Compared to 7, 14 and 21-day, DNA in the tail was found to be the highest in T3 at 

28-days. Throughout the experiment duration, DNA in the tail remained at 11.9 to 14.9% in CT. 

Compared to the CT, comet length also consistently increased at all sampling points with in T1, 

T2 and T3. Throughout the experiment, the percentage of DNA in the head followed the trend; 

T1>T2>T3, while the percentage of DNA in the tail followed the trend; T1>T2>T3 (Figure 21). 
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Table 13: Genotoxicity assessment in Danio rerio liver following single and joint exposure to 

CuO-NPs and PFOS. Values are presented as mean ± SD of triplicates (n=3). 

Treatment Comet 
length 
(µm) 

Head 

length 
(µm) 

Tail 

length 
(µm) 

% DNA 

in head 

% DNA 

in tail 

Tail 
moment 

(µm) 

   7-Day    

CT 38.6±2.1 33.2±2.5 5.4±0.9 86.01±3.8 13.98±3.8 0.10±0.03  

T1 40.2±3.8 33.1±3.4 7.1±0.7 82.33±3.3 17.66±2.2  0.13±0.03  

T2 41.8±4.2 34.7±3.8 7.2±1.5 83.01±3.1 16.98±1.9  0.12±0.04  

T3 40.9±4.2 32.5±3.7 8.4±1.4 79.46±4.2 20.53±1.5  0.17±0.06  

       14-Day 

CT 39.1±2.2 34.6±2.8 4.5±0.7 88.49±3.1 11.5±1.3  0.10±0.03 

T1 41.5±3.4 35.1±2.6 6.4±1.0 84.57±3.2 15.42±1.6  0.11±0.03  

T2 43.3±2.2 34.3±2.3 9.0±1.1 79.21±3.5 20.78±2.3  0.16±0.06  

T3 43.9±3.1 34.1±2.8 9.8±1.7 77.67±2.5 22.32±4.1  0.21±0.05  

       21-Day 

CT 37.2±3.1 32.1±2.3 5.1±1.7 86.29±3.2 13.7±2.4  0.12±0.03  

T1 39.8±2.8 32.3±2.6 7.5±1.1 81.15±3.1 18.84±2.1  0.15±0.04  

T2 42.1±3.8 31.1±3.4 11.01±0.9 73.87±3.2 26.12±2.5  0.22±0.06  

T3 44.2±3.5 30.8±3.1 13.4±1.5 69.68±3.5 30.31±2.6  0.44±0.15 

      28-Day 

CT 36.9±3.5 31.4±2.9 5.5±1.8 85.09±3.5 14.9±1.9  0.13±0.05  

T1 40.2±3.2 32.1±2.8 8.1±1.7 79.85±3.7 20.15±1.2  0.17±0.02  

T2 44.7±1.7 31.2±3.4 13.5±1.9 69.79±4.4 30.20±3.3  0.46±0.14  

T3 46.1±3.6 29.3±1.3 16.8±1.8 63.55±3.1 36.44±3.2  1.01±0.23  
CT: Control, T1: CuO-NPs (1mg/L), T2: PFOS (300 µg/L), T3: CuO-NPs+PFOS (1mg/L+300 

µg/L) 

3.9 Tail moment 

Compared to CT (control), tail moment (TM) was found to be higher in all treatments T1 (CuO-

NPs), T2 (PFOS) and T3 (CuO-NPs) (Fig). At 7 and 14-day intervals, no significant difference 



 

Chapter 3                                                   Results 

 

60 
Exploring the Interactive Effects of Perfluorooctane Sulfonate (PFOS) and Copper Oxide 

Nanoparticles in Danio rerio (H.) 

in TM was found in CT and the treatments, however, after 21 days a significant increase was 

observed in T3 (p<0.05). Following 28 days of exposure, a significant increase in T2 and T3 was 

observed, whereas T1 was not statistically different from CT at p<0.05 (Fig.20). Increasing tail 

moment corresponded with chemical stress and increasing exposure duration. Compared to 

treatments T1 and T2, T3 had the highest levels of TM after 28 days of exposure. Combined 

exposure to CuO-NPs and PFOS was seen to exhibit DNA damage in zebrafish liver tissues, as 

summarized in Figure 20.  

 
Figure 20: Tail moment in Danio rerio liver following single and joint exposure to CuO-NPs 

and PFOS. Treatments are presented as following; CT: Control, T1: CuO-NPs, T2: PFOS, and 

T3: CuO-NPs+PFOS. 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 21: Fluorescence photomicrographs of DNA damage in Danio rerio liver 

following single and combined exposure to CuO-NPs and PFOS. Treatments are 

presented as following; CT: Control, T1: CuO-NPs, T2: PFOS, and T3: CuO-

NPs+PFOS. 
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3.10 Histopathological changes in skeletal muscle of zebrafish 

 The skeletal muscles from CT (control) showed normal histoarchitecture with the nucleus lying 

at the periphery of the fibers. No significant alterations were observed in CT throughout the 

experimental duration. At 7-day, segmental necrosis of muscle was observed in T1 (CuO-NPs). 

Treatment T2 (PFOS) showed necrosis and degeneration of muscle fibers whereas T3 (CuO-

NPs+PFOS) showed vacuolar degeneration of the muscle (see Fig. 22). As shown in Figure 23, 

splitting and degeneration of muscle fibers was observed in T1, while necrosis and shortening of 

fiber size was seen in T2 and T3, respectively after 14-day interval. During the 21-day interval, 

degeneration of muscle fibers continued in T1 whereas T2 showed segmental necrosis of muscle 

(Fig. 24). Skeletal muscle in T3 showed signs of degeneration along with atrophy. After 28 days 

of exposure, signs of segmental necrosis were observed in the combined exposure T3 while both 

T1 and T2 group showed degeneration. Splitting of muscle fibers was also seen in T2 group (Fig. 

25). 
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Figure 22: Photomicrographs of zebrafish skeletal muscle stained by H&E (40x magnification) 

after 7 days of exposure. CT (Control); T1 (CuO-NPs); T2 (PFOS); and T3 (CuO-NPs+PFOS). 

N: Nucleus located at periphery of muscle fibers, SNM: Segmental Necrosis in Muscle Fiber, Ne: 

Necrosis, D: Degeneration in muscle bundles and V: Vacuolar degeneration. 
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Figure 23: Photomicrographs of zebrafish skeletal muscle stained by H&E (40x magnification) 

after 14 days of exposure.  CT (Control); T1 (CuO-NPs); T2 (PFOS); and T3 (CuO-NPs+PFOS).  

N: Nucleus located at periphery of muscle fibers, S: Splitting of muscle fibers, Ne: Necrosis, D: 

Degeneration in muscle bundles and SMF: Shortening of fiber size with overall reduction. 
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Figure 24: Photomicrographs of zebrafish skeletal muscle stained by H&E (40x magnification) 

after 21 days of exposure. CT (Control); T1 (CuO-NPs); T2 (PFOS); and T3 (CuO-NPs+PFOS). 

N: Nucleus located at periphery of muscle fibers, D: Degeneration in muscle bundles, SNM: 

Segmental necrosis of muscle and A: Atrophy. 
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Figure 25: Photomicrographs of zebrafish skeletal muscle stained by H&E (40x magnification) 

after 28 days of exposure. CT (Control); T1 (CuO-NPs); T2 (PFOS) and T3 (CuO-NPs+PFOS). 

N: Nucleus located at periphery of muscle fibers, D: Degeneration in muscle bundles, SNM: 

Segmental necrosis of muscle and Ne: Necrosis. 
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4 DISCUSSION 

4.1 Characterization of copper oxide nanoparticles 

Copper oxide nanoparticles (CuO-NPs) have been widely reported to be more toxic than their 

bulk counterparts (Chang et al., 2012). To understand and define toxic manifestation of CuO-

NPs, it is crucial to understand the characterization of these nanoparticles, their routes of exposure 

and mechanism or pathways involved in their toxicity (Naz et al., 2019). 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 used in this study were between 50-100nm in size and exhibited rice-grain like 

structures assembled into aggregates, as revealed by scanning electron microscope (SEM) in 

Figure 10. Similar morphology of CuO-NPs has been previously reported (Sukumar et al., 2020; 

Ananth et al., 2015). Aggregation and agglomeration tendency of CuO-NPs from the same 

manufacturer was observed by multiple authors (Ślosarczyk et al., 2023; Amirian et al., 2018). 

Lack of uniformity in size or shape can occur when there’s no proper control on nanoparticle 

growth during synthesis (capping agent), whereas nanoparticles tend to aggregate to reduce 

Gibb’s free energy in the absence of surfactants (Chowdhury et al., 2020; Wang et al., 2002). 

Elemental composition assessed by energy dispersive x-ray (EDX) exhibits prominent peaks of 

copper (Cu) and oxygen (O) with weight percentages 71.4 and 20.9% respectively as it clears 

from Figure 10. The presence of sharp and narrow peaks suggests high crystallinity of CuO-NPs 

(Sabeena et al., 2022; Sukumar et al., 2020).  

FTIR: Fourier Transform Infrared (FTIR) Spectroscopy can detect the presence of any surface 

biomolecules or functional groups present on the nanoparticles (Badaway et al., 2021; Sukumar 

et al., 2020). Sharp peaks at 512.97, 52454 and 597.82 cm-1 are characteristic of pure CuO 

nanostructure formation (Quirino et al., 2018; Hemelatha et al., 2017), 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 according to JCPDS card No: 045-0937 (Zedan 

et al., 2028; Ahamed et al., 2014). No additional peaks were observed for commonly occurring 

impurities (Cu2O or Cu (OH)2), suggesting high purity (Buledi et al., 2021).  
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4.2 Water quality parameters 

Water quality parameters including temperature, electrical conductivity (EC), dissolved oxygen 

(DO), and pH were maintained throughout the experiment in accordance with OECD guidelines 

for testing of chemical (OECD, 2019). There was no significant difference in temperature, DO 

and pH in control and treated groups, and remained optimum for zebrafish. Water quality was 

maintained by changing exposure medium every alternative day to ensure adherence to OECD 

guidelines. Similar water quality conditions were also reported for zebrafish toxicity testing by 

Tang et al. (2019). 

4.3 Total protein 

Total protein (TP) content provides valuable insight into toxicological effects of pollutants on 

organisms, as proteins are essential for survival and growth of all living organisms (Guarda et al., 

2003; Fu et al., 2020). Changes in total protein levels can occur due to a variety of processes, 

including inhibition of enzyme production, and high energy demand due to stressful conditions 

due to chemical exposure (Oruç et al., 2006; Morales et al., 2004). In the present study, total 

protein levels declined after singular and joint exposure to copper oxide nanoparticles (CuO-NPs) 

and perfluorooctane sulfonate (PFOS). Exposure to CuO-NPs for 7 days caused a decline in 

serum total protein levels in trout O. niloticus (Tuncsoy and Erdem, 2021). Similarly, thiazolidine 

was shown to reduce total protein levels in zebrafish D. rerio liver. Decrease in total protein may 

be due to cellular destruction or disruption in protein synthesis (Kayhan et al., 2022).    

4.4 Oxidative stress 

Contaminants in the environment cause toxicity in aquatic organisms by induction of oxidative 

damage (Stara et al., 2012 & 2013; Lushchak et al., 2005). For this reason, oxidative stress 

markers are studied to understand and evaluate environmental contamination and its impact on 

organisms (Slaninova et al., 2009). Chemical stress can cause excess production of reactive 

oxygen species (ROS), which cause cell damage via peroxidation of unsaturated fatty acids and 

through breakdown lipid hydroperoxide products (Fang and Zheng, 2002). One of the final 

breakdown products of lipid peroxidation (LPO) is malondialdehyde (MDA), which is evaluated 

as a biomarker to assess the severity of lipid peroxidation (Ge et al., 2015). Higher levels of ROS 
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have been linked to excess production of MDA content (Dong et al., 2013). Increased ROS and 

MDA content can cause DNA damage, mitochondrial respiratory chain dysfunction and cell 

death (Sun et al., 2018). In our study, exposure to copper oxide nanoparticles (CuO-NPs) and 

perfluorooctane sulfonate (PFOS) caused increasing production of ROS as compared to the 

control group. Exposure to CuO-NPs has been shown to cause oxidative stress via excess 

production of ROS and LPO in adult and embryonic zebrafish (Mani et al., 2020; Ganesan et al., 

2015). Aziz et al. (2023 and 2022) reported increased production of thiobarbituric substances 

(TBARs), a marker for LPO, in bighead carp H. nobilis and rohu L. rohita following time-

dependent exposure to CuO-NPs, which may be explained by overproduction of ROS by 

exposure to nanoparticles (Wang et al., 2012). CuO-NPs can penetrate cell membranes via 

diffusion and endocytosis and accumulate in cell organelles such as mitochondria, which is a 

major intracellular source of ROS (Wang et al., 2013a, b). Further, released copper (Cu) ions can 

exacerbate oxidative stress through one-electron oxidation-reduction (Haber-Weiss and Fenton’s 

reaction) (Ganesan et al., 2016). Similarly, exposure to PFOS has been reported to cause oxidative 

stress (Feng et al. 2015; Lu et al. 2015; Shi and Zhou 2010). Increased ROS and MDA levels 

were observed in zebrafish embryos exposed to PFOS (Huang et al., 2021). Similarly, an increase 

in MDA content was observed in crustacean G. insensibilis following exposure to PFOS 

(Touaylia et al., 2019). Structural similarities of perfluorinated compounds (PFCs) to long-chain 

fatty acids have been associated with their capability to cause changes in mitochondrial 

permeability transition (MPT), resulting in cytotoxicity and oxidative stress (O’Biran et al., 

2004). In the present study, combined exposure to CuO-NPs and PFOS resulted in significantly 

higher production of ROS and MDA as compared to individual exposure (p<0.05). Combined 

exposure to Cu and PFOS was reported to disrupt intracellular oxidant/antioxidant balance in L. 

hoffmeisteri under oxidative stress, which was higher than induvial exposure to both 

contaminants (Meng et al., 2016). Similarly, Du et al. (2017) reported synergistic toxic action of 

zinc oxide nanoparticles (ZnO-NPs) and PFOS on zebrafish, with significant induction in ROS 

accompanied by increase in MDA following co-exposure. Synergistic action may be caused by 

adsorption of PFOS via its sulfonic group on CuO-NPs or released Cu ions resulting in increased 

permeability and transmembrane transport of PFOS (Du et al., 2016; Meng et al., 2016).  
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4.5 Antioxidant response 

In response to production of reactive oxygen species (ROS), aquatic organisms adopt an 

antioxidant defense system to scavenge and reduce oxidation (Pandey et al., 2003). Antioxidant 

enzymes superoxide dismutase (SOD) and catalase (CAT) are the primary defense system against 

oxidative damage (Fang and Zheng et al., 2002). SOD is a metalloenzyme which counters 

oxidative damage by converting harmful superoxide radicals (O2
-) into hydrogen peroxide (H2O2) 

whereas CAT converts the H2O2 produced by SOD into oxygen (O2) and water (H2O), preventing 

the H2O2 from reacting with O2 to form hydroxyl radical (·OH) (El-Garawani et al., 2021; Altun 

et al., 2017). When the SOD-CAT system is overpowered, an imbalance is created and risk of 

oxidative stress increases (Zheng et al., 2016). Both the enzymes have been extensively studied 

as markers for oxidative stress (Pinho et al. 2005; Gomi et al. 1998). In present study, exposure 

to copper oxide nanoparticles (CuO-NPs) and perfluorooctane sulfonate (PFOS) in single and 

combined settings influenced the antioxidant defense system. Exposure to both contaminants 

initially activated SOD and CAT activities at the 7-day interval, followed by a decline or 

inhibition of both enzymes after 14 days. Similar trends have been observed and explained by 

multiple authors. Initial exposure to thiamethoxam caused activation of SOD and CAT activities 

in zebrafish D. rerio, followed by a decrease, whereas prolonged exposure to endosulfan 

exhibited similar toxic effects (Yan et al., 2015; Shao et al., 2012). This pattern of early increase 

followed by a decrease in SOD and CAT enzyme activity can be explained by multiple 

phenomena. The initial increase is caused by the activation of zebrafish-defense system following 

induction of oxidative stress (Du et al., 2014). However, high production of ROS can overwhelm 

the antioxidant system and minimize the protective role of SOD and CAT in reducing oxidative 

stress by inhibition of enzyme activity (Dong et al., 2013). Increased ROS has been known to 

inactivate enzymes and production of superoxide (O2
-) and peroxy radicals can inhibit CAT 

activity (Escobar et al., 1996; Tabataie & Floyd, 1994). Inhibition or inactivation of SOD and 

CAT by CuO-NPs and PFOS following an increase in oxidative stress has been previously 

reported by various studies. Exposure to increasing concentration of CuO-NPs caused increasing 

ROS and declining levels of SOD and CAT activity in D. rerio embryos and adults (Mani et al., 

2020; Ganesan et al., 2015). Prolonged exposure to NPs has been shown to inhibit antioxidant 

resistance, whereas exposure to Cu ions can inhibit CAT activity in fish (Gomes et al., 2011; Atli 

https://link.springer.com/article/10.1007/s00244-014-0046-2#ref-CR31
https://link.springer.com/article/10.1007/s00244-014-0046-2#ref-CR14
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et al., 2006). An increase-decrease trend in enzymatic activities in Bighead Carp H. nobilis 

exposed to CuO-NPs was attributed to peroxidation and carbonization by ROS, as a function of 

metal toxicity (Aziz et al., 2023). Decrease in SOD and CAT activities was observed in gills of 

aquatic invertebrate A. leptodactylus after exposure to PFOS (Belek et al., 2022). Similarly, 

exposure to PFOS resulted in a concentration dependent decrease in SOD activity in crustacean 

G. insensibilis (Touaylia et al., 2019). No significant effect was observed on SOD and CAT 

activities in developing D. rerio following exposure to PFOS, whereas an increase in glutathione 

S-transferase (GST) and a decrease in glutathione GSH indicated that a conjugation reaction 

mediated PFOS induced oxidative stress, as action of antioxidant enzymes can be replaced by 

other antioxidants (Huang et al., 2021; Zheng et al., 2016). Lu et al. (2023) reported an increase 

in SOD and CAT activities in D. rerio after sub-acute exposure to PFOS, however, co-exposure 

of with cadmium (Cd) caused a decline in enzyme activities. In our study, combined exposure to 

CuO-NPs and PFOS had more deleterious effects than individual exposures. Comparable to our 

observations, combined exposure to Cu ions and PFOS had greater effect on SOD inhibition in 

L. hoffmeisteri than singular exposure, whereas interaction of ZnO-NPs and PFOS synergistically 

reduced CAT activity in D. rerio embryos (Du et al., 2017; Meng et al., 2016).  

4.6 Acetylcholinesterase activity 

Acetylcholinesterase (AChE) is an enzyme that hydrolyzes the neurotransmitter acetylcholine 

(ACh) present in the cholinergic synapses and is crucial for physiological functioning in 

organisms including locomotion, orientation, feeding and predator evasion (De Cuna et al., 2011). 

Changes in activity of AChE directly impact cholinergic neurotransmission, leading to 

neurological disorders (dos Santos Miron et al., 2005). Measurement of AChE activity is a good 

indicator of disturbances in neurological function (Li et al., 2017). Exposure to copper oxide 

nanoparticles (CuO-NPs) and perfluorooctane sulfonate (PFOS) led to inhibition of AChE 

activity upon exposure. The effect of CuO-NPs on AChE activity was found to be greater than 

that of PFOS, which are in consistency with previously documented results. A slight induction in 

AChE activity followed by a decrease with increasing concentration of CuO-NPs was observed 

in goldfish C. auratus (Jun et al., 2013). Exposure to CuO-NPs reduced AChE activity in 

embryonic and adult D. rerio (Mani et al., 2020; Ganesan et al., 2015). In juvenile carp C. carpio, 
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CuO-NPs had greater inhibitory action on cholinesterase (ChE) than bulk CuO, which may be 

explained by release of Cu ions in the body (Zhao et al., 2011). In agreement with our results, 

reduction in AChE activity occurred in D. magna exposed to PFOS and PFNA (Lu et al., 2015). 

Mahapatra et al. (2023) reported inhibition of AChE activity in D. rerio embryos in a dose-

dependent manner and suggested that PFOS inhibits AChE in the same manner as other 

cholinesterase inhibitors. Contrary to these findings, exposure to PFOA and PFOS did not 

significantly alter AChE activity in common carp C. carpio (Kim et al., 2010). The same effect 

was observed in crustacean G. insensibilis following exposure to PFOS (Touaylia et al., 2019). 

However, microplastics (MPs) loaded with PFOS caused higher inhibition of AChE activity in 

clam S. plana compared to virgin MPs, resulting in greater neurotoxicity (Islam et al., 2021). The 

same phenomena were observed in our study, where co-exposure to CuO-NPs and PFOS resulted 

in significantly higher inhibition of AChE activity as compared to other treatments. Li et al. 

(2017) reported no significant alteration in AChE activity in zebrafish following individual 

exposure to PFOS, however, the author suggested that combined exposure with single walled 

carbon nanotubes (SWCNT) may have more enhanced effects.  

4.7 DNA damage by Comet Assay 

DNA damage has been established as a well-studied biomarker in ecotoxicological studies. Apart 

from direct action of toxicants, a close relationship between DNA damage and oxidative stress 

has been well-reported (Oliveria et al., 2009). Oxidative stress can induce DNA damage as 

reactive oxygen species (ROS) mediated free radicals attack cellular and sub-cellular 

components, whereas excessive malondialdehyde (MDA) can facilitate the entry of contaminants 

in cells by causing alteration in the cell membrane (Song et al., 2019; Gao et al., 2018). Single-

cell gel electrophoresis (SCGE) or comet assay has been developed as a rapid and accurate 

method to analyze DNA damage (Jin et al., 2011). DNA damage is assessed by applying an 

electric field to exposed DNA, causing damaged DNA to migrate toward the anode which can be 

quantified (Muazzam et al., 2019). In present study, increased tail length and decreasing head 

length was observed in groups exposed to copper oxide nanoparticles (CuO-NPs) and 

perfluorooctane sulfonate (PFOS) with a significant increase in tail moment (p<0.05). Previously, 

genotoxic action of CuO-NPs on rohu L. rohita was reported, whereas a significant increase in 
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DNA tail length was observed in freshwater crayfish P. clarkia (Aziz et al., 2023; El-Atti et al., 

2019). Furthermore, CuO-NPs were also shown to cause DNA damage in C. gariepinus and H. 

nobilis (Aziz et al., 2022; Ogunsuyi et al., 2019). CuO-NPs can enter cell nucleus via nuclear 

pores or punctures in the membrane getting into direct contact with the DNA, including release 

of Cu ions (Gupta et al., 2016; Huang et al., 2009).  These Cu ions can create chemical bonds 

with the phosphate groups and nitrogenous bases present in the DNA, particularly cytosine (C) 

and guanine (G), by competition with hydrogen ions, which results in the breaking of links 

between nitrogenous bases and consequent unwinding of the DNA double-helical structure 

(Aziz et al., 2022). Exposure to PFOS resulted in a concentration-dependent increase in DNA 

tail length and tail DNA percentage in earthworm E. fetida coelomycetes (Xu et al., 2013).  

Similarly, PFOS induced breakage of DNA single strands in C. carpio (Kim et al., 2010). Hoff 

et al., 2003 hypothesized that PFOS may incur DNA damage by inducing cell necrosis associated 

membranous damage and/or by disrupting the balance between DNA damage and repair 

mechanisms, whereas it was proven that PFOS can influence DNA structure and attenuate DNA 

charge transport, causing damage to the DNA (Lu et al., 2012). In our study, the highest DNA 

damage was observed in fish exposed to CuO-NPs and PFOS in co-exposure, reflecting a 

synergistic action on genotoxicity. Interactive action of zinc oxide nanoparticles (ZnO-NPs) and 

PFOS reportedly caused greater DNA damage in D. rerio embryos than singular exposure (Du 

et al., 2014). In contrast, multiwalled carbon nanotubes (MWCNT) alleviated toxicity and DNA 

damage in peripheral blood cells caused by PFOS in D. rerio embryos, which may be due to 

antagonistic toxic action on oxidative stress induction (Changlu et al., 2015). 

4.8 Histopathological Alterations in Muscle Tissues 

Histopathological alterations are among the best indicators of toxicological manifestations of 

chemical substances. Au et al. (2004) argued that studying histopathological alterations in fish is 

an extremely important parameter to understand toxicological impacts as they reflect the health 

state of the animal under study better than other biomarkers or diagnosis methods. In zebrafish, 

muscles are secondary target as gills are the primary target of nanoparticles, not being in direct 

contact with the exposure medium (Wang et al., 2014). In our study, microscopic    examination of 

zebrafish skeletal muscle tissues showed significant alterations in histoarchitecture in fish 
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exposed to copper oxide nanoparticles (CuO-NPs) and perfluorooctane sulfonate (PFOS) in 

singular and combined settings. This is consistent with reported literature on exposure to both 

contaminants. Comparable with our observations, skeletal muscle of adult zebrafish D. rerio 

exposed to CuO-NPs showed fibrillary degeneration, mild perimysial inflammation, vascular 

degeneration, and atrophy with degeneration, while degeneration and increased extracellular 

space between muscle bundles was observed in rainbow trout O. mykiss (Mani et al., 2019; Al-

Bairuty et al., 2013). Further, histological alterations were also observed in gills of African catfish 

C. gariepinus and Nile tilapia O. niloticus upon exposure to CuO-NPs including epithelial 

necrosis, desquamation, and reduced secondary gill lamellae (Abdel-Latif et al., 2021; Ogunsuyi 

et al., 2019), whereas CuO-NPs caused severe histological alterations in hepatopancreas of 

crayfish P. clarkii (El-Atti et al., 2019). CuO-NPs induced oxidative stress can cause apoptosis 

leading to muscle damage (Cole and Ross, 2001), whereas copper (Cu) ions can accumulate in 

muscle causing a decrease in muscle fiber size and depletion of muscle glycogen stores (Campbell 

et al., 2005; Handy, 1999; Vogel, 1959). In zebrafish larvae, PFOS has been reported to cause 

histological changes in swim bladder and gut section, as well as disintegration in somatic striated 

muscle cells, whereas disordered and loosened muscle arrays were observed in the tail section of 

larvae at 120 hours post fertilization (hpf) (Huang et al., 2021; Chen et al., 2014; Huang et al., 

2010). Exposure to PFOS in adult D. rerio has been shown to induce histological alterations in 

thyroid, liver and cause granolumatous inflammation in different organs, and has also been 

reported to impair gonadal development in male and female zebrafish (Chen et al., 2016; Keiter 

et al., 2012). PFOS has been shown to alter expression of genes involved in muscle development, 

whereas oxidative stress induced apoptosis may also incur histopathological changes (Jantzen et 

al., 2016; Lui et a., 2007). Exposure to PFOS in combination with zinc oxide nanoparticles and 

cadmium caused greater histopathological anomalies in adult D. rerio, as compared to induvial 

exposure (Lu et al., 2023; Du et al., 2014). Similarly, mixture of CuO-NPs and TiO2-NPs induced 

greater incidence of injury on C. carpio gills, kidney, intestine, and liver than exposure to both 

nanoparticles alone (Mansouri et al., 2016). This agrees with our findings, where interactive 

action of CuO-NPs and PFOS had more severe deleterious effects muscle histoarchitecture of 

adult D. rerio than induvial exposure to both contaminants. 

https://www.sciencedirect.com/science/article/pii/S0166445X1200286X?casa_token=vhmdPjqu_80AAAAA:tAFqhJl-sY7bcufU9v2ySu9uBk31JBXK2XuohNn76YE7TEIq20rYFj8yI5XoxuhYGQ7rTAoS#bib0030
https://www.sciencedirect.com/science/article/pii/S0166445X1200286X?casa_token=vhmdPjqu_80AAAAA:tAFqhJl-sY7bcufU9v2ySu9uBk31JBXK2XuohNn76YE7TEIq20rYFj8yI5XoxuhYGQ7rTAoS#bib0030
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5 CONCLUSION AND RECOMMENDATIONS 
To the best of our knowledge, this is the first study on the combined exposure of perfluorooctane 

sulfonate (PFOS) and copper oxide nanoparticles (CuO-NPs) on zebrafish Danio rerio. This study 

exclusively provides insight into the interaction of nanoparticles with PFOS and their 

toxicological manifestations in vivo. The CuO-NPs used in the study were slightly aggregated and 

50-100 nm in size, in tenorite phase with monoclinic crystal system, and were free from impurities. 

In the 28-day experiment, total protein levels, oxidative stress markers including ROS and MDA, 

activities of antioxidant enzymes SOD and CAT in gills, AChE in the brain, DNA damage in the liver 

and histopathological alterations in skeletal muscles of zebrafish were assessed. Singular and 

combined exposure caused significant elevation of ROS and MDA content as compared to the 

control, whereas activity of antioxidant enzymes SOD and CAT was initially activated but was 

suppressed after continued exposure. Both the contaminants led to inhibition of AChE activity 

and caused genotoxicity via DNA damage. Several histopathological alterations were observed 

in skeletal muscles in all treatment groups except control. The alterations and toxic action of 

contaminants increased with increased duration of the experiment. Interactive action of CuO-NPs 

and PFOS caused more adverse effects than individual action of both contaminants. 

Perfluorinated compounds have existed for almost 5 decades in the natural environments, but 

emergence of novel pollutants such as nanoparticles increases the ecotoxicological risks 

associated to them. Studies focusing on the influence of physical and chemical characteristics of 

nanoparticles in terms of their interaction with PFCs are needed to guide future risk assessment. 

Further studies on the interactive action of PFOS and other PFCs with emerging contaminants, 

particularly nanoparticles, and their distribution across trophic levels is crucial to better 

understand and assess the environmental risk posed by existing contaminants. 
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ANNEXURES 

Annexure 1 

Preparation of Exposure Solution for PFOS and CuO Nanoparticles 

• PFOS stock solution = 1mg/mL in DMSO 
• CuO-NPs stock solution = 50 mg/L in distilled water 

 
1. PFOS Stock Solution:  1 mg/ mL 

Required Exposure Concentration:  300 µg/L in 17.5 Liters 

Use Equation:  C1V1 = C2V2  

1𝑚𝑔

1𝑚𝑙
× 𝑉1 =

0.3𝑚𝑔

1000𝑚𝑙
× 17500𝑚𝑙 

1𝑚𝑔

1𝑚𝑙
× 𝑉1 =

0.3𝑚𝑔

1000𝑚𝑙
× 17500𝑚𝑙  

𝑉1 =
0.3

1000
 × 17500𝑚𝑙 =>  0.3 × 17.5 

𝑽𝟏 = 𝟓. 𝟐𝟓𝒎𝒍  

From PFOS stock solution (1mg/1ml), We will take 5.25 ml and add into 17494.75ml water to 
achieve our final required concentration of 300 µg/L. 

2. CuO-NPs Stock Solution: 50 mg/ L 
Required Exposure Concentration: 1mg/L in 17.5 Liters 

C1V1 = C2V2  

50𝑚𝑔

1000𝑚𝑙
× 𝑉1 =

1𝑚𝑔

1000𝑚𝑙
× 17500𝑚𝑙 

50𝑚𝑔

1000𝑚𝑙
× 𝑉1 =

1𝑚𝑔

1000𝑚𝑙
× 17500𝑚𝑙  

𝑉1 =
17500𝑚𝑙

50
= 350𝑚𝑙 

𝑽𝟏 = 𝟑𝟓𝟎𝒎𝒍  
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From CuO-NPs stock solution (50 mg/L), we will take 350 ml and add into 17150 ml water to 
achieve final required concentration of 1mg/L. 

 

3. Mixture Exposure Solution CuO-NPs+PFOS (1mg/L + 300µg/L) in 22.5 Liters 
➢ For CuO-NPs Concentration in mixture treatment 

C1V1 = C2V2  

50𝑚𝑔

1000𝑚𝑙
× 𝑉1 =

1𝑚𝑔

1000𝑚𝑙
× 22500𝑚𝑙 

50𝑚𝑔

1000𝑚𝑙
× 𝑉1 =

1𝑚𝑔

1000𝑚𝑙
× 22500𝑚𝑙  

𝑉1 =
22500𝑚𝑙

50
= 450𝑚𝑙 

𝑽𝟏 = 𝟒𝟓𝟎𝒎𝒍  

From CuO-NPs stock solution (50mg/L), we will take 450 ml and add 22050 ml water to 
acheive final required concentration of 1mg/L. 

➢ For Perfluorooctane Sulfonate Concentration 

C1V1 = C2V2  

1𝑚𝑔

1𝑚𝑙
× 𝑉1 =

0.3𝑚𝑔

1000𝑚𝑙
× 22500𝑚𝑙 

1𝑚𝑔

1𝑚𝑙
× 𝑉1 =

0.3𝑚𝑔

1000𝑚𝑙
× 22500𝑚𝑙  

𝑉1 =
0.3

1000
 × 22500𝑚𝑙 =>  0.3 × 22.5 

𝑽𝟏 = 𝟔. 𝟕𝟓𝒎𝒍  

From PFOS stock solution (1mg/1ml), we will take 6.75 ml and add into 22493.25ml water to 
achieve final concentration of 300 µg/L. 
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Annexure 2 

Formulae for calculations of Total Protein, Oxidative Stress, and Antioxidant Enzyme 
activities by Mr. Muhib 

➔ Formula for Total Protein Estimation using Calibration Curve: 

 

 
 

Figure: Standard curve of absorbance of Bovine serum Albumin (BSA) dilutions for 

determination of total protein in unknown sample. 

 

Slope equation: Y= 0.001X + 0.0055 

X = (Y – 0.0055) / 0.001 

Whereas: 

Y: Absorbance of unknown sample 

X: Total protein in unknown sample (µg/ml) 

 

****************************************************************************** 
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Formula for Calculation of MDA: 

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

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 ×𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 𝟏𝟓𝟔𝟎𝟎)
 =    U/mg protein  

Whereas:  

 ΔSample = Change in Sample Absorbance 

            ΔBlank   = Change in Blank Sample Absorbance 

      Cuvette Vol. = Volume of Cuvette 

              Protein = Total protein in sample (mg/mL) 

       Sample vol = Volume of Enzyme Supernatant 

     Δtime = Measurement Time 

    15600 = Extinction co-efficient (M-1 cm-1) 

****************************************************************************** 
Formula for Calculation of SOD: 

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

(𝐏𝐫𝐨𝐭𝐞𝐢𝐧 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝚫𝐭𝐢𝐦𝐞 ×(𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 𝟔.𝟐𝟐))
 = U/mg of protein 

Whereas:  

 ΔSample = Change in Sample Absorbance 

               ΔBlank = Change in Blank Sample Absorbance 

      Cuvette Vol. = Volume of Cuvette 

               Protein = Total protein in sample (mg/mL) 
        Sample vol = Volume of Enzyme Supernatant 
                 Δtime = Measurement Time 
                    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 of protein 

Whereas:  

 ΔSample    = Change in Sample Absorbance 
            ΔBlank      = Change in Blank Sample Absorbance 
        Cuvette Vol.  = Volume of Cuvette 
           Protein = Total protein in sample (mg/mL) 
           Sample vol = Volume of Enzyme Supernatant 
                    Δtime = Measurement Time 
                       43.1 = Extinction co-efficient (M-1 cm-1)  
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Annexure 3 

Formulae for calculations of AChE, Oxidative Stress, and Antioxidant Enzyme activities by 
Dr. Majid 

 Acetylcholine Esterase activity (AChE) =
𝑻𝐟−𝑻𝐢

𝟎.𝟎𝟏
     = U/min 

Units = U/min 

Whereas: 

Tf     = Final Absorbance 

Ti      =  Initial Absorbance 

0.01  = Time Constant (for 1 minute) 

------------------------------------------------------------------------------------------------------------------- 

Catalase (CAT)      =
𝑻𝐟−𝑻𝐢

𝟎.𝟎𝟏
   = U/min 

Units = U/min 

Whereas: 

Tf    = Final Absorbance 

Ti    = Initial Absorbance 

0.01 = Time Constant (for 1 minute) 

 

Reactive Oxygen Species (ROS)      = (𝐒𝐚𝐦𝐩𝐥𝐞 𝐎.𝐃 × 𝐂𝐮𝐯𝐞𝐭𝐭𝐞 𝐕𝐨𝐥×𝐏𝐫𝐨𝐭𝐞𝐢𝐧)

(𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝐓𝐢𝐦𝐞)
            = nM/mL 

 

            Malondialdehyde (MDA)    = (𝐒𝐚𝐦𝐩𝐥𝐞 𝐎.𝐃 × 𝐂𝐮𝐯𝐞𝐭𝐭𝐞 𝐕𝐨𝐥×𝐏𝐫𝐨𝐭𝐞𝐢𝐧)

(𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝐓𝐢𝐦𝐞)
                   =  nM/mL 

 

     Superoxide Dismutase (SOD)    = (𝚫𝐒𝐚𝐦𝐩𝐥𝐞 − 𝚫𝐁𝐥𝐚𝐧𝐤) × 𝐂𝐮𝐯𝐞𝐭𝐭𝐞 𝐕𝐨𝐥×𝐏𝐫𝐨𝐭𝐞𝐢𝐧)

(𝐂𝐨𝐧𝐬𝐭𝐚𝐧𝐭 × 𝐒𝐚𝐦𝐩𝐥𝐞 𝐕𝐨𝐥.× 𝐓𝐢𝐦𝐞)
   =  U/min  

  



Annexure 

123 
Exploring the Interactive Effects of Perfluorooctane Sulfonate (PFOS) and Copper Oxide 

Nanoparticles in Danio rerio (H.) 

Annexure 4 
➢ Calculation for Antioxidants Enzymes Formula Sheet 

Calculate protein content from linear regression equation: 

Y= 0.005X + 0.030 

Y= absorbance (OD) 

X has to find = Protein (Pr) 

For all enzymes: 

Enzyme activity =  𝑂𝐷

𝑡 (𝑚𝑖𝑛)
 × 1

𝛆
 × 𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙(𝑚𝑙)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡(𝑚𝑙)
 × 𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑧𝑦𝑚𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑖𝑠𝑠𝑢𝑒 (𝑚𝑔)
 × 1

𝑃𝑟𝑜𝑡𝑒𝑖𝑛
 

Enzyme activity = µmol/mg/min 

Here, 

OD = AS - Ab 

OD = Optical Density 

As = Absorbance of the Sample 

Ab = Absorbance of the Blank 

ε = extinction coefficient 

ε = CAT = 39.4 Mm-1 cm-1 

ε = POD = 26.6 Mm-1 cm-1 

t = incubation time 

Total volume = Mixture of substrate, enzyme and buffer  

In case of SOD,  

 𝑂𝐷

𝑡
 =  Y    →      =  𝐴𝑐−𝐴𝑡

𝐴𝑐
 × 100 = x% 

= 
𝑥

50
 = Y (Umin-1 mg-1 FW). 

✓ Ac = Absorbance of Control 
✓ At = Absorbance of the Sample at respective time interval 
❖ Second Method 

 Specific activity of enzyme = 𝐴

ε×l×t 
 × 𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝑙)
 × 1

𝑃𝑟𝑜𝑡𝑒𝑖𝑛
 

A   = absorbance (OD) 
ε    = Extinction coefficient 
l    = path length (1cm) 
t    = Incubation period/time of hydrolysis 
Pr  = Protein calculated from linear  regression equation. x=? 
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Example: 

980 µl = substrate 

20   µl = enzyme extract  

 3  ml  = buffer 

Total volume = mixture of above all (µml) 

5min = t (Incubation time) 

e.g. A = 0.35 
𝛥𝐴

𝑡
 = 0.35

5
 

𝛥𝐴

𝑡
 = 0.07 min-1 

𝛥𝐴

𝑡×𝑙×ε
 = 0.07 min-1  ( 1

4600 𝐿𝑚𝑜𝑙−1 𝑐𝑚−1 ×1𝑐𝑚
)    

  OR 

= 1.52 µmol L-1 min -1 

It can also be expressed as: 

= 
15.2 µ𝑚𝑜𝑙

1000 𝑚𝑙
 min-1 

𝑨

𝒕×𝒍×𝛆
× total volume  = 𝟏𝟓.𝟐 µ𝒎𝒐𝒍 𝒎𝒊𝒏−𝟏

𝟏𝟎𝟎𝟎 𝒎𝒍
 ×  4 ml 

= 0.0609 µmol min-1 

𝑨

𝒕×𝒍×𝛆
× 𝐭𝐨𝐭𝐚𝐥 𝐯𝐨𝐥𝐮𝐦𝐞  

𝑽𝒐𝒍.𝒐𝒇 𝑬𝒏𝒛𝒚𝒏𝒆 𝒆𝒙𝒕𝒓𝒂𝒄𝒕
  =  𝟎.𝟎𝟔𝟎𝟗 µ𝒎𝒐𝒍 𝒎𝒊𝒏−𝟏

𝟐𝟎 µ𝑳
  

Convert 20µl to ml = 20

1000
 = 0.02 ml 

= 0.006090 µ𝑚𝑜𝑙 𝑚𝑖𝑚−1

0.02𝑚𝑙
 

= 3.04 µmol min-1 ml-1 

❖ Protein = 10 mg ml-1 

𝑨

𝒕×𝒍×𝛆
 × 𝐭𝐨𝐭𝐚𝐥 𝐯𝐨𝐥𝐮𝐦𝐞  

𝑽𝒐𝒍.𝒐𝒇 𝑬𝒏𝒛𝒚𝒏𝒆 𝒆𝒙𝒕𝒓𝒂𝒄𝒕
 ×  

𝟏

𝑷𝒓
   =   𝟑.𝟎𝟒 µ𝒎𝒐𝒍 𝒎𝒊𝒏−𝟏 𝒎𝒍−𝟏

𝟏𝟎𝒎𝒈 𝒎𝒍−𝟏
 

A = 0.304 µmol min-1  mg-1 Pr. 

Conversions 

      U = µmol min-1 

U/mg = µml min-1 mg-1 

U/ml  = µmol min-1 ml-1 
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Annexure 5 

Activity = (ΔE x Vf) / (Δt x € x Vs x d) 

Whereas: 

ΔE → is change in absorbance, 

Vf → final reaction volume 

Vs → volume of enzyme extract used. 

Δt →  is time of hydrolysis. 

€  →  is extinction coefficient. 

d  →  is diameter of cuvette used. 

The final answer is divided by mg or g protein of the tissue. 

 

➔ You can calculate enzyme activity of enzyme by using this: 

Enzyme activity = change in OD / time taken (min) × 1 / extinction coefficient of enzyme × total 

reaction volume / volume of enzyme extract taken x total volume of enzyme extract / Fresh weight 

of tissue (g) × total protein × 1000 nano moles of enzyme present per gram of sample tissue. For 

catalase extinction coefficient is 39.4 mM-1 cm-1 and for peroxidases 26.6 mM -1 cm-1.  

In case of SOD % inhibition = control OD - treatment OD/ control × 100 = X% inhibition. 

50% inhibition is equal to 1 unit of enzyme, then X% is equal to 1/50 x X= Y unit.  

➔ Calculate activity by inserting value of Y in above formula of activity in place of change 

in OD w.r.t. time. Rest of formula will be same. 

 

✓ SOD → μmol / min / mg protein (μmol min-1 mg-1 protein) 

✓ CAT → μmol / min / mg protein (μmol min-1 mg-1 protein) 

✓ POD → nmol / min / mg protein (nmol min-1 mg-1 protein) 

✓ GR   →   nmol / min / mg protein (nmol min-1 mg -1 protein) 
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.. Introduction 
• Per- and polyfluoroalkyl substances (PFASI, also known as "forever chemicals", are 

pel'<asive in the environment, from municipalities to the Arctic l 
• Per/!uOfooctane sutfonale (PFOS) is the most in famous among PFAS, owing to its 

strong persistent, bioaccumulalive and toxic (PBT) character 
• PFOS has e~ isted in the natura l erwironmenl lor decades, but interaction with novel 

engineered nanopartic ies can alter toxicological risks associated to it 
• Copper oxide nanoparticles (CuO-NPs) are manufactured for a wide range of 

applications, resulting in unmonilored re lease into the environment 
• Interaction of PFOS with existing nanoparti cles (Ti02. ZnO and SWCNn has been 

reported to enhance its toxicity. 
• PFOS has also been reported to cause synergistic toxic effects upon interaction 

with Cu ions 
• This study exclusively explores the interaction of CuO-NPs with PFOS and the ir 

toxicological manifestations in toxicity model zebrafi sh D, rerio. 

II Objectives 

II Methodology 
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• Measure neurological damage via monitoring AChE act ivity in brain t issues 
• Assess DNA damage in fish liver and study histopathology in ske letal muscle 

• Results 
- RaS and MDA signmcantly (p<0.05) increased upon exposure to both contaminants, 

whereas inhibition of ant ioxidant enzymes (SOD & CAT) was observed 
- AChE activity in zebrafish bra irl was sigrl ificarlt ly inhibited UpOrl combirled exposure 

CuO-NPs and PFOS. 
- Comet assay revealed DNA damage with increased ta il length and ta il moment in all 

treatment groups 
- Histopathologica l atterations irlcluding segmental ..ecrosis, degenerat iorl. 
- n and sp litt ing of muscle fibers, necrosis, shorterl ing of muscle fiber and atrophy 

were observed in skeletal muscle. 
- Mixture of CuO~Ps and PFOS revealed greater damage in all biomarkers as 

compared to their individual act ions. 

.. Conclusion 
- This is the l irst study on the combined effects of PFOS afld 

CuO-NPs Ofl zebra fish Danio rerlo 'j I 
- The CuO-NPs used in Ihe study were slightly aggregated and -3 0.8 

50-100 nm in size, ifl Tenor ile phase with monoclinic crystal :; 
system. and were f ree from impurities ~ 0.6 

- CuO-NPs and PFaS caused synergistic toxicity via iflduct ion ~ 
of ROS, MDA and reduced SOD and CAT act ivities ;;; 0.4 
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and their distribution across trophic levels 
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